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Additive Manufacturing of In Situ Metal
Matrix Composites

Taban Larimian and Tushar Borkar

1 Introduction

Additive manufacturing (AM), also known as three-dimensional printing has
recently emerged as a subject of intense worldwide attention. Additive manufactur-
ing is the process of building three-dimensional (3D) objects in a layer form using
CAD data. Over the past three decades additive manufacturing has advanced from
creating basic models or rapid prototyping into near net shape processes and
gradually taking over the conventional methods in production of complex shaped
objects [1]. Additive manufacturing is also beneficial in terms of decreasing the lead
time and reducing the cost of a production of small number of parts [2]. Advances in
the additive manufacturing technology have made it possible to manufacture
complex-shaped metal components strong enough for real engineering applications
[3–16]. While laser additive manufacturing is becoming more and more important in
the context of advanced manufacturing for the future, most of the current efforts are
focusing on optimizing the required parameters for processing well-matured alloys
from powder feedstock to achieve reproducible properties, comparable to, or better
than, their conventionally processed counterparts. However, laser additive
manufacturing or processing also opens up a new horizon in terms of processing
novel alloys and composites that are difficult to process using conventional tech-
niques. According to the Wohlers Report 2015, the current additive manufacturing
market of $4.1 billion is expected to reach $21.2 in 5 years [17]. An additive
manufacturing system takes a computer generated geometric model as its input
and builds the geometry by depositing the constituent materials precisely in a
layer-by-layer fashion [1, 17, 18]. There are more than ten AM techniques that
have been developed so far, which include electron- beam melting (EBM), selective
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laser melting (SLM), stereolithography (SLA), fused deposition modeling (FDM),
and digital light processing (DLP), etc. [1, 17–24]. Because of the utilization of the
layer-by-layer process, additive manufacturing systems are capable of creating
geometrically complex prototypes and products efficiently in small to medium
quantities. It is thus best suited for applications requiring complex, high value,
time-sensitive, and customized products such as automobile and aerospace parts
(i.e. complex designs), broken part replacement (i.e. time-sensitive), and medical
implants (i.e. highly customized) such as replacement hip joints. This chapter mainly
focused on processing of in situ metal matrix composites via laser additive
manufacturing processes such as laser engineered net shaping (LENS)- directed
energy deposition type AM process and selective laser melting (SLM)- powder
bed fusion type AM process.

The LENS™ process, in recent years, is having a strong impact on the rapid
prototyping, small scale fabrication, and repair of complex parts in industry. Orig-
inally, the LENS™ process was developed at Sandia National Laboratories and
subsequently commercialized by Optomec Design Company. LENS™ process uses
focused laser beam for melting the metallic powders and 3-D CAD files for design-
ing the solid 3-D object prior to fabrication. LENS™ is a freeform additive
manufacturing (AM) process for near-net shaping of nearly fully dense, homoge-
neous bulk materials. The process begins with a computer aided design (CAD) file of
a 3-dimensional (3D) component, which is sliced into a series of layers with a
predetermined layer spacing/thickness on the order of 0.01 in (0.25 mm). Each
layer contains a tool path, which is followed by the multi-axis stage, while
pre-alloyed or blends of elemental powders are injected into a melt pool produced
by a high-powered laser. The process continues via the sequential deposition of
layers to develop the overall 3D shape of the component. Most of the worldwide
research and development activities related to additive manufacturing, or 3D printing
as it is often referred to, of metallic systems have focused on a rather limited set of
alloys, such as: stainless steels, certain nickel base superalloys, and conventional
titanium alloys. Furthermore, these alloys have all been processed using pre-alloyed
powder feedstock with efforts directed to optimizing feedstock characteristics and
deposition parameters to achieve additively manufactured components with proper-
ties comparable to wrought or conventional thermo-mechanically processed mate-
rials. While these efforts are critical in order to establish 3D printing/additive
manufacturing as viable technologies for future manufacturing, the potential of
these technologies is underexploited for the development and processing of in situ
metal matrix composites via additive manufacturing processes.

Controllable microstructure by altering the processing parameters is another
advantage that laser additive manufacturing offers. Processing parameters such as
energy density, hatch spacing, powder feed rate scanning speed and strategy have
tremendous effect on mechanical properties, residual stress and microstructural
characteristics such as morphology and grain size [25]. The importance of
processing parameters is due to their impact on the melt pool size, cooling rate,
thermal gradient and consequently the residual stresses [25]. Two of the most
important parameters are laser power and scanning speed. Higher energy along
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with lower scanning speed will result in more incident energy which results in lower
cooling rate and consequently a coarser microstructure. According to equation
bellow, the energy density can be altered by changing the scanning speed, more
energy equals more melted material [26].

Eρ ¼ P

πr2
2r
v

2r
s

Eρ ¼ energy density (J/m2).
P ¼ laser power (W).
v ¼ scanning speed (m/s).
s ¼ scan line spacing (m), and.
r ¼ beam radius (m).

Despite the increase in melting, increasing the laser power has one main disad-
vantage of causing balling defect and dross formation in melt pools and might result
in rougher surface finish [27].

2 Metal Matrix Composites

There is an increasing demand from aerospace and automotive sectors to develop
new advanced materials which contribute to weight savings, improve energy effi-
ciency, withstand harsh structural loadings, and enhanced tribological performances.
To attain such special attributes, the material should possess high specific strength,
elastic modulus, and stiffness additional to enhanced functional characteristics.
Traditionally, metals and alloys were unable to fulfill these demands. Fortunately,
development of metal matrix composites (MMCs), a perfect response and promising
material, cater to these requirements. Tailorable characteristic and improved prop-
erties of MMCs, such as higher specific stiffness and strength, excellent wear
resistance, controlled coefficient of thermal expansion, higher fatigue resistance,
and better stability at elevated temperature, are now quickly replacing existing
metals or their alloys. MMCs comprise of combined properties of metals as matrices
(ductility and toughness), and ceramic reinforcements (high modulus and strength)
in the form of continuous or discontinuous fibers, whiskers, or particulates. The
reason for increasing demand of metal matrix composites for structural applications
is mainly due to their exceptional mechanical and physical properties as well as
inexpensive reinforcements and isotropic properties [28]. Metal matrix composites
have also played a role in reducing the weight in aerospace structures by decreasing
the alloy density [29]. The commonly used reinforcement materials are oxides,
nitrides and carbides, whereas titanium, magnesium, aluminum, copper and nickel
alloys are used as matrix materials [28, 30]. These metal matrix composites are
broadly classified as ex-situ and in-situ metal matrix composites based on the nature
of reinforcement formation during their fabrication process. During these tech-
niques, ceramic reinforcements were externally added prior to composite fabrication
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into the matrix material (which may be in molten or powder form). The main
disadvantages of these conventional ex-situ metal matrix composites involve size
limitation of reinforcing phase, which is nothing but the starting powder size,
interfacial reaction between the reinforcement and matrix, and poor wettability
between the reinforcements and the matrix due to surface contamination of rein-
forcements. The physical and mechanical properties of metal matrix composites are
primarily governed by size and volume fraction of reinforcement as well as the
nature of the matrix reinforcement interface. The uniform dispersion of fine and
thermally stable ceramic particulates in the metal matrix is desirable for achieving
optimum mechanical properties of metal matrix composites. This leads to the
development of novel in situ metal matrix composites in which precipitates are
synthesized in metallic matrix by a chemical reaction between elements or between
elements and compounds during the composite fabrication. The in-situ metal matrix
composites exhibit many advantages over ex-situ metal matrix composites: (a)
In-situ formed reinforcements are thermodynamically stable and lead to less degra-
dation at elevated temperatures; (b) Strong interfacial bonding between the matrix
and the reinforcement due to clean matrix-reinforcement interface due to absence of
any interfacial reaction between matrix and reinforcement; and (c) Better physical
and mechanical properties due to homogeneous dispersion of fine-scale reinforce-
ments into matrix.

In situ formation of reinforcement is the promising fabrication route for
processing metal matrix composites in terms of both technical and economic con-
siderations. In situ metal matrix composites have better control over physical and
mechanical properties due to their greater control on the size and level of reinforce-
ments, as well as the matrix-reinforcement interface. Mechanical and physical
properties of metal matrix composites are mainly governed by properties of the
matrix, dispersion of the reinforcement, interfacial bonding between matrix and
reinforcement, and finally the processing method. Various processing routes have
been developed due to the great potential and widespread applications of these in situ
metal matrix composites that involve matrix materials (titanium, nickel, aluminum
and copper) and in-situ reinforcements (carbides, nitrides, and borides). Laser
Additive processing of in situ metal matrix composites opens up new horizon to
process multifunctional monolithic metal matrix composites that are difficult to
process via traditional manufacturing processing such as laser cladding. These
MMCs have been processed either by in situ reaction between elemental blend
powders or by in situ reaction between elemental blend powders and reactive
gases (nitrogen, oxygen, etc.) during laser additive processing. The following
section discusses few examples of in situ metal matrix composites processed via
laser additive manufacturing processes.
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2.1 In-Situ Reactions Between Elemental Blend Powders

2.1.1 Aluminum Matrix Composites: Al-Fe2O3

As mentioned before, Selective laser melting is a laser based additive manufacturing
process which is not only capable of producing fully dense three dimensional parts,
but can also be used for achieving in-situ reactions between powder particles
[31]. Compare to aluminum and it’s alloys, Aluminum metal matrix reinforced
with alumina and silicon carbide has better properties in terms of higher strength,
lighter weight, thermal conductivity, better wear resistance, and stiffness. Therefore
aluminum matrix composites are widely used in the aerospace and automotive
industries [32, 33]. The mechanical properties of aluminum alloys can be easily
tailored by varying the processing conditions such as solidification rate, is another
advantage [34, 35, 52]. As compared to conventional processing routes additive
manufacturing provides processing flexibility, which helps in achieving refine and
uniform distribution of reinforcement (alumina and iron) within aluminum matrix
leading towards better mechanical performance [31]. Sasan et al. have processed
mixture of aluminum and Fe2O3 to obtain in situ Al2O3 and Fe3Al within aluminum
matrix [31]. Fe2O3 is an inexpensive reinforcement which can reduce the amount of
energy required for the selective laser melting of aluminum matrix composites
[36]. The following stoichiometric reaction reveals the fact that laser produces
extra heat and activates thermite interactions during SLM processing:
8Al + 3Fe2O3 ! 2Fe3Al + 3Al2O3 + heat, in which Al reduces the Fe2O3

[37]. The extra heat produced during the in-situ reaction not only helps to decrease
the energy input required to melt powders but also helps in consolidation of the
composites powder. Also, Melting pool which plays an important role in process
optimization can be extended in comparison to pure aluminum [36]. Figure 1a, b
show the effect of Fe2O3 content on the melt pool size for the parts fabricated with
the same SLM processing parameters (laser energy and scanning speed).

The Al/5wt.%Fe2O3 composites create smaller molten pool (Fig. 1a) as compared
to Al/15wt.%Fe2O3 composites (Fig. 1b) mainly due to the higher heat released from

Fig. 1 The visual appearance of parts being fabricated from (a) Al/5wt.%Fe2O3 and (b) Al/15wt.%
Fe2O3 powder mixture using P ¼ 82 W and v ¼ 0.33 m/s. (Reprinted with permission from [36])

Additive Manufacturing of In Situ Metal Matrix Composites 5



the mixture with higher Fe2O3 content [36]. Selective laser melting process is
capable of producing net-shape aluminum matrix composite parts with uniform
properties [31]. The content of Fe2O3 has significant influence on hardness, density
and surface roughness since it can manipulate the amount of energy released in the
reaction and subsequently the surface profile. The amount of Fe2O3 does not have
significant effect on the densification of the composites but microhardness signifi-
cantly increases with increases in Fe2O3 content. The optical microscopy image of a
SLM processed Al-Fe2O3 composites are shown in Fig. 2a, exhibiting random grain
structure [31]. Scanning electron microscope (SEM) images shows uniform distri-
bution of fine particles within grains and grain boundaries (Fig. 2b, c). The micro-
structure shows uniform distribution as well as excellent interfacial bonding of very
fine particles (50–2000 nm) within Al matrix which leads to improvement of the
mechanical properties of these composites. X-ray diffraction pattern (Fig. 3) con-
firms the presence of Al2O3 in these composites which confirms the formation of in
situ precipitates during the SLM processing of Al-Fe2O3 composites.

a b

c

50 μm 40 μm

10 μm

O (wt.%)
5.75

Al (wt.%)
91.60

Fe (wt.%)
2.65

Fig. 2 Typical microstructural views of the SLM part fabricated from Al/5wt% Fe2O3 mixture; (a)
Optical microscopy image showing random grain structure, (b) SEM overall view of grain structure
and (c) previous image with higher magnification showing fine particles formed inside grains and
boundaries (overall chemical composition was acquired by EDS). (Reprinted with permission from
[31])
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2.1.2 AlSi10Mg-SiC

Selecting the proper reinforcement for metal matrix gives the opprtunity to design
MMCs with better strength and stiffness. Low hardness and poor wear performance
of alliuminum alloys hinder their use in high temperature surface engineering
applications. One way to improve their hardness and wear propeerties is to reinforce
them with hard precipitates such as SiC, Al2O3, and TiB2, due to their good
corrosion resistance and high hardness [38–41]. Alluminum matrix composites are
widely utilized in aerospace and automative indstries, such as use of fiber reinforced
alluminum metal composites by Toyota for their diesel engine pistone or using
25 vol%.SiC particulate as reinforcement in 6061 aluminum matrix composite for
aerospace applications. In-situ Al4SiC4 + SiC composites have been fabricated via
selective laser melting (SLM) of AlSi10Mg and SiC powder mixture. Major draw
backs in SLM processing of aluminum matrix composites are the low wettability
between the reinforcing particles and the Al matrix, low laser energy absorption by
aluminum and it’s propensity to react with oxygen at high temperatures [42–45]. Fe
Cheng et al. have processed in situ Al4SiC4+ SiC reinforced Al matrix composites
via SLM process in order to investigate the effect of starting SiC particle size on
densification, microstructure, in-situ reaction, and tribological properties of these
composites. Figure 4 shows the XRD patterns of SLM processed Al4SiC4+ SiC/ Al
composites fabricatedusing different size SiC particles. These results clearly shows
the effect of SiC particles significantly affects the in situ reaction between Al and SiC
during SLM processing. The larger SiC particles leads to weaker Al4SiC4 peaks
whereas stronger intensity observed for the composites processed using finer SiC
particles. This observation clearly suggests that finer SiC particles enhance the in situ
reaction during SLM processing which leads to increase in volume fraction of
Al4SiC4. Reinforcemnet in Al matrix. Table 1 shows the variation of 2θ position
and the Al peak intensities in SLM processed Al4SiC4+ SiC/ Al composites using
different SiC particle sizes. This clearly shows that intensity of Al peaks decreases
with reduction in silicon carbide particles size, whereas FWHM increases with
decrease in SiC particle size [46, 47]. Since aluminum has a relatively low

Fig. 3 The XRD pattern of
the SLM sample shown in
Fig. 2. (Reprinted with
permission from [31])
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absorption rate for laser energy, addition of high energy absorptive- silicon carbide
particles will help in overall increase in energy absorption rate that leads to form
sufficient liquid and more stable molten pools [45, 48]. Furthermore, increase in
molten pool’s temperature due to increase in the energy absorption rate will result in
a better liquid-solid wettability [46]. Size of SiC particles has an effect on density of
aluminum matrix composites, since the specific surface area between melt of
aluminum and silicon carbide changes with the SiC particle size. The specific surface
area between the reinforcement and matrix is limited in the case of coarser SiC
particles, consequently the wettability between SiC particles and aluminum matrix
decreases leading towards lowering the density SLM processed Al composite. Fine
SiC particles help in accelerating the in-situ reaction between matrix and reinforce-
ments which increases their density as well as mechanical properties, improving the
density of Al composites [5, 46]. Decreasing the size of SiC particle also enhances
the Wear performance and micro hardness of the samples due to higher density and
homogenous microstructure. When the SiC is too coarse, less amount of particles

Fig. 4 XRD spectra of
SLM-processed
(Al4SiC4 + SiC)/Al hybrid
reinforced composites with
the variation of particle sizes
of the starting SiC powder.
(Reprinted with permission
from [46])

Table 1 Variation of 2θ locations and intensities of the Al diffraction peaks in SLM-processed
(Al4SiC4 + SiC)/Al hybrid reinforced composites with different SiC particle sizes

Sample 2θ (�) Intensity FWHM 2θ (�) Intensity 2θ (�) Intensity

Standard 38.47 44.72 65.10

D50 ¼ 50 μm 38.52 628 0.302 44.74 322 65.28 317

D50 ¼ 15 μm 38.52 492 0.356 44.74 239 65.18 135

D50 ¼ 5 μm 38.50 231 0.387 44.82 116 65.16 86

Adapted from [46]
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melt during the SLM process, and the interface between SiC particle and Aluminum
is insufficient, consequently the in situ reaction between Al and SiC is hindered.
Furthermore, residual irregular-shaped SiC particles result in microstructural hetero-
geneity and a significant decrease in densification level [46]. When the SiC particles
are finer, the average size of the remaining SiC particles is smaller and the composite
is more homogenous. Two different microstructures of Al4SiC4 that are created
from the in situ reaction between aluminum and SiC micron-sized plate-like struc-
ture and nearly nano-sized particle structure shown in Fig. 5 [46]. Process of forming
Al4SiC4 phase during the in-situ reaction between Al and SiC, includes creation of
irregular nuclei on the interface of Al and SiC. As the in-situ reaction progresses,
these nuclei begin to grow and shape plate-like structures. Homogeneous dispersion
of plate-like Al4SiC4 has a crucial role in enhancing the mechanical properties of the
SLM processed parts [46].

2.1.3 Nickel Matrix Composites: Ni-Ti-C

Nickel and nickel base superalloys are widely used in aerospace applications
(aircraft jet engines, and land base turbines) as well as in land-based applications,
including the petrochemical and nuclear energy sectors, due to their excellent
properties such as high resistance to corrosion as well as fatigue and low thermal
expansion. Titanium carbide (TiC) has a very high hardness (2859–3200 HV), high
melting point (3160 �C), low density (4.93 g/cm3), and high mechanical strength, but
it is very brittle and cannot be used as a monolithic ceramic [49–54]. Therefore,
titanium carbide reinforced nickel matrix composites are considered as a good
candidate for high temperature refractory, abrasive, and structural as well as surface
engineering applications. Also, in contrast to most other metals, nickel exhibits a low
wetting angle with titanium carbide, which leads to significant improvements in the

Fig. 5 FE-SEM images showing the typical morphologies of in-situ reinforcements and the EDX
results showing the chemical compositions in SLM-processed (Al4SiC4 + SiC)/Al hybrid
reinforced composites using the fine SiC particles: (a) plate-like reinforcement; (b) particle-shaped
reinforcement. (Reprinted with permission from [46])
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interfacial bonding in titanium carbide reinforced nickel matrix composites. Ni-TiC
composites exhibit a good balance of properties combining the ductility and tough-
ness of the nickel matrix with the high strength and modulus of the TiC reinforce-
ment making these composites promising candidates for high temperature structural
applications. Furthermore, TiC reinforced nickel matrix composites can also be
considered as potential replacements for WC-Co based wear-resistant materials for
surface engineering applications. Ni-TiC-C composites exhibited excellent wear
resistant properties due to the presence of the graphitic phase, which plays an
important role as an in situ solid lubricant during friction. Using laser engineered
net shaping (LENS™), novel monolithic composites based on Ni-Ti-C have been
developed that combine properties such as solid lubrication (e.g. graphite), high
hardness (e.g. TiC), and high fracture toughness (e.g. nickel), for structural as well as
surface engineering applications. These multifunctional, monolithic composites are
needed in industrial applications, such as drilling components (wear band, stabilizer,
drill collar, etc.), tunnel boring, and land base turbines. Laser Engineered Net
Shaping (LENS™) provides processing flexibility, e.g. in situ composites and
functionally graded materials, that traditional laser cladding/hard facing techniques
cannot provide. A new class of Ni-Ti-C based metal matrix composites has been
developed using the laser engineered net shaping (LENS™) process. These com-
posites consist of an in situ formed and homogeneously distributed titanium carbide
(TiC) phase reinforcing the nickel matrix. Additionally, by tailoring the C/Ti ratio in
these composites, an additional graphitic phase can also be engineered into the
microstructure. The following four types of composites have been processed via
LENS™ process in order to investigate the effect of excess graphite on microstruc-
ture, microhardness, and tribological properties of these composites: Ni-10Ti-5C,
Ni-10Ti-10C, Ni-7Ti-20C, and Ni-3Ti-20C. 3D characterization of laser-deposited
in situ Ni-Ti-C based metal matrix composites, reveals homogeneously distributed
primary and eutectic titanium carbide precipitates as well as a graphitic phase
encompassing the primary carbides, within a nickel matrix. The morphology and
spatial distribution of these phases in three dimensions reveals that the eutectic
carbides form a network linked by primary carbides or graphitic nodules at the
nodes, suggesting interesting insights into the sequence of phase evolution. These
three-phase Ni-TiC-C composites exhibit excellent tribological properties, in terms
of an extremely low coefficient of friction while maintaining a relatively high
hardness. Backscattered SEM images of Ni-Ti-C composites with varying C/Ti
ratio is shown in Fig. 6. Ni-10Ti-5C (Fig. 6a) composite exhibits only fine needle
like eutectic TiC precipitates whereas Ni-10Ti-10C (Fig. 6b) composite shows the
presence of both fine needle like eutectic as well as cuboidal primary TiC pre-
cipitates. As carbon to titanium ratio increases both Ni-7Ti-20C (Fig. 6c) and
Ni-3Ti-20C (Fig. 6d) composites show the presence of black graphite phase along
with dark grey TiC precipitates. Ni-7Ti-20C exhibits larger primary TiC precipitates
than that of Ni-3Ti-20C mainly because of higher atomic percentage of titanium. The
3D microstructure of Ni-10Ti-10C and Ni-3Ti-20C composites is shown in Fig. 7,
where primary (cuboidal shaped) and eutectic (plate-shaped) TiC reinforcements in a
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Ni matrix have been reconstructed. 3D microstructural characterization of Ni-Ti-C
composites revealed:

(a) Different morphologies of primary and eutectic TiC precipitates: primary TiC
precipitates exhibit a cuboidal morphology whereas eutectic TiC precipitates
appear to exhibit a plate-like morphology.

(b) Primary Graphite phase engulfs TiC precipitates.
(c) Primary TiC precipitates act as heterogeneous nucleation sites for the eutectic

precipitates during solidification leading to a carbide network formation.

3D characterization leads to novel understanding of the sequence of phase
evolution during solidification for these complex metal matrix composites. The
connectivity between the carbide precipitates is nearly impossible to visualize
based on the 2D SEM images shown in Fig. 6. The distinction between the cuboidal
primary TiC precipitates and the plate or needle-shaped eutectic TiC precipitates is
more difficult in Ni-3Ti-20C composites because the primary precipitates are smaller
in size as clearly shown in the 3D reconstruction. The Vickers microhardness values
for the Ni-Ti-C composites and pure Ni have been listed in Table 2. Comparing these

Fig. 6 Backscatter SEM images of LENS deposited (a) Ni-10Ti-5C, (b) Ni-10Ti-10C, (c)
Ni-7Ti-20C, and (d) Ni-3Ti-20C composites. (Modified from [4])
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a

b

Eutectic TiC

Ni-10Ti-10C

Ni-3Ti-20C

Eutectic TiC

2 um

2 um
Primary TiC

Primary TiC

Graphite

Fig. 7 3D reconstruction of
LENS deposited (a)
Ni-10Ti-5C and (b)
Ni-3Ti-20 composites.
(Modified from [4])

Table 2 Microhardness of
Ni-Ti-C composites

Sample Hardness (HV)

Pure Ni 165 � 6

Ni-3Ti-20C 240 � 6

Ni-7Ti-20C 290 � 7

Ni-10Ti-10C 370 � 10

Ni-10Ti-5C 265 � 2
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microhardness values, the Ni-10Ti-10C composite exhibited a substantially higher
hardness of 370 VHN as compared to 165 VHN for the LENS™ deposited pure Ni
and all other Ni-Ti-C composites. These microhardness values clearly show a trend
of decreasing hardness as a function of increasing C/Ti ratio in the composite. The
Ni-10Ti-10C composites exhibit highest hardness mainly due to the presence of high
volume fraction of titanium carbides (both primary and eutectic) as compared to pure
nickel as well as other Ni-Ti-C composites. Figure 8 shows Friction coefficient
versus distance plot LENS™ deposited Ni-10Ti-10C, Ni-3Ti-20C, Ni-7Ti-20C
composites and pure nickel. It is clear that the graphite and TiC phases in the
composite were beneficial towards reducing the friction coefficient with respect to
the pure nickel sample. While the presence of TiC reduces the coefficient of friction,
as observed in case of the Ni-10Ti-10C composite, the presence of the lubricious
graphitic phase can play a more dominant role in reducing the friction for these
composites. This is evident from the friction curves for the Ni-7Ti-20C and
Ni-3Ti-20C composites. The friction coefficient in case of Ni-7Ti-20C is marginally
lower as compared to Ni-10Ti-10C due to the presence of the graphitic phase in the
former. However, the most promising composite appears to be the Ni-3Ti-20C
composite, which exhibits a drastic reduction in friction coefficient (~0.2) when
compared to any of the other composites, mainly due to the presence of a substantial
fraction of the graphitic phase as well as TiC precipitates. All the Ni-Ti-C compos-
ites exhibit very high microhardness as well as excellent tribological properties when
compared to pure nickel. The Ni-10Ti-10C composite exhibits highest
microhardness due to the presence of primary as well as eutectic TiC precipitates,
whereas the Ni-3Ti-20C composite exhibits excellent tribological properties due the
presence of solid lubricious graphite phase along with TiC precipitates. Thus, these
Ni-Ti-C composites, especially the Ni-3Ti-20C composite, appear to be promising

Fig. 8 Steady state friction
coefficient as a function of
sliding distance up to 140 m
for LENS deposited pure
Nickel, Ni-10Ti-10C,
Ni-7Ti-20C, and
Ni-3Ti-20C composites.
(Modified from [4])
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materials for high temperature surface engineering applications requiring high
hardness with improved solid lubrication.

2.1.4 Titanium Matrix Composites: Ti-B and Ti64-BN

Even though in situ metal matrix composites have several advantages over ex situ
metal matrix composites, very few researchers have studied in situ metal matrix
composites processed via laser additive manufacturing. This section will give the
overview of those in situ metal matrix composites processed via laser additive
manufacturing Himanshu et al. [55, 56] have performed in situ nitridation of
titanium alloys using laser gas nitriding in the laser engineered net shaping
(LENS™). There is a significant improvement in microhardness as well as wear
resistance observed in those composite coatings due to the presence of TiN and Ti2N
along with unreacted α-Ti phase. These nitrided precipitates exhibited dendritic
morphology and uniformly distributed within α-Ti matrix. Das et al. [57, 58] have
processed TiB + TiN reinforced composite coatings using Ti-6Al-4 V and hexagonal
boron nitride (h-BN) powders via LENS™ process. TiB-TiN reinforced Ti64 coat-
ings have been processed with varying BN wt% as well as laser power. The TiN
phase exhibits coarse dendritic and needle-like structure whereas TiB phase exhibits
fine rod-like structure (Fig. 9). During laser processing BN decomposes and react
with molten titanium which give rise to TiB and TiN precipitates. These composite
coatings have shown significant improvement in fracture toughness as well as
tribological properties as compared to Ti-6Al-4 V alloy. Hooyar et al. [59] have
processed Ti-TiB composites via selective laser melting process using milled
Ti-TiB2 powders. SEM images of both cross-sectional and longitudinal sections of
SLM processed Ti-TiB composites are shown in Fig. 10. The TiB precipitates
exhibit needle-shape morphology and are uniformly distributed within titanium
matrix. The Ti-TiB composites have shown significant improvement in
microhardness (402 HV) and compressive yield strength (1103 MPa) as compared
to SLM-processed CP-Ti (261 HV and 560 MPa). These superior mechanical
properties have mainly attributed due to the strengthening and hardening effects of
the TiB particles and grain refinement of the α-Ti matrix. Vamsi et al. [60] have
deposited ZrO2 coatings on titanium substrate using Zr powder via LENS process in
Ar + O2 inert atmosphere. Laser oxidized Zr coatings have shown enhancement in
osteoblast cell adhesion as well as in the wear resistance due to the presence of
monoclinic as well as tetragonal ZrO2. Ti alloy-TiB composites combine the high
strength and stiffness of the borides with the toughness and damage tolerance of the
Ti-alloy matrix. These composites have been extensively researched since they offer
attractive properties, such as: high stiffness, enhanced elevated temperature strength,
good creep performance, fatigue resistance and wear resistance. Since the boride
reinforcement was formed as a consequence of a chemical reaction in such compos-
ites, a homogeneous dispersion consisting of refined scale borides results. Further-
more, the boride phase that forms in these in situ composites is in thermodynamic
equilibrium with the matrix. Unlike reinforcement phases added from external
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sources, in situ composites consist of contaminant-free boride-matrix interfaces,
which are significantly stronger. Banerjee et al. have processed Ti-TiB composites
via the LENS™ process from a blend of pure elemental Ti and B powders while Ti
alloy-TiB composites were deposited from a blend of pre-alloyed Ti-6Al-4 V and
elemental boron [61–64]. The homogeneous dispersion of the fine TiB precipitates
achieved in laser deposited Ti alloy-TiB composites deposited using LENS process
was expected to significantly strengthen the α-Ti or α/β Ti-6Al-4 V matrix and
consequently holds promise from the viewpoint of enhanced high temperature
mechanical properties such as creep as well as wear resistance of these composites.
Figure 11 shows the microstructure of LENS™ deposited Ti-6Al-4 V-TiB compos-
ites. The needle-shaped TiB precipitates are uniformly distributed with titanium
matrix. In addition, since these were in situ composites, the reinforcing TiB pre-
cipitates were thermodynamically stable at high temperatures, chemically compati-
ble with the matrix, as well as bonded strongly to the matrix due to the clean interface
between the matrix and the reinforcement. Sonia et al. have processed in situ Ti-Nb-

Fig. 9 Typical high-magnification SEM microstructures showing Ti–BN reactions products in
laser-processed, BN-reinforced Ti6Al4V alloy composite coatings: (a) 5BN-300/20 (38 J mm�2);
(b) 15BN-300/20 (38 J mm�2), (c) 5BN-400/10 (102 J mm�2), (d) 15BN-400/10 (102 J mm�2).
Inset shows scale of TiB nanorods in respective coatings. (Reprinted with permission from [57])
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Zr-Ta-TiB composites via LENS™ technique from a blend of pure elemental
titanium (Ti), niobium (Nb), zirconium (Zr), and tantalum (Ta) powders mixed
with titanium diboride (TiB2) powders [47, 48]. The microstructure of the LENS™--
deposited TNZT+2B alloy at different magnifications is shown in the backscatter
SEM images in Fig. 12. Two types of TiB precipitates have been observed within
titanium matrix. The coarser precipitates have hexagonal-shaped geometry whereas
eutectic TiB precipitates exhibit fine needle-shape morphology. TNZT-TiB com-
posites have shown significant improvement in wear resistance as compared to
TNZT alloys.

2.2 In Situ Reaction Between Elemental Blend Powders
and Reactive Gases

2.2.1 Ti-Mo-N

Titanium alloys are attractive candidates for structural, marine, aerospace, biomed-
ical (such as in dental and orthopedic as bone implants) and other industrial
applications due to their excellent strength to weight ratio, ductility and formability,

Fig. 10 SEM images for the microstructures of the SLM-produced Ti–TiB composite at different
magnifications: (a, b) cross-sectional views and (c, d) longitudinal views showing needle-shape TiB
particles within the Ti matrix. White arrows indicate TiB particles. (Reprinted with permission from
[59])
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Fig. 11 (a) Backscatter
SEM micrograph showing
the overall microstructure of
the LENS™ deposited
Ti-6Al-4 V–TiB composite
with TiB precipitates
distributed within an α + β
matrix. (b) Bright-field
TEM micrograph showing
two TiB precipitates in the
Ti-6Al-4 V matrix.
(Reprinted with permission
from [64])

Fig. 12 (a) Lower
magnification and (b) higher
magnification backscatter
SEM images of LENS™
as-deposited TNZT+2B
alloy composites showing
both coarser primary borides
exhibiting contrast within
the same boride precipitate
as well as finer scale eutectic
borides. (Reprinted with
permission from [62])
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corrosion resistance and biocompatible properties. However, titanium alloys suffer
from rather poor surface hardness and wear resistance properties. One way of
improving the hardness as well as tribological properties of titanium alloys is by
reinforcing the soft matrix with hard precipitates, such as titanium nitrides, carbides,
and borides. These reinforcements can be introduced either via direct incorporation
of such hard compounds in the matrix during processing, or via in situ reaction with
solid or gaseous precursors, resulting the formation of hard precipitates as well as via
surface engineering techniques such as nitriding. Focusing on nitride reinforced
titanium alloys, the most commonly used technique is surface nitridation of these
alloys via heating at elevated temperatures in a flowing nitrogen atmosphere.
Another approach that has been employed is the direct introduction of δ-TiN and
TiB particles during laser deposition of Ti-6Al-4 V. The forming processing
approach, nitridation in a gaseous atmosphere, has been applied to the case of β
Ti-Mo alloys, resulting in the formation of a continuous surface δ-TiN layer and a
sub-surface microstructure consisting of laths (or plates) of either the same δ-TiN
phase or a nitrogen rich α(Ti, N) solid solution phase, dispersed within the β matrix.
While such surface nitridation via heating in a nitrogen atmosphere is a simple and
inexpensive way to achieve a case-hardened layer, the time required and the depth of
penetration are rather limited and it is difficult to introduce hard nitrides (or other
nitrogen enriched hard phases) within the bulk of the material. The direct introduc-
tion of nitride and boride particles during laser deposition of titanium alloy powders
can obviate this problem. However, the quality of such an interface between such
externally introduced reinforcements and the alloy matrix can be rather difficult to
control and therefore ideally a reinforcement created as a product of an in-situ
reaction offers the advantage of a thermodynamically stable and clean interface
with the matrix. Furthermore, by employing an in-situ nitride (or nitrogen enriched
hard α phase) formation reaction, a more uniform and homogeneous distribution of
the nitride phase can be potentially achieved throughout the matrix. In situ
nitridation during laser deposition of titanium-molybdenum alloys from elemental
powder blends has been achieved by introducing the reactive nitrogen gas during the
deposition process. Ti-Mo-N alloys have been deposited using the laser engineered
net shaping (LENS™) process and resulted in the formation of a hard α(Ti,N) phase,
exhibiting a dendritic morphology, distributed within a β(Ti-Mo) matrix with fine
scale transformed α precipitates. Varying the composition of the Ar + N2 gas
employed during laser deposition permits a systematic increase in the nitrogen
content of the as-deposited Ti-Mo-N alloy. Interestingly, the addition of nitrogen,
which stabilizes the α phase in Ti, changes the solidification pathway and the
consequent sequence of phase evolution in these alloys. The nitrogen enriched hcp
α(Ti,N) phase has higher c/a ratio, exhibits an equiaxed morphology, and tends to
form in clusters separated by ribs of the molybdenum (Mo) rich β phase. The Ti-Mo-
N alloys also exhibit a substantial enhancement in microhardness due to the forma-
tion of these α(Ti,N) phase, combining it with the desirable properties of the β-Ti
matrix, such as excellent ductility, toughness, and formability. All Ti-Mo-N alloys
were deposited inside a glove box of LENS™ machine with controlled gas atmo-
sphere. Pure Ar (Alloy 1), 25%N2–75%Ar (Alloy 2), 50%N2–50%Ar (Alloy 3) and
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75% N2–25% Ar (Alloy 4) were the atmospheres used for fabrication of deposits. A
series of backscattered SEM images recorded from the Ti-Mo-N alloys are shown in
Figs. 13 and 14. Figure 13a, b show the microstructure for the binary Ti-Mo alloy
deposited in 100% argon (Ar) atmosphere. The nominal composition of this alloy
measured using energy dispersive spectroscopy (EDS) in the SEM is Ti-10wt%Mo.
The microstructure primarily consists of uniformly distributed fine scale precipitates
of a second phase, presumably α precipitates, exhibiting a bimodal size distribution
within the β-matrix. This bimodal size distribution of α precipitates can be rational-
ized on the basis of a two-step decomposition of the β-matrix, wherein the coarser α
precipitates presumably result from the deposition of the layer during LENS™
processing, while solid-state re-heating of the same layer, when the subsequent
layer is being deposited on the top, results in the secondary decomposition of β
forming the finer scale α. The inherent rapid cooling rates involved in laser deposi-
tion, also contribute to such non-equilibrium β decomposition processes. Thus,
while during laser deposition of a layer, the phase evolution follows the sequence
liquid to β to β + α, the inherently rapid cooling rates involved do not result in an

Fig. 13 (a) Low and (b) high magnification backscatter SEM image of LENS deposited Alloy
1. (c) Low and (d) high magnification backscatter SEM image of LENS deposited Alloy
2. (Reprinted with permission from [5])
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equilibrium composition of the β matrix. Therefore, on subsequent re-heating of the
same layer when a layer on top is being deposited, there is a further decomposition of
the retained β matrix to form fine scale secondary α precipitates. The aspect ratio of
this finer scale α is substantially larger than those of the coarser α precipitates.
Figure 13c, d show the microstructure of the Ti-Mo-N alloy deposited using a 75%
Ar-25% N2 atmosphere in the LENS™ glovebox as well as the center gas purge and
the powder carrier gas. The microstructure clearly exhibits two precipitate phases
having rather different morphologies. The coarser precipitates appear to exhibit an
equiaxed or globular morphology with curved interfaces separating them from the β
matrix, suggesting that these interfaces are presumably incoherent in nature. In
contrast, the finer scale precipitates exhibit a sharper faceted morphology suggesting
that the precipitate/matrix interface is likely to be semi-coherent. The identity of
these two types of precipitates cannot be determined based solely on the backscatter
SEM evidence presented in Fig. 13c, d. However, the morphology and contrast of
the finer scale precipitates suggests that the α precipitates exhibited smaller aspect
ratios when compared with those observed in case of the binary Ti-10Mo alloy

Fig. 14 (a) Low and (b) high magnification backscatter SEM image of LENS deposited Alloy
3. (c) Low and (d) high magnification backscatter SEM image of LENS deposited Alloy
4. (Reprinted with permission from [5])
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deposited under a pure Ar atmosphere (Fig. 13a, b). As the N2 content in the Ar + N2

mixture used in LENS™ deposition increases, the size and volume fraction of the
coarser equiaxed second phase precipitates increases significantly in the microstruc-
ture, as revealed in Fig. 14. Backscattered scanning electron microscope images of
Ti-10Mo alloys LENS™ deposited under a 50% Ar-50%N2 mixture are shown in
Fig. 14a, b while Fig. 14c, d correspond to an alloy deposited under a 25% Ar-75%
N2 mixture. There is also a corresponding decrease in the β volume fraction with
increasing N2 content in the gaseous atmosphere used for deposition. Thus, the
primary microstructural influence of introducing nitrogen during laser deposition
appears to be the formation of a novel equiaxed precipitates within the β matrix
together with finer scale α precipitates, with the volume fraction of the equiaxed
precipitates increasing with increasing nitrogen content in the alloy.

The Vickers microhardness values for all the four alloys, 1–4, have been plotted
in Fig. 15. A systematic increase in the microhardness values, with increasing
nitrogen content in the alloys can be clearly observed. The binary Ti-Mo alloy,
LENS™ deposited under a pure Ar atmosphere, exhibits an average hardness of
~500 HV. The increase in microhardness of the Ti-Mo-N alloys, with increasing N2

content in the reactive atmosphere during LENS™ deposition, can be attributed to
the formation of the α-TiN0.3 random solid solution hexagonal close packed (hcp)
phase. For the highest nitrogen containing alloy 4, the microhardness value is
~800 HV, which is ~60% higher as compared with the LENS™ deposited binary
Ti-10wt%Mo (alloy 1).

In situ nitridation of Ti-10wt%Mo alloys has been achieved by the introduction of
reactive nitrogen gas during the laser deposition (LENS™) of these alloys from
elemental powder blends. The nitrogen content in these laser deposited alloys has
been tuned via changing the ratio of argon to nitrogen used in LENS™ deposition.
The enrichment of these alloys with nitrogen results in the formation of primary
precipitates of the α(Ti,N) phase within the β matrix. The higher c/a ratio of these
hcp α(Ti,N) precipitates, coupled with the Mo enrichment in the βmatrix, results in a

Fig. 15 A plot showing the
variation in Vickers
microhardness values for
LENS deposited Ti-Mo-N
alloys (Alloy 1 to 4).
(Reprinted with permission
from [5])
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substantially large misfit, consequently leading to a loss of precipitate/matrix coher-
ency during growth and coarsening. This results in the α(Ti,N) precipitates adopting
an equiaxed morphology, and they tend to aggregate into clusters separated by thin
Mo-rich β ribs. These α(Ti,N) precipitates increase the microhardness of the alloy to
a substantial degree. Additional fine scale secondary α precipitates, exhibiting a lath
or plate-like morphology are also formed within the retained β matrix of these Ti-
Mo-N alloys. The ability to introduce controlled volume fractions of the hard
nitrogen enriched α(Ti,N) phase can be very useful in tailoring the local
microhardness and consequently wear resistance of these alloys. Furthermore,
using the LENS™ process it is possible to grade the nitrogen content within the
same alloy and thus process a compositionally-graded microstructure with system-
atically varying properties.

2.2.2 Ti64/TNZT-N

Among different metallic alloys, titanium alloys have wide application in industries
from orthopedic implants in biomedical to turbine gas engines in aerospace because
of their high strength to weight ratio, formability and corrosion resistance [5]. How-
ever, they have poor wear resistance. In order to overcome this, titanium alloys need
surface treatment such as surface nitridation to improve their wear performance
[58]. During surface nitriding, the chemically inert layer is produced in a temperature
between (700–1100

�
C) in a nitrogen enriched atmosphere [65–74]. Toughness and

damage resistance of titanium alloys significantly increases when reinforcement with
carbides, nitrides or borides and become potential candidates for industrial utiliza-
tion [5, 75]. In situ gas reaction in comparison to externally introduced reinforcement
has the advantage of mechanically and thermodynamically stability a well as more
uniform distribution of reinforcement particles through the alloy matrix
[62, 74]. Hamid et al. have processed in situ nitridation of titanium alloys (TNZT
and Ti64 alloys) via LENS™ process. The backscattered SEM images of Ti64 and
nitrided Ti64 alloys are shown in Fig. 16. The Ti64 alloys exhibit typical α-β
microstructure whereas nitrided Ti64 shows presence of 2 types of equiaxed-α
laths with smaller aspect ratio. The typical dendritic microstructures have been
observed in LENS™ deposited TNZT alloys (Fig. 17a) whereas darker dendritic
TiN/TiN2 precipitates have been observed in nitrided TNZT composites (Fig. 17b).
The cross-sectional STEM-HADF image along with EDS elemental map of nitrided
TNZT is shown in Fig. 17c, where β matrix enriched in Nb and Ta and α precipitates
are deficient in Nb and Ta. The microhardness results of the LENS™ deposited Ti64,
TNZT, and nitrided Ti64 and TNZT are summarized in Fig. 18. Ti64 has a higher
hardness compared to Ti-Nb-Zr-Ta mainly due to the presence of mixed α-β
microstructure. Both nitrided Ti64 and TNZT exhibits higher microhardness than
base alloys mainly due to the presence of TiN/Ti2N precipitates in Ti-Nb-Zr-Ta, and
the nitrogen-enriched α phase in Ti64 alloys.
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3 Summary

Laser additive manufacturing of in situ metal matrix composites offers various
advantages as compared to the conventional processing and also has capability to
produce near-net shape components. This chapter provided the overview of laser
additive manufacturing of in situ metal matrix. Broadly, two types of in situ reactions
have been discussed: in situ reaction between elemental blend powder and in situ
reaction between elemental blend powder and reactive gases. In situ Aluminum
matrix composites processed via selective laser melting (SLM) process have shown
significant improvement in hardness, tribological and mechanical properties as
compared to their base alloy. Laser additively manufactured in situ nickel-titanium-
graphite composites have shown significant improvement in microhardness as well
as tribological properties as compared to pure nickel and is potential candidate for
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Fig. 16 (a) Low- and (b) high-magnification backscatter SEM images of LENS deposited Ti64
alloy. (c) Low- and (d) high-magnification backscatter SEM images of LENS deposited nitrided
Ti64 (Ti64-N) alloy. (Reprinted with permission from [74])
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Fig. 17 Low-magnification backscatter SEM images of LENS deposited (a) TNZT and (b) nitrided
TNZT (TNZT-N) alloys. (c) Cross-sectional HAADF-STEM image of nitrided TNZT alloy with
corresponding titanium, niobium and tantalum EDS maps. (Reprinted with permission from [74])
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high temperature surface engineering applications. In situ titanium alloys composites
have shown improvement in wear properties and ideal for biomedical applications.
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Optimization of Electrical Discharge
Machining of Titanium Alloy (Ti6Al4V) by
Grey Relational Analysis Based Firefly
Algorithm

Anshuman Kumar Sahu and Siba Sankar Mahapatra

1 Introduction

Electrical discharge machining (EDM) is a non-traditional machining process widely
used in the machining of difficult to machine materials where other conventional
machining process are unable to perform. The EDM process is extensively use to
produce complex, intrinsic cavity in difficult to machine materials to be use in
aerospace, biomedical, automobile, die and mold making industries. In EDM, both
work piece and tool electrode are immerse inside a dielectric medium. Here both
work piece and tool electrode are electrically conducting in nature. When voltage is
supply to the EDM circuit, spark is produce between the electrode gap and very high
temperature of around 10,000 �C is generated. Due to the generation of such a high
temperature, tiny amount of material melt and evaporate and produce crater on the
work piece surface, which lead to material removal from the work piece surface. As
the EDM tool electrode shape is mirror in the work piece, the shape of tool is the
essential parameter along with tool electrode material, design and process of
manufacturing. Other conventional and non-conventional machining process does
the production of EDM electrode, therefore, the cost of production of EDM elec-
trodes account for more than 50% of the cost of the final product [1]. To produce
complex, intrinsic shape with excellent surface finish in the work piece material,
pushed the production of EDM tool electrode by conventional machining process
into more expensive and time taking, which increased the cost of the final product.
Therefore, an alternative process i.e. additive manufacturing (AM) technology
provide the direct fabrication of the EDM electrode. AM process consists of a
group of manufacturing techniques that yield direct production of EDM tool elec-
trode from three-dimensional CAD model, especially for complex, intrinsic shape of
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tool electrode to reduce production time and processing cost. It is also called as rapid
proto typing (RP) process. Selective laser sintering (SLS) is the most suitable AM
process used for the preparation of EDM tool electrode, that reduce the tool
production time and total production cost of the final product. The SLS process
produce parts layer by layer by selectively melting and fused lose power particles by
the help of laser beam. The main difficulty of the production of EDM electrode by
the SLS process is the selection of the appropriate material for tool. So that, it can be
easily prepared by the SLS process as well as contain the properties of EDM tool
electrode [2]. The SLS process is the most successful AM process, which directly
generate very complex, intrinsic and accurate parts by using wide range of powder
materials, increasing its applications in the fields of tooling industries.

Titanium and it’s alloys are having high corrosion resistance, high strength to
weight ratio and can be use in a wide range of temperature variation. Titanium alloy
(Ti6Al4V) is highly strong, lightweight, durable and long lasting. Therefore, Ti-
alloy is use in biomedical, automobile, aerospace, military and chemical industries.
In the medical field, large amount of product, which required complex intrinsic
cavity with excellent surface finish, can be manufactured by EDM process, which
are used in prosthesis, surgery devices and tissue engineering. Titanium and it’s
alloys are also difficult to machine by conventional machining process due to very
low thermal conductivity, low elastic modulus and chemical reactivity with the tool
materials along with premature failure of tools. Therefore, nontraditional machining
like EDM is used for the machining of Ti-alloy to produce intrinsic and complex
shape with excellent surface finish to meet its desired applications in different fields
as stated above [3, 4].

Therefore, to consider the ease of manufacturing EDM electrode by SLS process
and to meet the required properties of EDM tool electrode, composite tool electrode
of aluminium, silicon and magnesium (i.e. AlSi10Mg) is prepared by SLS process.
To study the performance of this AlSi10Mg composite electrode prepared via SLS
process Ti-alloy (Ti6Al4V) is taken as work piece material with commercially
available EDM 30 oil as dielectric fluid during EDM process and the performance
of this EDM electrode is compared with the conventional copper and graphite tool
electrodes. To reduce the number of experiment, Taguchi’s L18 orthogonal array is
used. The process parameters like open circuit voltage (V), discharge current (Ip),
pulse-on-time (Ton), duty cycle (τ) and types of tool are varied during the EDM
process. The effect of these process parameters on material removal rate (MRR), tool
wear rate (TWR) and average surface roughness (Ra) are studied.

In the EDM process, multiple conflicting performance characteristics need to be
optimize in order to maximize productivity of the process. For example, material
removal rate need to be maximize whereas tool wear rate and average surface
roughness are minimize for improving the EDM process. Therefore, proper selection
of the various process parameters is an important issue in EDM process. From recent
literature, it is found that different optimizations techniques have been used for the
optimization of the EDM process to enhance the performance of the processes.
Various techniques used for the purpose include Grey Relational Analysis (GRA),
Satisfaction Function and Distance Based Approach, Utility Concept and Quantum
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Behaved Particle Swarm Optimization (QPSO), VIKOR based harmony search
algorithm, Fuzzy TOPSIS [3, 5–8]. In this work, to find out the best parametric
combination that can simultaneously optimize three performance measures, grey
relational analysis (GRA) based Firefly algorithm (FA) is used and to get optimal
parametric setting to get best output responses of EDM process. Here, GRA method
used to convert the multi responses into single response i.e. grey relational grade
(GRG) index and Firefly algorithm is used to find the optimum parametric setting.

2 Literature Review

The following section highlights the investigations outcome of past research work
on preparation of EDM tool electrode by AM process like SLS process and the
performance of these EDM tool electrodes during machining by taking different
types of tool electrode composition and different work piece.

Czelusniak et al. have prepared EDM tool electrodes of metal matrix of CuNi
combine with Mo, TiB2 and ZrB2 by SLS for EDM of AISI H13 tool steel. The
composite electrodes given better performance than the SLS Cu powder electrode.
TiB2–CuNi achieved the best overall EDM performance, removing more material
from the work piece and presenting lowest electrode wear. ZrB2–CuNi, electrode
gave superior finishing performance and Mo–CuNi gave poorest [9]. Again, in
another work, Czelusniak et al. have prepared ZrB2-CuNi electrode by SLS process
and used as EDM tool electrode. They have studied the effect of SLS process
parameters on porosity of electrodes, surface appearance and interiority. ZrB2-
CuNi electrodes have much superior performance than SLS copper powder elec-
trodes, but inferior to the solid copper electrodes [2].

Durr et al. have focused on the direct production of EDM tool electrode by SLS
process. They have manufactured Bronze-Nickel with Copper Phosphite composite
tool electrode by SLS process. They have taken alloyed cold work steel X210Cr12
and C45 Steel as their work piece materials to study the performance of the EDM
electrodes prepared via SLS process. They observed that relative electrode wear
increases with increase in porosity contain of the electrodes and pulse-on-time and
relative electrode wear is more in X210Cr12 as compare to C45 Steel [10].

Zhao et al. have prepared EDM electrode by SLS process by taking steel and
phosphate with polyester as binder. They have study the performance of these EDM
electrodes by taking 45 steel as work piece material during EDM. In this work, it is
found that electrode wear increases with increase in pores and holes in electrodes.
Similarly, with increase in pulse-on-time and peak current, electrode wear rate
decreases. Likewise, the surface roughness of the EDM machined surface decreases
with increase in pulse-off-time [11].

Tang et al. have used the abrading tool of corundum and silicon carbide to
prepared graphite electrode by rapid prototyping (RP) process and then the graphite
electrode is use to produce steel mold by EDM process [12]. Similarly, Ding et al.
have prepared two different types of EDM electrode by RP process, like copper
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electrode by electroforming and graphite electrode by abrading process. They have
used these EDM electrodes to form steel mold [13].

Arthur et al. have used rapid prototyping (RP) process to prepare the EDM
electrode. They have prepared EDM electrode from epoxy with silver paint and
copper coating. They have investigated the performance of these RP EDM elec-
trodes by taking hardened tool steel. They found that the tool electrodes are rupture
during machining where coating thickness is less than 180 μm. These electrodes can
be used for semi-roughing or finishing operations [1].

In recent past, different optimization techniques are used for optimization of the
manufacturing process. Sahu et al. have used grey relational analysis (GRA) method
to optimize the EDM process during machining of Ti-alloy and 316L stainless steel
by taking copper as tool electrode in EDM oil dielectric medium [3]. Similarly,
Rahul et al. have used satisfaction function and distance-based approach for optimi-
zation of EDM process during machining of Inconel 718. They have combine
satisfaction function, distance-based approach and Taguchi’s philosophy to optimize
the EDM process [5]. Mohanty et al. have used utility concept and quantum behaved
particle swarm optimization (QPSO) to optimize the EDM process during machining
of Inconel 718 work piece material by taking three diffrerent types of tool electrodes
like brass, copper and graphite [6]. Sahu et al. have used Taguchi based VIKOR
method combine with Harmony search algorithm to optimize the surface finish
parameters during electrical discharge coating process of tungsten carbide layer on
1040 stainless steel work piece. They have used copper-tungsten composite elec-
trode prepared via powder metallurgy route for the EDC process by taking EDM 30
oil as dielectric fluid [7]. Dewangan et al. have used Fuzzy TOPSIS to optimize the
surface integrity and dimensional accuracy during EDM of AISI P20 tool steel [8].
Datta and Mahapatra have used grey based Taguchi method to optimize wire EDM
process of D2 tool steel [14]. Raja et al. have used Firefly algorithm to optimize the
EDM process of hardened die steel [15]. Similarly, Shukla and Singh have used
firefly algorithm to optimize electrical discharge machining and abrasive water jet
machining [16]. Mishra et al. have study the effect of external perimeter on flexural
strength of fused deposition modelling build parts and used Firefly algorithm to
obtain the best parametric setting for improve flexural strength [17].

Critical review of the past research study suggests a good number of works are
done on EDM process and different optimization techniques are used to obtain best
parametric setting to enhance the EDM machining process. However, analysis of
machining parameters by taking different types tool electrodes and also the use of RP
process like SLS to prepare the tool electrode are less. Furthermore, it is also observe
that less number of work have been done to machine a relatively low conductivity
material like Titanium alloy (Ti6Al4V), which is extensively use in aerospace and
biomedical industries. Numerous studies are reported to obtain optimal parametric
setting by different researchers in different manufacturing process. However, it is
observed that no attempt is applied in the combination of grey relational analysis
(GRA) in combination with Firefly algorithm (FA) during the EDM process to
obtain optimal parametric setting to enhance the EDM performance. Therefore, in
this work, grey relational analysis based Firefly algorithm (FA) used to optimize the
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EDM process during machining of Titanium alloy by taking three different types of
tool electrodes like AlSi10Mg SLS electrode, copper and graphite.

3 Methodology

3.1 Grey Relational Analysis (GRA)

Julong Deng first time proposed the grey system theory (GST) in 1982. In his work,
the researcher has proposed the grey relational analysis (GRA) to find out the
relationship between the variables by using grey degrees [18, 19]. In GRA, the
experimental data i.e. the performance measures are first normalized into the range
of 0–1. This process is termed as grey relational generation. Then, grey relational
coefficient is calculated by considering the desired and actual experimental dada.
The overall grey relational grade is calculated by averaging the grey relational
coefficient of all the responses. The GRA method converts a multi response optimi-
zation problem into a single response optimization problem by considering the
objective function as overall grey relational grade. The detailed procedure of the
grey relational analysis (GRA) method is explained as follows [3, 14].

1. Calculate the scale value (Yij) of the observations.

For Lower is the better, Yij ¼
ymax
ij � yij

ymax
j � ymin

j

ð1Þ

For Higher is the better, Yij ¼
yij � ymin

ij

ymax
j � ymin

j

ð2Þ

Where yij ¼ observed responses of the ith number of experiment in the jth response.

ymax
j ¼ maximum value of the jth response.

ymin
j ¼ minimum value of the jth response.

2. Calculate the Grey relational co-efficient (γij).

γij ¼
Δmin

j þ ξΔmax
j

� �

Δij þ Δmax
j

� � ð3Þ

Where, Δij ¼ |1 � Yij|

ymin
j ¼ min Δ1 j;Δ2 j; :: . . . . . . ;Δmj

� �
ymax
j ¼ max Δ1 j;Δ2 j; :: . . . . . . ;Δmj

� �
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ξ2 0; 1½ �, ξ ¼ 0:5

whereΔij¼ deviation sequence, which is absolute of the difference between the ideal
value or reference sequence (one) and the scale value (Yij) and ξ ¼ distinguishing
coefficient, ξ 2 [0, 1], ξ ¼ 0.5.

3. Grey relational grade (GRG)

GRG ¼
Xp
j¼1

w jγij ð4Þ

wj¼weightage of the each performance measures. Here equal weightage of 0.33 has
been taken for each performance measures.

Where,
Xp
j¼1

w j ¼ 1

3.2 Firefly Algorithm (FA)

Xin-She Yang has developed a new nature inspired optimization algorithm called
Firefly algorithm (FA). The FA algorithm is inspired from the rhythmic flashlight of
fireflies. The flashing light is developed by the bioluminescence process. Two
important characteristics of this flashes are to attract mating partners and attracting
of potential prey. The Firefly attracted by other fireflies according to higher flash
light intensity. The light intensity I at a distance r decreases as the distance r
increases like I / 1/r2. The attraction among fireflies is local or global according
to the absorbing coefficient. The fireflies are subdivided into subgroups due to the
intensity of light of the neighboring fireflies. So, each subgroup is swarm around a
local mode. The flashing light has been formulated such that the objective function
can be optimized. This algorithm can be used for multimodal optimization problems
[15–17, 20–23].

The Firefly algorithm is based on three rules.

1. All fireflies are unisex and one firefly is attracted to other brighter fireflies
regardless of their sex.

2. Attractiveness is proportional to the brightness of the fireflies. The less bright
firefly will move towards the brighter firefly. The attractiveness of fireflies is
proportional to the brightness and attractiveness decreases with increase in the
distance between the two fireflies. The firefly will move randomly when no
brighter firefly is available.

3. The brightness of fireflies can be determined by the landscape of the objective
function.
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The light intensity (I) varies with the distance (r) between the fireflies can be
denoted as in Eq. (5).

I rð Þ ¼ I0e
�γr2 ð5Þ

Where

I0 ¼ light intensity of the source.
γ ¼ light absorption coefficient that controls the decrease in the light intensity.

The attractiveness (β) can be described by a monotonically decreasing function of
the distance (r) between any two fireflies as in Eq. (6).

β rð Þ ¼ β0e
�γr2 ð6Þ

Where β0¼ maximum attractiveness at r ¼ 0.
The distance between two fireflies i and j at position xi and xj can be represented

as in Eq. (7).

rij ¼ xi � x j

�� �� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXd
k¼1

xi,k � x j,k
� �2

vuut ð7Þ

Where xi, k and xj, k are the k
th components of the spatial coordinates xi and xj of the

ith and jth fireflies respectively.
d ¼ number of dimensions.
The movement of the firefly i is determined by the formula of Eq. (8).

xi ¼ xi þ β0e
�γr2 x j � xi

� �þ α rand� 1
2

� 	
ð8Þ

In Eq. (8), the first term denotes the present position of the firefly i, the second
term denote the attractiveness of the fireflies and the last terms denotes the free
movement of firefly during the absent of brighter firefly. In most of the cases, the
randomization α is taken between 0 and 1. Similarly, the light absorption coefficient
γ taken between 0.1 and 10. The flowchart of FA algorithm is given in Fig. 1 as
follows.

4 Materials and Methods

To reduce the cost of manufacturing of complex EDM electrode, rapid tooling (RT)
technique is used, which is an additive manufacturing (AM) process. In this work,
AM process like selective laser sintering (SLS) process use to manufacture EDM
electrode. Aluminium, silicon and magnesium (i.e. AlSi10Mg) powder is used to
manufacture EDM tool electrode by SLS process. The chemical composition of the
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AlSi10Mg powder (supply from EOS GmbH - Electro Optical Systems, München,
Germany) is as given in Table 1. Selectively melting and fusion of metallic powder
prepare the EDM tool electrode by the help of the laser beam in the SLS machine
EOSINT M 280 (manufactured by: EOS GmbH - Electro Optical Systems,

Fig. 1 Flow chart of Firefly algorithm
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München, Germany). Here thin layer of metallic powder is spread by a roller on the
surface of the build cylinder and heated below the melting point by infrared heating
panels and the laser beam traced out the cross-section of the slice part. The laser
beam fuse the affected powder collectively (sinter) to form the 3D compound i.e. the
EDM tool from the metallic powders. The SLS parameters used to prepared the
AlSi10Mg composite RP electrode are layer thickness: 30 μm, laser power: 400 W,
scan speed: 32 mm/s, build platform temperature: 200 �C and building environment:
Argon (at pressure 4.1 bar). The EDM tool electrode prepared is of diameter of
25 mm. The copper and graphite electrodes are prepared from solid circular rod by
the turning process having diameter of 25 mm. The three tool electrodes used in this
experiment are shown in Fig. 2.

To study the machining performance of these electrodes during EDM Ti-alloy
(Ti6Al4V; size: 60 � 60 � 10 mm) is use as work piece materials. Ti-alloy is high
corrosion resistance, high strength to weight ratio, highly strong, lightweight, dura-
ble and long lasting. Therefore, Ti-alloy is use in biomedical, automobile, aerospace,
military and chemical industries. The chemical composition and properties of the Ti-
alloy are presented in Tables 2 and 3 respectively.

The AlSi10Mg electrode prepared via SLS process is used for the EDM process
along with conventional copper and graphite electrodes by taking Ti-alloy as work

Table 1 Chemical composition (weight %) of AlSi10Mg [24]

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

wt. % 9–11 �0.55 �0.05 �0.45 0.2–0.45 �0.05 �0.1 �0.05 �0.05 �0.15 Balance

Fig. 2 Tool electrodes
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piece in a die sinking EDM (ELECTRA EMS 5535, India) by taking commercially
available EDM 30 oil (specific gravity: 0.763) as the dielectric fluid. In this work
straight polarity (i.e., work piece: anode and tool: cathode) is used for EDM process.
The EDM process during machining is shown in Fig. 3. The EDM process is carried
out by taking five different process parameters like open circuit voltage (V), dis-
charge current (Ip), duty cycle (τ), pulse-on-time (Ton) and type of tool (i.e.

Table 3 Properties of Ti-
alloy (Ti6Al4V)

Properties Value

Density 4.42 g/cc

Melting point 1650 �C
Tensile strength 1200 MPa

Yield strength 880 MPa

Elastic modulus 113.8 GPa

Poisson’s ratio 0.31–0.37

Hardness 334 HB

Thermal conductivity 6.7 W/mK

Table 2 Chemical composition (weight %) of Ti-alloy

Material C Fe Al O N V H Ti

wt. % 0.018 0.22 6.08 0.18 0.05 4.02 0.1 Balance

Fig. 3 EDM process during
experiment
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AlSi10Mg, copper and graphite). The different process parameters with their levels
are listed in Table 4. The different variable parameters used in this EDM process are
discussed as follows.

(a) Open circuit voltage: It is the potential difference applied between the tool
electrodes and work piece.

(b) Discharge current: It is also called as peak current. It is the most dominant
process parameter that governs the spark energy.

(c) Duty cycle: It is the percentage of the pulse-on-time with respect to total cycle
time.

τ ¼ Ton

Ton þ Toff
ð9Þ

(d) Pulse-on-time: It is also known as spark-on-time or pulse duration. It is the
duration (per cycle) in which the current is allowed to flow through the electrode
gap.

(e) Tool material: The different type tool electrode used during the EDM process.

To reduce the total number of the experiment, the design of experiment (DOE)
approach like Taguchi’s L27 orthogonal array is used to plan the experiment. In this
work, 5-factor-3-level is used as in Table 6. Each experiment is run for 10 min.
Different process parameters varied during the electrical discharge coating process
are open circuit voltage (V), discharge current (Ip), duty cycle (τ), pulse-on-time
(Ton) and type of tool material. The corresponding output responses consider to
study the EDM process are (1) material removal rate (MRR), (2) tool wear rate
(TWR) and (3) average surface roughness (Ra) of the machined surface. The
Taguchi’s L27 orthogonal array (OA) along with the output responses for EDM
process are presented in Table 5.

4.1 Material Removal Rate (MRR)

Material removal rate (MRR) is defined as the rate at which material removal
occurred from the surface of the work piece. The MRR can be determined by the
weight loss criteria of the work piece as shown in the Eq. (10).

Table 4 Input parameters with different levels

Parameters Unit Level 1 Level 2 Level 3

A-Open circuit voltage (V) V 20 25 30

B-Discharge current (Ip) A 10 15 20

C-Duty cycle (τ) % 67 75 83

D-Pulse-on-time (Ton) μs 100 200 300

E- Tool material – AlSiMg RP Tool Copper Graphite
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MRR ¼ Wi �Wfð Þ
t� ρwð Þ ð10Þ

Where

Wi ¼ Initial weight of the work piece before EDM,
Wf ¼ Final weight of the work piece after EDM,
t ¼ Machining time,
ρw ¼ Density of work piece Titanium-alloy.

4.2 Tool Wear Rate (TWR)

Tool wear rate (TWR) is defined as the rate at which material loss occurred from the
tool electrode. The TWR calculated by the weight loss criteria of the tool electrode as
given in the Eq. (11).

TWR ¼ Wti �Wtfð Þ
t� ρtð Þ ð11Þ

Where

Wti ¼ Initial weight of the tool electrode before EDM,
Wtf ¼ Final weight of the tool electrode after EDM,
t ¼ Machining time,
ρt ¼ Density of tool electrodes.

The densities of the tool electrodes and work piece are given in Table 5. The
initial and final weight of the work piece and tool electrodes before machining and
after machining are measured by a weight measurement machine of least count
0.05 g.

4.3 Average Surface Roughness (Ra)

Average surface roughness is the arithmetic mean of the absolute height of the
profiles (i.e. peak height and valley) over the sampling length. The average surface
roughness of the EDM machined surface is measured by surface roughness mea-
surement machine (Taylor-Hobson-PNEUNO-Suetronic 3+). The equation of aver-
age surface roughness is given in Eq. (12) as follows.

Table 5 Densities if tool electrodes and titanium alloy work piece

Material Ti-alloy AlSi10Mg Copper Graphite

Density (g/cm3) 4.42 2.664 8.96 2.267
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Average roughness, Ra ¼ 1
L

ðL

0

y xð Þdx ð12Þ

Where L is the sampling length, y is the profile curve, x is the profile direction. The
surface roughness values are measured within a sampling length, L ¼ 0.8 mm and
having cut off length, Lc ¼ 0.4 mm.

Table 6 Taguchi’s L27 OA and output responses

Sl. No. A B C D E MRR (mm3/min) TWR (mm3/min) Ra (μm)

1 1 1 1 1 1 0.5454 0.6706 6.4

2 1 1 1 1 2 0.5820 0.6898 6.7

3 1 1 1 1 3 1.0643 0.4955 8.2

4 1 2 2 2 1 0.9226 1.5553 7.2

5 1 2 2 2 2 0.9654 1.0678 7

6 1 2 2 2 3 1.3029 0.5744 8.3

7 1 3 3 3 1 1.4221 1.5100 7.8

8 1 3 3 3 2 1.4516 1.5529 8.3

9 1 3 3 3 3 1.6093 0.8402 9.2

10 2 1 2 3 1 0.8291 1.6003 7.2

11 2 1 2 3 2 1.1820 1.3972 7.3

12 2 1 2 3 3 1.1784 0.5556 8.2

13 2 2 3 1 1 1.1204 1.7030 7.1

14 2 2 3 1 2 1.2286 1.6353 7.4

15 2 2 3 1 3 1.2890 0.5739 9.4

16 2 3 1 2 1 1.3368 1.5642 7.3

17 2 3 1 2 2 1.6033 1.5320 8.4

18 2 3 1 2 3 1.6753 0.2556 9

19 3 1 3 2 1 1.0109 1.6835 7.2

20 3 1 3 2 2 1.2899 1.4414 7.4

21 3 1 3 2 3 1.1223 0.5614 9.5

22 3 2 1 3 1 1.1701 1.5359 7.4

23 3 2 1 3 2 1.3438 1.7646 7.8

24 3 2 1 3 3 1.6224 0.3751 9.6

25 3 3 2 1 1 1.3436 1.7590 8.1

26 3 3 2 1 2 1.6286 1.5441 8.4

27 3 3 2 1 3 1.7113 0.7015 9.8
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5 Result and Discussion

The experiment of EDM is performed by taking three different types of tool
electrodes (AlSi10Mg SLS electrodes, conventional copper and graphite electrodes)
and by varying different process parameters like open circuit voltage, discharge
current, duty cycle and pulse-on-time and corresponding output responses like
material removal rate, tool wear rate and average surface roughness are tabulated
in Table 6. The effect different process parameters on the output responses are
discuss as follows.

5.1 Effect of Parameters on MRR

With increase in the process parameters like open circuit voltage, discharge current,
duty cycle and pulse-on-time, the spark energy generated increase that lead to
increase in material removal. Therefore, material removal rate increase with increase
in the process parameters as stated above. The main effect plot and interaction plot of
the MRR is given in Figs. 4 and 5. The MRR is maximum when graphite tool
electrode is use followed by copper and AlSi10Mg SLS electrode. The analysis of
variance (ANOVA) for MRR is presented in Table 7 with R2 value of 96.2%. The
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Fig. 4 Main effects plot for Means of MRR
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ANOVA, main effect plot and interaction plot are generated by using statistical
software MINITAB 16. From ANOVA, it is found that discharge current has highest
effect followed by tool type and open circuit voltage with percentage contribution of
55.85%, 18.57% and 13.12% respectively.
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Fig. 5 Interaction plot for Means of MRR

Table 7 ANOVA for MRR

Source DF Seq SS Adj SS Adj MS F P % Contribution

A 2 0.32516 0.32516 0.162582 13.88 0.003a 13.12

B 2 1.38444 1.38444 0.692218 59.12 0.000a 55.85

C 2 0.02244 0.02244 0.011221 0.96 0.424 0.91

D 2 0.09360 0.09360 0.046800 4.00 0.063 3.78

E 2 0.46034 0.46034 0.230169 19.66 0.001a 18.57

A*E 4 0.08147 0.08147 0.020367 1.74 0.234 3.29

B*E 4 0.01767 0.01767 0.004418 0.38 0.819 0.71

Residual Error 8 0.09367 0.09367 0.011709 3.77

Total 26 2.47880 100
aSignificant parameters at 95% confidence interval

Optimization of Electrical Discharge Machining of Titanium Alloy. . . 43



5.2 Effect of Parameters on TWR

The tool wear is increase with increase in open circuit voltage, discharge current,
duty cycle and pulse-on-time. With increase in this parameters the spark energy
increase and mare tool wear rate occur. The graphite tool has less tool wear rate as
compare to other two tool. The AlSi10Mg tool has more tool wear rate and copper
has tool wear rate in between them. The main effect plot and interaction plot of the
TWR is given in Figs. 6 and 7. The analysis of variance (ANOVA) for TWR is
presented in Table 8 with R2 value of 96.4%. From ANOVA, it is found that tool
type has highest effect followed by duty cycle, open circuit voltage and discharge
current with percentage contribution of 72%, 5.83%, 5.11% and 4.15% respectively.

5.3 Effect of Parameters on Average Surface Roughness

The average surface roughness is increase with increase in open circuit voltage,
discharge current, duty cycle and pulse-on-time. With increase in these parameters,
more material removal occur with increase in crater depth. Therefore, average
surface roughness become more. The AlSi10Mg SLS tool is produce good surface
finish on the machined specimen as compare to other two tool. The graphite tool
exhibit worst surface finish specimens and copper tool exhibit surface on the
machined surface in between the other two electrodes. The main effect plot and
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44 A. K. Sahu and S. S. Mahapatra



interaction plot for the average surface finish is given in Figs. 8 and 9. The analysis
of variance (ANOVA) for average surface finish is presented in Table 9 with R2

value of 96.7%. From ANOVA, it is found that tool type has highest effect followed
by discharge current and open circuit voltage with percentage contribution of
64.86%, 16.45% and 9.16% respectively.
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Fig. 7 Interaction plot for Means of TWR

Table 8 ANOVA for TWR

Source DF Seq SS Adj SS Adj MS F P % Contribution

A 2 0.3545 0.3545 0.17726 5.68 0.029a 5.11

B 2 0.2876 0.2876 0.14379 4.61 0.047a 4.15

C 2 0.4043 0.4043 0.20216 6.48 0.021a 5.83

D 2 0.1061 0.1061 0.05305 1.70 0.242 1.53

E 2 4.9955 4.9955 2.49776 80.10 0.000a 72.00

A*E 4 0.4155 0.4155 0.10386 3.33 0.069 5.99

B*E 4 0.1253 0.1253 0.03132 1.00 0.459 1.81

Residual Error 8 0.2495 0.2495 0.03118 3.58

Total 26 6.9382 100
aSignificant parameters at 95% confidence interval
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6 Optimization by Grey Relational Analysis Based Firefly
Algorithm

To enhance the EDM performance material removal rate correspond to higher-is-
better (HB) and tool wear rate and average surface roughness of the machined
surface correspond to lower-is-better (LB). By following the procedure of GRA
method as mentioned in Eqs. (5–8), the scaled value (Yij) of responses, grey
relational coefficient (γij) and grey relational grade (GRG) are calculated and tabu-
lated in Table 10.

The analysis of variance (ANOVA) for the means of grey relational grade (GRG)
is given in Table 11 with R2 ¼ 87.6% at 95% confidence interval. The main effect
plots for the grey relational grade values are plotted in Fig. 10. The ANOVA (Table
11) and response table (Table 12) are found out by using MINITAB 16. From the
ANOVA table it is found that type of tool electrodes has the highest effect towards
the output responses followed by duty cycle with percentage contribution of 38.59%
and 19.04% respectively. From Fig. 8, it is found that better machining performance
can be achieved with lower parametric setting of open circuit voltage, duty cycle and
pulse-on-time with higher value of discharge current and by the use of graphite
electrode. But, to get better surface finish machined parts AlSi10Mg SLS tool
electrode must be used.

By using linear regression analysis between the GRG and the EDM process
parameters the objective function has been found out and expressed in Eq. (13)
with the R2 value of 99.8%. This equation is used as the objective function in the
Firefly algorithm and the optimal parametric setting is obtained by using the Firefly
algorithm with the help of software MATLAB R2014a. In the Firefly algorithm
various parameters taken are number of firefly (n) ¼ 40, number of iteration
(N) ¼ 500, randomization (α) ¼ 0.5, attractiveness (β) ¼ 0.2 and absorption
coefficient (γ) ¼ 1, which leads to total number of function evaluations of 20,000.

Table 9 ANOVA for average surface roughness

Source DF Seq SS Adj SS Adj MS F P % Contribution

A 2 2.1207 2.1207 1.06037 11.15 0.005a 9.16

B 2 3.8096 3.8096 1.90481 20.03 0.001a 16.45

C 2 0.3696 0.3696 0.18481 1.94 0.205 1.60

D 2 0.1474 0.1474 0.07370 0.78 0.492 0.64

E 2 15.0185 15.0185 7.50926 78.97 0.000a 64.86

A*E 4 0.4681 0.4681 0.11704 1.23 0.371 2.02

B*E 4 0.4593 0.4593 0.11481 1.21 0.379 1.98

Residual Error 8 0.7607 0.7607 0.09509 3.29

Total 26 23.1541 100
aSignificant parameters at 95% confidence interval
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Table 11 ANOVA for grey relational grade (GRG)

Source DF Seq SS Adj SS Adj MS F P % Contribution

A 2 0.000352 0.000352 0.000176 0.74 0.506 2.30

B 2 0.000531 0.000531 0.000266 1.12 0.373 3.47

C 2 0.002916 0.002916 0.001458 6.15 0.024a 19.04

D 2 0.000210 0.000210 0.000105 0.44 0.657 1.37

E 2 0.005911 0.005911 0.002955 12.46 0.003a 38.59

B*E 4 0.001836 0.001836 0.000459 1.94 0.198 11.99

C*E 4 0.001667 0.001667 0.000417 1.76 0.230 10.88

Residual Error 8 0.001897 0.001897 0.000237 12.36

Total 26 0.015320 100
aSignificant parameters at 95% confidence interval
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Fig. 10 Main effects plot for means of GRG

Table 12 Response table
grey relational grade (GRG)

Level A B C D E

1 0.3546 0.3484 0.3646 0.3527 0.3361

2 0.3506 0.3462 0.3462 0.3519 0.3442

3 0.3458 0.3565 0.3402 0.3464 0.3707

Delta 0.0088 0.0103 0.0244 0.0063 0.0346

Rank 4 3 2 5 1
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The firefly algorithm provided the best parametric setting to get optimal EDM
performance that is given in Table 13.

f xð Þ ¼ 0:349� A�0:021 � B0:020 � C�0:065 � D�0:014 � E0:086 ð13Þ

7 Surface Crack Density of Machined Surface

The scanning electron micrograph of the machined surface by three different types of
tool electrodes are taken by SEM (Model: Jeol JSM-6480LV, Japan) and the surface
crack density (SCD) of the machined surface are measured by pdf xchange viewer
software (as shown in Fig. 11). The SCD of work piece machined by AlSi10Mg,

Table 13 Optimal parametric setting

Parameters V (A) Ip (B) τ (C) Ton (D) Tool type (E) Fitness value

Optimal setting 20 V 20A 67% 100 μs Graphite 0.27281105

Fig. 11 Surface crack density of machined surface by different tool electrodes at parametric setting
V ¼ 20 V, Ip ¼ 10A, τ ¼ 67%, Ton ¼ 100 μs (a) AlSi10Mg RP, (b) Copper, and (c) Graphite
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cooper and graphite tool electrodes are 0.01926 μm/μm2, 0.02074 μm/μm2 and
0.03407 μm/μm2 respectively. The SCD of the machined surface machined by
AlSi10Mg electrode is less as compare to copper and graphite electrodes. The
SCD of the machined surface machined by graphite tool electrode is highest. Here,
by the use of graphite electrode, more spark energy generated with increase in the
thermal stress. Higher thermal stress is generated with increase in spark energy
during the sparking. Therefore, the SCD on the machined surface by the use of
graphite electrode is more.

8 Conclusion

In the present work, machining performance of AlSi10Mg composite tool electrode
prepared via selective laser sintering process along with conventional copper and
graphite tool electrodes have been investigated by taking Titanium alloy (Ti6Al4V)
as work piece material and commercially available EDM 30 oil as dielectric fluid
during EDM. The design of experiment approach like Taguchi’s L27 orthogonal
array has been used to conduct the experiment by varying the process parameters like
oven circuit voltage (V), discharge current (Ip), duty cycle (τ), pulse-on-time (Ton)
and type of tool electrodes. The EDM performance like material deposition rate
(MRR), tool wear rate (TWR) and average surface roughness (Ra) have been
evaluated and the effect of different process parameters on these output responses
have been studied. To obtain the best EDM performance, grey relational analysis
based Firefly algorithm has been used. From this work following conclusion can be
drawn.

1. Better MRR can be achieved with increase in the process parameters like open
circuit voltage, discharge current, duty cycle and pulse-on-time and by the use of
graphite tool electrode. Graphite tool electrode have higher material removal
capacity followed by cooper and AlSi10Mg SLS tool electrode.

2. Lower value of TWR can be achieve with lower parametric setting of open circuit
voltage, discharge current, duty cycle and pulse-on-time and by the use of
graphite tool electrode. Graphite tool electrode has less tool wear as followed
by cooper and AlSi10Mg SLS tool electrodes.

3. The average surface roughness value of the machined surface is increased with
increase in the process parameters like open circuit voltage, discharge current,
duty cycle and pulse-on-time and better surface finish achieved by using
AlSi10Mg SLS tool electrode followed by copper and graphite tool electrodes.

4. The SCD of the machined surface machined by AlSAi10Mg RP electrode is less
as compare to the machined surfaces by the use of copper and graphite electrodes.
Therefore, AlSi10Mg RP tool electrodes must be use to achieve less surface crack
density on the machined surfaces.
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5. By using GRA based Firefly algorithm best optimal setting of the machining
parameters has been obtained to increase MRR and to decrease TWR and average
surface roughness of the machined surface. The best parametric setting obtained
is V ¼ 20 V, Ip ¼ 20A, τ ¼ 67%, Ton ¼ 100 μs and graphite electrode.
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Laser-Based Additive Manufacturing
of Lightweight Metal Matrix Composites

Eskandar Fereiduni, Mostafa Yakout, and Mohamed Elbestawi

1 Introduction

In recent decades, there has been an increasing demand in modern industries for the
development of high-performance lightweight materials having outstanding
mechanical properties. As well-known lightweight metallic materials, the poor
wear resistance and low hardness of aluminum (Al) and titanium (Ti) are serious
impediments limiting their further development especially in automotive and aero-
space industries. If reinforced with ceramic reinforcing particles, the obtained
materials are capable of meeting most of the industrial requirements. These materials
are known as light-weight metal matrix composites (MMCs) and offer outstanding
combination of properties including low density, low coefficient of thermal expan-
sion (CTE), high hardness, improved wear resistance and comprehensive mechan-
ical properties.

Lightweight MMCs have been fabricated for many years using a wide variety of
manufacturing processes. Based on the temperature of the metallic matrix during
processing, the conventional fabrication methods used for producing MMCs can be
categorized into five groups as follows [1–4]:

(i) Liquid phase processes (liquid metal ceramic particulate mixing; melt infiltra-
tion; squeeze casting or pressure infiltration; reaction infiltration; melt oxida-
tion processing).

(ii) Solid phase processes (powder metallurgy processes such as pressing and
sintering, forging and extrusion; high energy and high rate processes; diffusion
bonding; plastic deformation processes such as friction stir welding and super-
plastic forming).
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(iii) Solid/liquid two-phase processes (rheo-casting/compo-casting; variable
co-deposition of multiphase materials)

(iv) Deposition techniques (spray deposition; chemical vapour deposition (CVD);
physical vapour deposition (CVD); spray forming techniques)

(v) In-situ processes in which the reinforcements are formed in-situ during the
fabrication process.

While the conventional methods of MMCs fabrication could be employed to
fabricate parts with non-complex geometries, they are not suitable candidates when
it comes to the manufacturing of parts with complex shapes. The design freedom
associated with AM technology demonstrates an outstanding capability in fabrica-
tion of novel structures with unique geometrical designs. In addition, this technology
provides manufacturers with the ability to incorporate tailored materials
(e.g. reinforcements) into the structure to produce parts with desired properties. By
combining the design freedom with the ability to produce lightweight MMCs, AM
technology provides an exceptional opportunity to fabricate parts with noticeable
weight saving while maintaining the strength. The obtained MMCs parts are good
candidates to meet the requirements of various industries such as automotive and
aerospace among others. Considering above, this chapter focuses on the use of AM
technology in fabricating lightweight MMCs, metal matrix nano-composites
(MMnCs) and functionally graded metal matrix composites (FGMMCs). The AM
processes and processing techniques employed for producing various types of
lightweight MMCs are discussed, and the effect of reinforcements features on the
mechanical properties are explored.

2 Additive Manufacturing Processes

Additive manufacturing (AM) is a relatively new manufacturing technique, having
only been created in 1986. The father of AM title is granted to Charles W. Hull, who
first patented the technique of Stereolithography (SLA) [5]. In addition to the first
technique for AM, he created an intermediary file system, STL, which breaks down
the CAD drawing into a series of layers to be interpreted by the AM machine. This
file format is currently the de facto standard of file preparation software for all AM
machines. After this, Fused Deposition Modeling (FDM) was introduced by
Stratasys Inc. in 1991 [6], followed shortly by the introduction of Laminated Object
Manufacturing (LOM), according to the Wohlers Report of 2014. Selective Laser
Sintering (SLS), the next largest technique, which is capable of additively producing
metal and ceramic parts, was created in 1992. Continuing on the rapid growth of AM
technology, the following year Inkjet Binder Printing was invented and patented by
MIT. It wasn’t until 1999 when a technique to produce fully dense metal parts,
Selective Laser Melting (SLM), was invented. A notable AM technique invented
shortly after this in 2002 was the Direct Metal Deposition (DMD) [7].
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The leading companies for AM systems around the world are 3D Systems in
USA, Electro Optical Systems (EOS) in Germany, Stratasys in USA, Renishaw in
England, and Arburg in Germany. Table 1 shows a list of leading companies for AM
systems arranged according to the year of foundation or when they launched their
AM technology. For each company, the table summarizes the materials used, the
technologies offered, and the applications served. In addition, the table shows the
industrial terms used by each company for the technologies offered and their
corresponding scientific terms.

Table 1 List of leading companies in AM systems

Company

Technology acronym(s) Material
classes Applications DevelopedAcademic Commercial

3D
Systems

SLA SLA Polymers Aerospace, Defense,
Architecture, Geo,
Arts, Jewelry, Enter-
tainment, Automo-
tive, and Healthcare

1987 in
USASLS PLS

3DP CJP

MJM MJP

SLA Cast Urethane

3DP PJP

SLM DMP Metals

CMET SLA SLA Polymers Rubber-Like Proto-
types and Super Heat
Resistant Models

1988 in
Japan

EOS SLM DMLS Metals Aerospace, Automo-
tive, Lifestyle Prod-
ucts, Medical, and
Tooling

1989 in
GermanySLS PLS Polymers

Stratasys 3DP PolyJet 3DP Polymers Aerospace, Automo-
tive, Industrial,
Defense, Medical,
and Dental

1989 in
USAFDM FDM

Sciaky EBM EBAM Metals Large Parts, Aero-
space, Automotive,
Nuclear, Medical,
Power Generation,
Marine

1990 in
USA

Arcam EBM EBM Metals Aerospace and
Orthopedic Implants

1997 in
Sweden

Optomec DED LENS Metals Components Repair,
Hybrid Manufactur-
ing, Medical
Implants, and
Electronics

1997 in
USA

SLM
GmbH

SLM SLM Metals Automotive, Medical,
Dental, Aeronautics,
and Construction

1998 in
Germany

(continued)
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Table 1 (continued)

Company

Technology acronym(s) Material
classes Applications DevelopedAcademic Commercial

Voxeljet 3DP Continuous
3D Printing

Sands Molds and Tools for
Sand Casting

1999 in
Germany

Plastics Aerospace, Automo-
tive, Medical, Art,
and Architecture

Carima SLA DLP Polymers Architecting,
Machine Elements,
Jewellery, Plaything,
and Medical

2000 in
Korea

Concept
Laser

SLM Laser
CUSING

Metals Aerospace, Automo-
tive, Dental, Medical,
Jewellery, and Molds

2000 in
Germany

Envision
TEC

LTP DLP Polymers Aerospace, Biomedi-
cal, Electronics
Architecture, and
Automotive.

2002 in
Germany3SP

ReaLizer SLM SLM Metals and
Ceramics

Dental, Automotive,
Tools, Medical, and
Jewellery

2004 in
Germany

Mcor Tec. LOM SDL Papers Geospatial, Arts,
Architecture, Medi-
cal, and
Manufacturing

2004 in
Ireland

ExOne 3DP Sand 3DP Sands Molds and Tools for
Sand Casting

2005 in
USA

Metal 3DP Metals Aerospace, Automo-
tive, Art, and Heavy
Equipment

DWS LTP X-Y Scanning Polymers Jewellery, Fashion,
Dental, Biomedical,
and Industrial

2007 in
ItalyDLP

Galvanometer

Blueprinter SLS SHS Polymers Architecting, Design,
Engineering, Con-
struction, and
Manufacturing

2008 in
Denmark

ASIGA SLA SAS Polymers Dental, Jewellery,
Audiology, and
Medical

2009 in
USA

BeAM DED CLAD Metals Aeronautics, Aero-
space, Defence,
Nuclear, and Medical

2009 in
France

Farsoon SLS SLS Polymers Automotive, Archi-
tecture, Medical
Aerospace, and
Manufacturing

2009 in
China

Renishaw SLM LM Metals Dental, Aerospace,
Medical, Automotive,
and Tooling

2010 in UK

(continued)
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3 Additive Manufacturing Versus Conventional
Manufacturing

AM technology opens the door to produce complex, customized, and cost-effective
components with acceptable mechanical properties. It allows a vast innovation in
material development and metallurgical engineering. In addition to polymers,
metals, and ceramics, AM technology provides an outstanding opportunity for
fabricating composites and complex materials.

AM technology has a lot of advantages over conventional manufacturing tech-
niques. One of these advantages is the ability to produce complex designs from
either traditional or newly developed materials. This will allow high flexibility in
producing parts containing various elements within the same design. Figure 1 shows
an example of a multi-directional preform having large numbers of yarn groups and a
complex architecture. As shown, the unit-cell consists of three different yarn orien-
tations. If not impossible, this design could be difficulty manufactured using con-
ventional manufacturing methods. AM technology allows the manufacturing of
multi-directional composite structures as well as the optimization of parts design [8].

New properties, forms, and functionalities can be also created by processing new
materials to produce complex structures using AM technology. Despite the conven-
tional manufacturing techniques, the design freedom in AM technology allows the
designer to design parts with complex geometries or even to apply topology opti-
mization to produce parts with the desired dimensions, complexities and properties
[9]. For instance, while being difficult or even impossible for some of the cellular
structures in Fig. 2 to be produced with conventional manufacturing processes, these
complex geometries could be made using AM processes.

Parts with different materials or functionally graded objects could be also
manufactured using AM technology. The possibility to use different feedstocks in
some of the AM processes enables the manufacturers to produce multi-material
structures and functionally graded materials (FGMs). Figure 3 shows a dual alloy
blisk (as an example of multi-material component) fabricated by direct laser depo-
sition (DLD) process using powder feedstock. FGMs are those structures having

Table 1 (continued)

Company

Technology acronym(s) Material
classes Applications DevelopedAcademic Commercial

LUXeXcel 3DP Printoptical Transparent
Polymers

LED Lighting
Industry

2012 in
Netherlands

Arburg FDM AKF Polymers Manufacturing, Med-
ical, and Dental

2013 in
Germany

Carbon 3D SLA CLIP Polymers Automotive, Archi-
tecture, Fashion, and
Medical

2013 in
USA

XJET 3DP NPJ Metals Nano-Manufacturing 2016 in
Israel
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Fig. 1 An example of
multi-directional structure
that could be manufactured
using AM processes [8]

Fig. 2 Various cell structures that could be manufactured using AM technology [9]

Fig. 3 DLD processed
TC11/Ti2AlNb dual alloy
blisk [10]
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varying material properties along one direction of the structure. Figure 4 provides an
example of functionally graded MMC benefiting from gradient change of reinforce-
ment content along the building direction.

AM technology can be also employed to create customized alloys and composite
materials. The possibility of using customized mixtures of powders in AM will
provide the opportunity to fabricate composites with improved mechanical proper-
ties compared to the conventionally processed parts. The size, volume fraction,
distribution pattern and orientation of reinforcement incorporated into the matrix
affect the characteristics of fabricated MMCs. The control and optimization of these
parameters are the main challenges in the manufacturing of MMCs. The high degree
of complexity and customization as well as the flexibility in optimizing the charac-
teristics of reinforcements are the main advantages of AM processes over conven-
tional manufacturing methods used for fabricating MMCs.

Fig. 4 (a) Optical cross-section and (b–g) SEMmicrographs of functionally graded TiC reinforced
Ti matrix composite with increasing TiC content along the building direction (bottom to top). UMC
and RSC refer to un-melted and re-solidified TiC reinforcement, respectively [11]
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Table 2 lists the advantages and disadvantages of AM technology over other
conventional manufacturing processes.

4 Additive Manufacturing Processes
for Fabricating MMCs

According to ISO/ASTM 52900 standard [16], the AM processes are classified into:
VAT polymerization, material jetting, powder bed fusion (PBF), binder jetting,
direct energy deposition (DED), and sheet lamination. These processes can be
categorized according to the state of the raw material into: liquid, molten, powder,
and solid-layer processes as shown in Fig. 5. While some of these processes are
available for polymers, the others are available for metals and ceramics.

AM processes could allow the fabrication of MMCs reinforced with either
particulates or fibres. While few attempts have been performed to produce fibre
reinforced MMCs using solid layer AM processes, most of the literature existing on
AM processing of MMCs refers to powder-based processes used to fabricate partic-
ulate reinforced MMCs. In fact, solid-layer AM processes (e.g. sheet lamination)
might not be applicable for fabricating MMCs parts with complex geometries
[17, 18]. This chapter focuses only on particulate reinforced MMCs made through
powder-based AM processes.

Table 2 AM versus conventional manufacturing [1, 12–15]

Factor AM processes Conventional manufacturing processes

Part
complexity

AM offers high flexibility in producing
complex geometries and customized
products

They require assembly for complex
designs

Part design AM offers flexibility in manufacturing
lightweight components (i.e. hollow or
lattice structures)

Conventional manufacturing methods
are not applicable for hollow and/or
lattice structures

Material
distribution

The material distribution within a part
structure could be varied

The material distribution within a part
is almost uniform

Production
volume

Low production volumes Large production volumes

Production
size

Available for the production of low and
medium size parts

They provide the production of large-
size components

Post-
processing

Mandatory Optional

Assembly It reduces the number of part and assem-
bly stages

It requires assembly

Material
cost

High Low

Material
waste

Reduces the material waste High amount of material waste
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In general, powder-based AM processes can be used to fabricate two major
categories of MMCs, i.e. ex-situ and in-situ reinforced MMCs [181]. Figure 6 pre-
sents the AM processes employed for manufacturing each category of these MMCs.

4.1 Powder Bed Fusion (PBF) Processes

The PBF processes such as DMLS, SLM and EBM are available for fabricating both
ex-situ and in-situ reinforced MMCs. In DMLS or SLS processing of MMCs, a
single powder layer (mixture of reinforcements and the matrix powders) is spread on
a bed, then a focused laser beam is directed at the layer to sinter the mixed powder as

Fig. 5 Classification of ISO/ASTM 52900 standard AM processes according to the state of
material

Powder-Based AM Processes used for MMCs fabrication

Ex-situ MMCs

The reinforcement is externally synthesized. 

The reinforcement is either pre-mixed with the matrix powder or fed 
separetly to the melt pool during the laser processing. 

Sintering or binding of powder particles is required.   

Powder Bed Fusion 
(PBF)

Selective Laser Sintering 
(SLS) or Direct Metal 

Laser Sintering (DMLS)

Direct Energy 
Deposition (DED) Binder Jetting

In-situ MMCs

The reinforcement is synthesized in the matrix through the 
chemical reactions ocuured in the melt pool during AM 

process.  

Full melting of powder particles is required. 

Powder Bed Fusion (PBF)

Selective Laser 
Melting (SLM)

Electron Beam 
Melting (EBM)

Direct Energy 
Deposition (DED)

Fig. 6 Powder-based AM processes used for fabricating two different categories of MMCs
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shown in Fig. 7. The SLM process reflects the SLS and DMLS processes with full
melting of the powder particles. The EBM process is similar to SLM process except
that the powder is melted using an electron beam instead of a laser source.

The sintering phenomenon associated with AM processes with partial melting
nature (e.g. SLS or DMLS) leads to the production of ex-situ reinforced MMCs.
However, the AM processes with full-melting nature (e.g. SLM and EBM) could be
used for fabricating in-situ reinforced MMCs through activating chemical reactions
between the constituents existing in the system.

4.2 Direct Energy Deposition (DED) Processes

DED is a powder-fed AM process in which the powder is fed through a nozzle and
then melted through a laser/electron beam as shown in Fig. 8 [20, 21]. DED

Fig. 7 Schematic illustration of DMLS/SLM process [19]
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processes with a laser source are called Direct Laser Deposition (DLD), Laser Metal
Deposition (LMD) [13], Laser Engineered Net Shaping (LENS) [22], Laser Con-
solidation (LC) [23] or Laser Cladding [24]. It has the ability to reface or add layers
onto objects (cladding or hardfacing) [21] as well as to deposit multiple materials in
one process loop. These multi-materials are FGMs and allow designing of material
with varying compositions and microstructures depending on the position [20]. In
terms of metallurgy, DED creates a mobile melt pool on the substrate with a cooling
rate which is significantly dependent on the input of powders [13].

The DED processes utilize knowledge of thermal and kinetic parameters such as
temperature, velocity and composition, which are essential to understand if the
technique is successfully used [13]. The processes with DED nature such as
LENS, LMD and Cladding are all available for fabricating both ex-situ and in-situ
reinforced MMCs. The DED systems benefiting from several nozzles are outstand-
ing systems enabling the fabrication of MMCs and FGMs.

Plasma Deposition Manufacturing (PDM) also belongs to the DED category of
AM processes. This process starts with supplying a continuous powder feed to a
plasma-melted zone where the powder then gets melted and solidified as the plasma
beam scans across the deposited layer. In order to avoid or reduce oxidation,
processing occurs in an environment with inert gas such as argon, helium or
nitrogen. PDM is a feasible technique for fabricating 3D parts as well as FGMs.

Fig. 8 Schematic illustration of DLD process [25]
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The parts are metallurgically acceptable but further experiments are necessary to
optimize this process [26].

In addition to the DED processes using powder as feedstock, some of the DED
processes employ wire as feed-stock. During the wire-fed DED processes, a wire of
small diameter is fed, melted, and deposited on the substrate. This repetitious process
leads to the fabrication of very dense and large parts with mechanical properties that
are competitive to cast material [27]. By developing DED systems benefiting from
both wire and powder feeding, novel MMCs and FGMs can be also manufactured.

5 Challenges of MMCs Fabrication Using Additive
Manufacturing Processes

Fabrication of MMCs with AM processes has some challenges which have been
summarized as follows [19, 28–33, 180]:

1. The chemical reactions between the elements existing in the system. Although
the chemical reactions between the powder particles are essential to develop
in-situ reinforced MMCs, the occurrence of unwanted reactions may deteriorate
the mechanical properties and material characteristics of the developed
composites.

2. Irregular dissolution of elements that may take place during the AM process.
3. Extensive cracking between tracks or layers due to the high thermal gradients

induced during the process.
4. Loss of specific material properties (e.g. the decrease in the content of alloying

elements due to over-heating and excessive energy density subjected to the
system).

5. Micro-segregation of reinforcements to the bottom of each melt pool, especially
in the case of ex-situ reinforced MMCs.

6. Micro-cracking at the reinforcement/matrix interface which is mainly attributed
to the significant difference in physical and mechanical properties of reinforce-
ments and the matrix. These micro-cracks affect the functionality of fabricated
parts and may cause failure.

7. The residual stresses induced in inter-track/inter-layer regions and consequently
the whole part might affect the mechanical properties of fabricated components.

8. The balling effect that may happen due to the improper selection of process
parameters. This phenomenon might inversely affect the surface integrity and
densification level of parts.

9. The thermal history experienced by a single layer during the deposition of
subsequent layers may cause microstructural changes in it.

10. The determination of optimum process parameters for each specific composite
material.
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These challenges could be addressed and solved using the following suggested
considerations:

1. Optimizing the process parameters for various MMCs and finding their influence
on the surface integrity, mechanical properties and material characteristics of the
parts produced [34, 35].

2. Modifying the AM machines to produce new in-situ MMCs and developing new
multi-material AM systems [36–38].

3. Design and topology optimization for AM [39, 40].
4. Creating a real-time process control for the AM systems [36].
5. Building a material database for AM of each MMC system [36, 41, 42].

6 Various Types of MMCs

6.1 Ex-Situ Reinforced MMCs

Particle reinforced MMCs are fabricated by various conventional methods. In most
of these processes, the ceramic reinforcing particles added to the matrix have been
made separately prior to the composite fabrication process. As a result, such
composites are called ex-situ reinforced MMCs.

Laser-based AM processes have been recently used to fabricate 3D MMC
structures as well as coatings to improve the properties of materials [43]. One of
the unique features of AM processes is their capability to incorporate reinforcements
either ex-situ or in-situ into the structure. While the size and shape of reinforcements
in ex-situ reinforced MMCs are limited by the initial powder condition [44], the
in-situ reinforced MMCs benefit from desired reinforcing particles synthesized
directly from the chemical reaction between the reactants in the melt pool.

The SiC particle reinforced Al matrix composites (AMCs) are one of the most
common ex-situ reinforced MMCs fabricated by AM processes. Figures 9a, b show
the microstructures of DMLS processed SiC reinforced Al4.5Cu3Mg matrix com-
posites having two different particle sizes of SiC (i.e. coarse and fine) [45]. Although
the SiC ceramic reinforcing particles may partially melt and dissolve into the Al
matrix and probably form a few in-situ phases, the remaining of primarily added SiC
mostly as un-melted particles in the matrix can introduce the obtained parts as ex-situ
reinforced MMCs. Besides the applied AM process (e.g. laser sintering (LS) or laser
melting (LM) nature of the process) and the selected process parameters, the degree
of melting experienced by the ceramic reinforcing particles is also affected by their
size. While the large size reinforcing particles may remain relatively un-melted in the
solidified microstructure, the finer ones could be partially melted during the laser
processing.

The main drawbacks associated with the ex-situ reinforced MMCs are the
relatively weak interfacial bonding between the ceramic reinforcing particles and
the matrix as well as the poor wettability between them due to the surface contam-
inations existing on pre-processed reinforcing particles. Combination of these two
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phenomena and the noticeable difference between the CTEs of ceramic particles and
the metallic matrix introduces the particle/matrix interfaces as potential locations for
crack nucleation and propagation (Fig. 9c). These cracks lower the load transfer
efficiency from the matrix to the reinforcements and inversely affect the mechanical
properties of MMCs. Moreover, when subjected to external loading, these cracks
may easily propagate into the matrix and lead to premature failure of MMCs parts.

Fig. 9 SEMmicrographs of laser sintered SiC/Al4.5Cu3Mg powder mixtures having: (a) coarse and
(b) fine SiC ceramic particles. (c) Cracking at the SiC/Al matrix interface of laser processed parts
[45]

Table 3 AM processed lightweight MMCs having hybrid ex-situ/in-situ reinforcements

Mixed powder
system

Applied AM
process

Reinforcement Morphology of In-Situ
reinforcements ReferenceEx-Situ In-Situ

SiC/
AlSi10Mg

SLM Un-melted
SiC

Al4SiC4 Combined Plate-like &
Particle-shape

[46]

SiC/A356 DMLS Al4SiC4 Plate-like [47, 48]

Si Particle-shape

Al2O3/Al SLM Un-melted
Al2O3

Al2O3 Long-strip [49]

TiN/Ti6Al4V LENS Un-melted
TiN

TiN Elongated rods [50]

SiC/Ti LENS Un-melted
SiC

TiC Dendritic [51, 52]

Ti5Si3 Faceted particles
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6.2 Hybrid Ex-Situ/In-Situ Reinforced MMCs

In recent years, several AM processes including LENS, DMLS and SLM have been
used for fabricating lightweight AMCs and Ti matrix composites (TMCs) containing
hybrid ex-situ/in-situ reinforcements. Table 3 summarizes various material systems
used to produce these types of composites via AM processes. It should be noted that
the ex-situ part of the reinforcements refer to the primarily added reinforcing
particles remained un-melted in the microstructure. However, the in-situ part repre-
sents those reinforcements synthesized in an in-situ manner during the fabrication
process. The in-situ formed reinforcements may be either as the same or as a
different phase from the starting reinforcing particle.

The microstructures shown in Fig. 10 are hybrid ex-situ/in-situ reinforced AMCs
and TMCs fabricated by AM processing of Al2O3/Al, TiC/Ti6Al4V and TiB2/
Ti6Al4V powder mixtures. The obtained MMCs contain un-melted or partially
melted Al2O3, TiC and TiB2 particles remained even after the solidification process.
The remaining of un-melted particles in the microstructure can be ascribed to several
reasons including relatively low laser energy densities applied to the system, and
large-size and/or high contents of high melting point ceramic reinforcing particles
present in the powder mixture. Under these conditions, sufficient energy and time
may not be provided for complete melting of reinforcing particles, leading to the

Fig. 10 SEMmicrographs of: (a) SLM processed Al2O3/Al [49], (b) Direct laser fabrication (DLF)
processed TiC/Ti6Al4V [53], and (c) DLF processed TiB2/Ti6Al4V [54] systems
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remaining of un-melted or partially melted particles in the microstructure along with
the in-situ formed precipitates. Figure 10a shows the un-melted Al2O3 particles
gathered at the grain boundaries to form colonies. This is while the un-melted TiC
and TiB2 particles in Figs. 10b, c are found all over the matrix. The part of Al2O3

particles melted and dissolved into the matrix tends to reprecipitate as Al2O3 phase in
a long-strip morphology along the grain boundaries of the Al matrix [49]. To the
same, TiC powder particles melted and dissolved into the matrix also precipitate
again as TiC in the microstructure. However, the in-situ reaction between the TiB2

reinforcing particles and the Ti matrix results in the synthesis of a new phase (TiB).

6.3 In-Situ Reinforced MMCs

Depending on the applied processing parameters (e.g. laser power, scan speed, layer
thickness and hatch spacing) and the properties of mixed powder system
(e.g. melting points of constituents, size and volume fraction of powder particles),
varying amounts of reaction may proceed in the system to form in-situ products.
Compared with the ex-situ and hybrid ex-situ/in-situ reinforced MMCs, the primar-
ily added reinforcing particles are fully consumed in the case of in-situ reinforced
MMCs. This results in the formation of microstructures free of primarily added
reinforcing particles, containing desired reinforcements synthesized directly from
the induced chemical reaction among the starting materials. The in-situ reinforced
MMCs have some advantages over the ex-situ reinforced ones as follows [55–58]:

(i) While the size of reinforcements in ex-situ reinforced MMCs is dictated by
their size in the staring powder mixture and is typically in the order of microns,
the fine in-situ synthesized reinforcements with improved distribution state in
the matrix offer significantly enhanced mechanical properties.

(ii) The higher thermodynamic stability of in-situ synthesized reinforcements than
the ex-situ ones introduces them as better candidates for MMCs having high
temperature applications.

(iii) Clean, un-oxidized and contaminant-free surface of the in-situ synthesized
reinforcements improves their wettability with the surrounding melt and results
in stronger reinforcement/matrix interfacial bonding.

(iv) The in-situ processes are potentially cost-effective and require fewer processing
steps since the reinforcements are synthesized during the fabrication process.

Because of benefitting from these unique advantages, MMCs with in-situ syn-
thesized reinforcements have attracted a great attention in recent decades. Tables 4
and 5 summarize the works performed to fabricate in-situ reinforced AMCs and
TMCs employing AM processes, respectively.

Because of benefiting from two or more reinforcements in a single composite
structure, the hybrid and multiple reinforced MMCs have been recently developed
and have attracted a great attention. The in-situ reactions in these MMCs are
controlled by several parameters including the type and ratio of powders in the
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mixed powder system as well as the applied processing parameters affecting the
temperature and the duration of reaction in the melt pool.

Typical microstructures of hybrid (TiB þ TiC) and (TiB þ TiN) reinforced
TMCs fabricated by LENS process are presented in Figs. 11a, b, respectively. The
hybrid (TiB þ TiC) reinforced TMC is produced by in-situ reaction between B4C
and Ti powders while the (TiBþ TiN) one is made as a result of the induced reaction
between BN and Ti part of Ti6Al4V powder.

Although having different size and distribution pattern, TiB reinforcing phase
shows a needle-like morphology in both of the hybrid reinforced microstructures.
The differences between the size and distribution pattern of TiB reinforcements are
related to the differences in size of primarily added ceramic powder particles (BN,
B4C) as well as the B content of the systems. The partial melting of relatively large
size (30–45 μm) B4C powder particles as well as the hypereutectic composition of
the Ti-B system result in the formation of coarse primary TiB precipitates distributed
in the matrix. However, very small size of BN powder particles (0.5–2 μm) com-
bined with the exothermic nature of reaction between BN and liquid Ti leads to the
complete melting of BN powder particles. Although B concentration is as high as 2.5
and 7.5 wt.% in the system, TiB precipitates form as very fine eutectic wisker/nano-
rod morphology distributed as a quasi-continuous network in the microstructure
(Fig. 11b). To the same feature as the TMCs having either TiC or TiN as

Table 4 Additively manufactured AMCs containing in-situ synthesized reinforcements

Mixed powder
system

Applied AM
process

In-Situ
reinforcement(s)

Morphology of
reinforcement(s) Reference

TiC/AlSi10Mg SLM TiC Particulate [59–64]

SiC/AlSi10Mg SLM Al4SiC4 Plate-like & Particle-
shaped both together

[65]

Al2O3/
AlSi10Mg

SLM Al2Si4O10 Particulate [66]

AlN/AlSi10Mg SLM AlN Particulate [67]

Al-20Si-5Fe-
3Cu-1Mg

SLM Al4FeSi2 Needle-like [68]

TNM/Al-12Si SLM Al6MoTi Irregularly-shaped den-
drites and particles

[69]

Al85Nd8Ni5Co2 SLM AlNd3,
Al4CoNi2,
AlNdNi4

Platelet [70]

Fe2O3/(Al) SLM Al-Fe IMCsa,
α-Al2O3

Particulate [71]

Fe2O3/
(AlMg1SiCu)

Al-Fe IMCs,
α-Al2O3

Fe2O3/
(AlSi10Mg)

Al-Fe IMCs,
Al0.5Fe3Si0.5

SiC/AlSi10Mg DMLS Al4C4 Elongated acicular [72]

TiB2/AlSi10Mg SLM TiB2 Rod-like [73]
aIntermetallic compounds
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reinforcement, the TiC and TiN precipitates show also granular and dendritic/plate-
like morphology, respectively in the hybrid reinforced TMCs.

Recently, DMLS process was combined with self-propagating high-temperature
synthesis (SHS) to fabricate in-situ reinforced AMCs with multiple reinforcements.

Table 5 Additively manufactured TMCs containing in-situ synthesized reinforcements

Mixed
powder
system

Applied
AM
process

Reinforcement
(s) Morphology

Parameter
(s) affecting
morphological
change Ref.

TiC/Ti SLM TiC Rod-like
Lamellar

Increase in laser
energy density

[74]

Lamellar
Accumulated whis-
ker
Coarsened dendrite

Increase in laser
energy density

[75]

Lamellar
Feather-structured
Dendritic

Enhancement of
TiC content

[76]

B4C/Ti DLD TiB Needle-like &
Prismatic

– [77]

TiC Granular

TiB2/Ti-
Nb-Zr-Ta

LENS TiB Needle like &
Prismatic

– [78]

Si3N4/Ti SLM TiN Irregular polyangular
Refined near round
shape
Coarsened dendrite

Increase in laser
energy density

[79]

Elemental
B/Ti6Al4V

DLD or
LENS

TiB Needle-like – [54, 80–
82]

Elemental
B/Ti

TiB2/
Ti6Al4V

TiB2/Ti SLM TiB Needle-like – [83–85]

SiC/Ti SLM TiC Dendritic – [86]

Ti5Si3 Faceted particles

BN/
Ti6Al4V

LENS TiB Very fine whiskers
and nano-rods

Increased laser
energy density
and/or Enhanced
BN content

[87]

TiN Plate like or Flow-
ery-dendritic

Ti, Al and
Graphite
elemental
powders

SLM TiC Round-shaped – [88]

BN/
Ti6Al4V

LENS TiB Fine needle like – [89]

TiN Flowery or
Dendritic
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For this purpose, mixture of Al, TiO2 and B4C powders were used, resulting in the
formation of in-situ Al2O3, TiC and TiB2 reinforcements [90]. Figure 12 shows the
particulate shape TiC and TiB2 reinforcements distributed in the Al matrix of
obtained AMCs.

6.4 TMCs with Metallic Reinforcements

By SLM processing of 10 wt.% Mo/Ti6Al4V powder mixture, Vrancken et al. [91]
recently developed TMCs having Mo metallic particles as reinforcements randomly
dispersed in a β-Ti matrix (Fig. 13a). TiTa solid solution matrix composites with few
un-melted Ta particles as reinforcements have been also developed by SLM
processing of 50 wt.% Ta/Ti mixed powder system (Fig. 13b) [92]. Due to the

Fig. 11 Microstructures of hybrid: (a) (TiB þ TiC) reinforced TMC fabricated by LENS
processing of B4C/Ti mixed powder system [77] and (b) (TiB þ TiN) reinforced TMC made by
LENS processing of BN/Ti6Al4V system [87]

Fig. 12 Microstructure of
DMLS processed B4C/TiO2/
Al mixed powder system
[90]
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higher melting temperatures of Mo and Ta (2625 and 3020 �C, respectively)
compared with that of Ti6Al4V (1668 �C), a part of them may not be melted
when subjected to relatively low laser energy densities. Moreover, the higher
reflectivity of Mo and Ta than Ti6Al4V to the laser beam could be also responsible
for their lower laser absorptivity and the subsequent partial melting. Therefore, a part
of Mo and Ta powder particles may remain as unmelted particles and play the role of
metallic reinforcement for the matrix.

6.5 Additively Manufactured Lightweight Metal Matrix
Nano-Composites (MMnCs)

The field of nano-composites has been widely considered in recent decades because
of the significant differences in mechanical, electrical, thermal, electrochemical and
optical properties of nano-composites compared with the component materials. The
main concept behind the development of lightweight MMnCs is benefiting from the
great potential of nano-scale reinforcements for further improvement of mechanical
properties beyond those of conventional MMCs.

The desired properties of MMnCs are obtained when the nano-scale reinforce-
ments are uniformly distributed throughout the matrix. However, the low wettability
of ceramic nanoparticles with the molten metal matrix and the extremely large van
der Waals attractive force between the reinforcing nanoparticles are the main issues
limiting the production of MMnCs by conventional fabrication processes. The main
problems with these processes are agglomeration of nanoparticles to the coarsened
clusters or even the disappearance of nanoscale nature of reinforcements. This
phenomenon paves the way for microstructural inhomogeneity and makes it rather
difficult to achieve the optimal exploitation of the strengthening potentials of nano-
scale reinforcements. Therefore, it would be necessary to develop novel fabrication
methods avoiding the agglomeration of reinforcing nanoparticles and guaranteeing

Fig. 13 Microstructures of SLM processed: (a) 10 wt.% Mo/Ti6Al4V system showing un-melted
Mo particles randomly dispersed in the Ti matrix [91] and (b) 50 wt.% Ta/Ti system with un-melted
Ta particles remained in the solidified structure [92]
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their homogenous distribution throughout the matrix. In addition to the problems
associated with the distribution of nano-scale reinforcements, fabrication of nano-
composites still have some challenges including processing, cost, consistency in
volume production as well as oxidation and thermal instability of nano-
materials [58].

AM technology is believed to be one of the promising approaches able to mitigate
some of these limitations [93]. Due to the ease of incorporating nano-materials as
well as the significant progress in polymer-based AM techniques, the recent devel-
opments in AM processing of nano-composites have been mostly focused on
polymer-matrix composites. However, limited numbers of works have been
performed in the field of MMnCs. This could be due to the difficulties accompanied
by incorporation of nanoparticles in metal powder-based AM techniques as well as
the limitation with the variety of existing materials that can be used. The develop-
ment of new processes and innovative materials may open new windows for wider
fabrication of MMnCs adopting AM technology.

Recently, novel MMnCs with nanometer-scale reinforcements have been fabri-
cated using AM processes, especially SLM. TiC is the most widely used reinforce-
ment for fabricating Al matrix nano-composites (AMnCs). This is while TiC and
TiB are both used in the literature as reinforcement to the Ti matrix nano-composites
(TMnCs). Figure 14 shows typical microstructures of TiC reinforced AMnCs as well
as TiC and TiB reinforced TMnCs. Due to the extremely small size of ceramic

Fig. 14 SEM images of SLM processed: (a) TiC reinforced Al matrix [95], (b) TiC reinforced Ti
matrix [76] and (c) TiB reinforced Ti matrix [85] nano-composites
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reinforcing particles (nanometer-scale TiC, and very small 2–5 μm size TiB2 and
elemental B) in the mixed powder systems and the full melting nature of the SLM
process, the in-situ TiC and TiB precipitates are most likely synthesized through
solution precipitation mechanism, during which the reinforcement nuclei is formed
by heterogeneous nucleation and then grows.

The nanoscale TiC reinforcements in AMnCs are also formed through solution
precipitation mechanism by multiple nucleation and growth of TiC nuclei from
carbon saturated Al-Ti melt [94, 95]. Microstructural observation of the TiC
reinforced AMnCs reveals that the nanometer scale TiC precipitates are not only
round in shape, but also uniform in size. The in-situ formation of TiC precipitates as
equiaxed spherical morphology in the AMCs has been extensively reported in the
literature [96–100]. The nanometer-size of TiC precipitates and their narrow size
distribution in the matrix both give evidence of easier nucleation than growth.

When in nanometer scale, the TiC precipitates in TMnCs show a lamellar
morphology with a mean thickness less than 100 nm. It is interesting to point out
that despite the particulate morphology of TiC precipitates in AMnCs for a wide
range of processing conditions, the TiC precipitates in TMnCs are associated with
extensive changes in size and morphology based on the applied processing param-
eters as well as the characteristics of mixed powder system [74–76].

To the same as all TiB reinforced TMCs made by various processing methods,
TiB reinforcements also show needle-like morphology in the AM processed TMCs.
However, by using appropriate processing parameters and engineered mixed powder
systems, TiB reinforced TMnCs containing needle-like TiB precipitates with diam-
eters in nanoscale can be fabricated through AM technology [82, 84, 85].

7 Temperature-Driven Forces and Flows and Viscosity
in Laser-Induced Melt Pools

7.1 Surface Tension and Marangoni Flow

The temperature variation in the melt pool during laser-based AM is in a way that
compared to the edges, the central regions are associated with higher temperatures.
Moreover, there exist chemical potential gradients of solute elements in different
regions of the melt pool. These thermal and chemical gradients can induce a surface
tension gradient which is the main driving force for the movement of molten material
in the melt pool usually from the center toward the edges. The surface tension
gradient induced in the melt pool results in the formation of a so called Marangoni
flow which is significantly dependent on temperature sensitivity of the liquid-to-
solid surface tension of the material. When Marangoni flow is active, the induced
radial temperature gradients exceed the depth-wise temperature gradients [101].

As shown in Fig. 15, the surface tension is inversely proportional to the melt pool
temperature for most pure metals with low oxygen content and follows an increasing
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trend by moving from center toward the periphery of melt pool [64, 102]. In
addition, higher temperatures and consequently smaller surface tensions are induced
in the melt pool when processing powder mixtures with higher contents of
reinforcing particles. In fact, due the higher laser absorptivity of ceramic reinforcing
particles than the metallic powder, the increase in volume fraction of reinforcing
particles enhances the effective laser absorbance of the whole powder system and
consequently elevates the melt pool temperature.

Fig. 15 Variation of surface temperature and surface tension in the melt pool of SLM processed
TiC/AlSi10Mg mixed powder system containing different amounts of TiC [64]

Fig. 16 Schematic illustration of material flow in the melt pool without and with oxidation [67]
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The surface tension induced during laser processing is also affected by the
oxidation phenomenon [67]. Moreover, the presence of oxides can influence the
convection pattern in the melt pool. Owing to the accumulation of insufficient heat at
initial stages of melt pool formation, the oxide films existing at the edges of melt
pool are not completely destroyed, leading to reverted surface tension gradient and
convection pattern from the edges toward the center (Fig. 16a). When subjected to
enough heat during laser processing, the braking of oxide films results in the
reversion of material flow from center toward the edges (Fig. 16b). The addition
of impurities to the pure metals can also reverse the fluid flow direction in the melt
pool from outward to inward pattern [103].

Generally, the effect of Marangoni flow on the bulk flow of a melt is normally
weaker than bulk convection at the same thermal and chemical gradients. However,
under special circumstances, e.g. in laser processing and electron-beam melting of
metals, the Marangoni flow may significantly affect the bulk flow. The Marangoni
flow generates higher peak velocities in the melt pool and elevates the heat transfer
coefficient. However, when the Marangoni flow is negligible, free convection flow
becomes dominant, and smaller peak velocities are attained. The heat transfer for this
type of melt pool is evaluated via conduction only [101]. The intensity of Marangoni
flow can be evaluated using the dimensionless Marangoni number (Ma) as [104]:

Ma¼ΔσL
μυk

ð1Þ

here, Δσ represents the surface tension difference (N/m), L is the length of free
surface which is considered as the melt pool length, and υk refers to the kinematic
viscosity which is defined as dynamic viscosity (μ) divided by density. The
Marangoni number can be positive or negative. The negative Marangoni numbers
represent melt pools having a wide form factor with a flow direction from center
toward the edges. However, positive Marangoni numbers describe a narrow melt
pool with edge to center directional flow [105]. The positive/negative nature of
Marangoni flow also affects the microstructural evolutions during solidification.
While positive values favour microstructural refinement at the bottom of melt
pool, the negative ones lead to the formation of fine microstructures along the top
regions of a deposited layer [106]. The Marangoni flow also assists in mixing and
stirring of the melt pool to avoid macro-segregation phenomenon [101].

7.2 Recoil Pressure

One of the interfacial forces induced during laser processing of metals which affects
the temperature and morphology of melt pool is recoil force. The recoil force and the
Marangoni flow are considered as the main driving forces for the instability of melt
flow during laser processing [107]. Since subjected to the highest superheat during
laser processing, the surface temperatures directly below the laser spot can easily
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reach the boiling temperature of the material. The extremely high superheat gener-
ated directly at and beneath the center of melt pool can pave the way for vapour
recoil which is characterized by the nucleation and growth of metal vapour bubbles
and trapped inert gas [108, 109]. When the vapour recoil pressure goes beyond the
melt/gas surface tension, small droplets eject from the melt pool to the surrounding,
resulting in a phenomenon known as balling effect in AM processes [110, 111]. The
recoil vapour pressure varies exponentially with temperature as [107, 112]:

P Tð Þ¼0:54Pae
λ=KB

1=T 2
1=Tb Þð Þð ð2Þ

where Pa is the ambient pressure, λ represents the evaporation energy per particle,
KB is Boltzmann constant, T is the surface temperature, and Tb refers to the boiling
temperature of the material.

7.3 Rayleigh-Benard Convection

The thermal variations during laser processing cause temperature difference (ΔT)
between the top and bottom of the melt pool. The difference in density induced by
these thermal variations generates a buoyancy force which acts to rearrange the
lighter molten material at the top and the heavier one at the bottom of the melt pool.
When ΔT is not so significant, the molten material remains stationery, and heat
transfer occurs through conduction. However, as ΔT exceeds a critical value (ΔTc),
energy transfer through rearrangement of molten material (convection) becomes
dominant and leads to the motions in the melt pool known as Rayleigh-Benard
convection. The magnitude of Rayleigh-Benard convection can be addressed by
Rayleigh number (Ra) as [113]:

Ra¼ βgΔTd3

αυk
ð3Þ

where β is the CTE, g is gravitational acceleration, d represents the melt pool
thickness, and α signifies the thermal diffusivity.

7.4 Dynamic Viscosity of Solid-Liquid Mixed Melt Pools

The dynamic viscosity of the melt pool containing solid reinforcing particles dis-
tributed in the liquid metal is defined mathematically as [114–116]:
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μ¼μ0 12
Φ
Φm

� �2 2

ð4Þ

where μ0 refers to the viscosity of pure liquid metal (excluding the solid reinforcing
particles), Φ is the volume fraction of solid phase in the liquid, and Φm corresponds
to the critical volume fraction of solid phase above which the mixture has infinite
viscosity. The dynamic viscosity of the melt pool is substantially increased by the
retention of solid particles in it. Therefore, the viscosity of pure liquid metal (μ0)
should be low enough to ensure the successful surrounding of solid particles.
However, when the viscosity of pure liquid metal is too low, covering of solid
particles with the liquid is limited.

Assuming that there exists a suitable wetting between the liquid and solid
particles, the quality of laser processed part is significantly driven by the dynamic
viscosity of pure liquid (μ0), assessed by [117]:

μ0¼
16σ
15

ffiffiffiffiffiffiffiffiffiffi
m

KBT

r
ð5Þ

in which σ indicates the surface tension of liquid metal, m represents the atomic
mass, and T refers to the melt pool temperature. Based on Eq. 5, higher temperatures
or lower surface tensions result in the formation of liquids with lower viscosities.
Referring to Eqs. 4 and 5, the elevated temperature has two major effects on dynamic
viscosity of solid-liquid mixed melt pool: (i) reducing the dynamic viscosity of the
liquid metal, and (ii) facilitating the melting or at least partial melting of solid
reinforcing particles which leads to the formation of higher liquid volumes. Both
these factors decrease the melt pool viscosity and consequently improve the wetting
of solid reinforcing particles by the surrounding molten metal. It should be noted that
at extremely low melt viscosities, there may not be enough liquid to wet the solid
particles. This may lead to balling effect. Therefore, the appropriate selection of
solid-liquid ratio as well as the controlled superheating degree of the powder with
lower melting point could be suggested to control both the μ0 and μ for fabricating
high quality MMCs parts.

8 Parameters Affecting Microstructural Features
of Reinforcements in Hybrid Ex-Situ/In-Situ Reinforced
and In-Situ Reinforced MMCs

8.1 Laser Energy Density

The amount of laser energy density applied during AM processing has a significant
influence on microstructural evolution of fabricated MMCs. The elevated heat
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accumulation and reduced cooling rates induced at relatively high energy densities
may have three major effects on the system:

(i) The mixed powder system may experience higher levels of melting,
(ii) Higher temperatures and longer times are provided for the elements to diffuse

into the system, and
(iii) The oscillation of reinforcing particles and dissolved elements in the melt are

increased.

The effects of laser energy density on the amount, size and morphology of in-situ
synthesized reinforcements are discussed in the following.

8.1.1 Amount of In-Situ Reaction

When using relatively low energy densities, the energy delivered to the mixed
powder system may not be high enough for full melting of powder particles,
especially those with high melting points (e.g. Al2O3, TiC and TiB2 particles in
Fig. 10), leading to the melting of only fine reinforcing particles or the edges of
larger irregular-shape ones [65]. Accordingly, the microstructure may contain
un-melted reinforcing particles along with the in-situ synthesized reinforcements.
The enhanced melt pool temperature and larger degrees of melting caused by
increased energy density can be an effective approach for decreasing the size and
volume fraction of un-melted reinforcing particles and consequently increasing the
amount of in-situ synthesized reinforcements [51, 52]. Figure 17 shows the micro-
structure for the same specimen in Fig. 10c but processed with higher laser power.
As is indicative, the starting TiB2 powder particles completely reacted with the fully
melted Ti to form in-situ TiB precipitates with needle-shape morphology.

Fig. 17 SEM micrograph
of DLF processed TiB2/
Ti6Al4V system as in
Fig. 10c but subjected to
higher laser power [54]
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8.1.2 Size of In-Situ Reaction Products

The greater heat accumulation and reduced cooling rates associated with higher laser
energy densities provides the system with higher temperatures and longer times,
leading to the growth of in-situ synthesized reaction products. When occurred, the
obtained MMCs structures may contain fewer numbers of larger-size in-situ synthe-
sized reinforcements. As shown in Fig. 18, the elevated melt pool temperature
caused by application of higher energy densities increases the length and width of
plate-like Al4SiC4 phase and favors the growth of particle-shape Al4SiC4 precipi-
tates. However, the reduced melt pool temperatures combined with the increased
cooling rates lead to extremely finer reaction products. This can be observed by
comparing the size of Ti5Si3 precipitates as well as the microstructural features of
lamellar eutectic structures in SiC/Ti powder mixtures processed with two different
laser energy densities (Fig. 19).

Fig. 18 Microstructures of SLM processed SiC/AlSi10Mg mixed powder system subjected to laser
energy densities of: (a) 800 and (b) 1000 J/m [118]

Fig. 19 Microstructures of LENS processed SiC/Ti system subjected to energy densities of: (a)
33.95 and (b) 12.73 J/mm2 [52]
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8.1.3 Morphology of In-Situ Synthesized Reinforcements

The applied energy density can also affect the morphology of in-situ synthesized
reinforcements in some systems. As presented in Table 5, one of the systems in
which the size and morphology of in-situ synthesized reinforcements are greatly
dependent on the applied energy density is the TiC/Ti system having nanoscale TiC
powder particles. As being observed in Fig. 20, the morphology of in-situ synthe-
sized TiC precipitates in SLM processing of this system follows successive change
from discrete nanoscale lamellar to accumulated whiskers and finally to coarse
dendrites with the enhancement of laser energy density [74, 75].

In general, TiC primarily nucleates as NaCl-type hexagonal structure with center-
symmetric position of Ti and C atoms in the lattice. The deposition of Ti and C atoms
on TiC nuclei is believed to form a lamellar crystal with [111] basal plane (Fig. 21)
[74]. The combined effects of evaporative recoil pressure and surface tension of melt
induced on [111] plane of TiC crystals especially at high scan speeds (low laser
energy density), restricts the growth along [111] direction and results in a desirable
nanostructure (Fig. 20a). However, the increased activation of Ti and C atoms
caused by elevated temperatures at higher energy densities favors their deposition
on [111] planes of the TiC crystal and leads to morphological change from nanoscale
lamellar structure to coarsened sub-micrometer scale whisker-like structure

Fig. 20 Microstructures of SLM fabricated TiC reinforced TMCs processed with laser energy
density of: (a) 120, (b) 180 and (c) 360 J/mm3 [75]
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(Fig. 20b). The enhanced instability of melt pool caused by the intensified
Marangoni flow combined with the extremely high melt pool temperatures at
excessive energy densities facilitates the dendritic growth of crystals to form coars-
ened structure (Fig. 20c).

The improved wettability of solid reinforcements with the surrounding melt
caused by the enhanced energy density can also affect the morphology of reinforce-
ments. Figure 22 schematically shows the variation in morphology of in-situ syn-
thesized TiN precipitates as a function of energy density subjected to the Si3N4/Ti
powder mixture during SLM processing [79]. The limited wettability of TiN pre-
cipitates with the melt at relatively low energy densities leads to their non-uniform

Fig. 21 Schematic
illustration of primarily
nucleated TiC structure [75]

Fig. 22 Schematic illustration of morphological change experienced by in-situ TiN phase in SLM
processed Si3N4/Ti mixed powder system [79]
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polyangular morphology with some agglomeration. The elevated temperature and
improved wettability gained at higher energy densities change the morphology to
near-round shape with some refinement. However, at considerably high energy
densities, the intensified perturbations and noticeable internal energy caused by
significantly reduced dynamic viscosity and enhanced Marangoni flow makes the
solid-liquid interface instable and favors the formation of coarse dendritic TiN
precipitates.

8.2 Characteristics of Powder Mixture

The effective laser absorption of a powder mixture containing metal, ceramic and
pores is defined as the following [119]:

Aeff¼
X

AiVi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ0:5Pð Þ

p
ð6Þ

where Ai and Vi represent the absorption coefficient and volume fraction of con-
densed part, respectively, and P corresponds to the fraction of porosity.

Due to the significant effects ceramic reinforcing particles have on laser absorp-
tivity of powder mixture, their features (e.g. laser absorptivity, size and volume
fraction) play important roles in microstructural evolution and mechanical properties
of laser-based AM fabricated MMCs. The influence of size and volume fraction of
reinforcing particles on microstructural characteristics is discussed in the following.

8.2.1 Size of Reinforcing Particles

The limited in-situ reaction between the coarse reinforcing particles and the melt
results in heterogeneous microstructures containing high volumes of un-melted
reinforcing particles along with low amounts of in-situ synthesized precipitates.
However, compared with the larger reinforcing particles, the higher effective surface
area of finer ones can lead to the improved laser absorption efficiency. This can
consequently elevate the melt pool temperature and induce much more in-situ
reactions in the system. Therefore, more uniform microstructures containing higher
amounts of in-situ reinforcements may be formed. It is worth noting that when
employing relatively low energy densities, the fine reinforcing particles may gather
to form clusters [47]. This can diminish the efficiency of laser absorption by
reducing the effective surface area of ceramic reinforcing particles.

8.2.2 Volume Fraction of Reinforcing Particles

Due to the higher laser absorption coefficient of ceramic reinforcing particles than
the metallic powder part, the increase in volume fraction of ceramic particles

Laser-Based Additive Manufacturing of Lightweight Metal Matrix Composites 85



elevates the effective laser absorptivity of mixed powder system. This in turn
elevates the maximum increase in the temperature of laser-induced melt pool as
the following [120]:

ΔTmax¼ 2Aeffη
k

ffiffiffiffiffiffiffi
ατp
π

r� �
ð7Þ

in which Aeff signifies the effective laser absorptivity, η represents the energy density,
k is the thermal conductivity, α is the thermal diffusivity and τp refers to the duration
of laser irradiation.

The elevated temperature enhances the chemical reaction in the system and leads
to microstructures containing higher amounts of in-situ synthesized reinforcements.
This can be confirmed by comparing the amounts of in-situ reaction products (plate-
like Al4SiC4 and extremely fine Si particles) in Fig. 23 as well as the in-situ formed
elongated TiN precipitates in Fig. 24.

Fig. 23 Optical micrographs of laser sintered SiC/A356 mixed powder system having: (a) 10 and
(b) 20 vol.% SiC [47]

Fig. 24 SEM micrographs of LENS processed TiN/Ti6Al4V system with: (a) 20 and (b) 40 wt.%
TiN [50]
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In addition to the elevated temperature caused by the increased volume fraction of
reinforcing particles, the heat released by the exothermic reaction in some systems
can also induce even higher temperatures in the melt pool. Figure 25 shows the effect
of BN content on size and distribution pattern of in-situ synthesized precipitates in
hybrid (TiB þ TiN) in-situ reinforced TMCs. The high laser absorptivity of BN and
the exothermic nature of reaction between BN and Ti are believed to be responsible
for the elevated melt pool temperature and coarsening of the reaction products
[89, 121].

Owing to the changes in melt composition, the amount of reinforcing particles
existing in the system may affect the size of in-situ synthesized reinforcements.
Figure 26 shows the microstructures of AM processed TiB2/Ti powder mixtures
containing different volume fractions of TiB2 constituent. For the hypoeutectic
alloys where the B content in the melt pool is less than that of the eutectic
composition (1.64 wt.%), the solidification starts with the nucleation of β-Ti grains
based on the Ti-B binary phase diagram [122]. Due to the extremely low solid
solubility of B in Ti, B atoms are rejected from the growing solidification interface of

Fig. 25 Microstructures of LENS processed BN/Ti6Al4V mixed powder system containing: (a)
5 and (b) 15 wt.% BN. Inset in (a) provides high magnification micrograph of nano-scale needle-
like TiB phase [89]

Fig. 26 SEM micrographs of TiB reinforced TMCs fabricated by: (a) SLM processing of 5 wt.%
TiB2/Ti [84] and (b) LENS processing of 2 wt.% B/TNTZ [123] powder mixtures
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β-Ti into the melt. The melt enriched in B transforms to a mixture of TiB and β-Ti
phases at the eutectic temperature, leading to the microstructure containing colonies
of needle-shape TiB whiskers distributed uniformly in the Ti matrix (Fig. 26a)
[83, 84]. However, for the hypereutectic compositions (those with B contents higher
than the eutectic composition), the solidification starts with the formation of primary
coarse TiB precipitates and is followed by the transformation of remaining melt to
TiB þ β-Ti mixture at the eutectic temperature. Therefore, microstructures
containing multi-scale coarse primary and fine eutectic TiB precipitates dispersed
in a Ti matrix are developed (Fig. 26b) [78, 123].

As reported by Gu et al. [76], the change in volume fraction of TiC in TiC/Ti
system significantly affects the size and morphology of in-situ synthesized TiC
reinforcements. While the in-situ synthesized TiC precipitates indicate a nanoscale
lamellar-structure in SLM processed part with 7.5 wt.% TiC, they lose their nano-
scale and change morphology to a dendritic structure for powder mixtures with
increased TiC contents.

9 Distribution Pattern of Reinforcements

9.1 Non-homogenous Distribution

9.1.1 Bimodal Distribution

As the same as the non-uniform coarse and fine microstructures observed in laser-
based additively manufactured Al-Si and Al-Si-Mg alloys [124–129], some of the
AM processed MMCs also show non-homogeneities in the size of reinforcements.
These non-uniformities are in fact caused by the differences in heat cycles received
by the track cores and overlaps. While the track cores experience only a single
melting stage, the melting takes place twice in track overlaps. As shown in Figs. 27a,
b, the MMC structure obtained by SLM processing of Al85Nd8Ni5Co2 alloy consists
of finer precipitates along the melt pool boundaries (track overlaps) and coarser ones
along the cores of tracks. Depending on the type of alloy and the applied processing
parameters, the track cores may contain finer precipitates compared with the track
overlaps (Fig. 27c).

9.1.2 Agglomeration or Clustering of Reinforcements

The heterogeneous distribution pattern of reinforcements in the matrix and their
clustering could occur in two different conditions as follows:

(i) At relatively low laser energy densities [60, 62, 66, 82, 130] or even low volume
fractions of reinforcing particles in the mixed powder system [64], the insuffi-
cient heat generated in the melt pool results in reduced melt pool temperature.
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The combined effects of weak Marangoni flow and high dynamic viscosity
obtained at this condition restricts the rearrangement of solid reinforcing parti-
cles/reinforcements in the melt pool and leads to their limited distribution and
even clustering/agglomeration in the solidified MMC structure, as shown in
Fig. 28.

(ii) While the increased heat input could be beneficial to the efficient distribution of
reinforcing particles/reinforcements by enhancing the Marangoni flow and
reducing the dynamic viscosity, the excessive heat input subjected to the system
at extremely high energy densities may be also detrimental to obtaining homo-
geneous MMCs. As shown in Fig. 29, application of excessive energy densities
can cause the aggregation of reinforcing particles to form non-homogenous
MMC structures.

Fig. 27 (a) Low and (b) high magnification SEM micrographs of SLM processed Al85Nd8Ni5Co2
alloy [70]. The area between dashed lines in (a) indicates the track width while (b) shows the
microstructure for the area marked in (a). (c) Microstructure of SLM processed Al-12Si-TNM
powder system [69]
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9.2 Homogenous Distribution of Reinforcements

Typical microstructures of laser-based AM fabricated MMCs with homogenous
distribution of reinforcements are shown in Fig. 30. When applying appropriate
processing parameters and selecting suitable fraction of reinforcing particles in the

Fig. 28 SEM micrographs of: (a) SLM processed TiC reinforced AMC [61], (b) SLM fabricated
Al2Si4O10 reinforced AMC obtained by processing Al2O3/AlSi10Mg mixed powder system [66],
and (c) LENS processed TiB reinforced TMC [130]

Fig. 29 Microstructures of SLM produced AlN reinforced AMCs processed with energy densities
of: (a) 450 and (b) 1800 J/m [67]
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mixed powder system, the elevated temperature and reduced surface tension in the
melt pool both act to decline the dynamic viscosity and intensify the Marangoni
flow. This accelerates the rearrangements of reinforcements and activates micro-
scopic pressure on them [59, 64, 89]. In addition, the decreased dynamic viscosity
may decline the friction between the solid particles and the molten material. More-
over, the improved fluidity of melt pool competes with the Van der Walls force
between the solid particles (especially those in nanoscale) and favors repulsion
forces between them, inhibiting their clustering and agglomeration. Therefore, all
these mechanisms contributing to the improved dispersion state of reinforcing
particles/reinforcements in the melt pool pave the way for the formation of MMCs
with homogenous distribution pattern of reinforcements.

9.3 Microstructures with Ring-Like Distribution Pattern
of Reinforcements

Recently, unique microstructures with tailored distribution patterns of reinforce-
ments have been developed in several MMCs including TiC reinforced AMnCs,
Al2Si4O10 reinforced AMCs [66], TiB reinforced TMCs [82, 130], TiC reinforced
H13 steel [131], TiB2 reinforced 316 L stainless steel [132, 133], TiC reinforced
316 L stainless steel [134], TiB2 reinforced H13 steel [135] and SLM processed
CNT/AlSi10Mg mixture [136]. Figure 31 presents the ring-like structures formed in
AM processed AMCs and TMCs. As being observed, the reinforcements in these
structures are uniformly distributed along the grain/sub-grain boundaries.

At present, two different mechanisms have been proposed for the formation of
such microstructures in the SLM processed MMCs as discussed below:

First Mechanism: This mechanism correlates the formation of such microstructures
mainly to the effects of forces and flows in the melt pool on the rearrangement of
reinforcements [60, 62, 64, 66]. Figure 32 schematically illustrates the mechanism

Fig. 30 Microstructures of SLM processed TiC reinforced: (a) AMC [80] and (b) TMC [76] with
homogenous distribution pattern of reinforcements
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behind the formation of such structure. As being observed, the Marangoni flow
drives the material from the center to the edges of the melt pool. These materials
descend to the bottom of melt pool under the action of gravity force and then come
back to the surface again under the buoyancy force. The repetitive circular flow
induced in the melt pool acts on solid reinforcements and improves their dispersion
state. Moreover, due to the irregular shape of reinforcing particles and the
misalignment of the particle’s center, a torque is generated around each particle
which tends to rotate it. The final output of these multiple forces existing in the melt

Fig. 31 SEM images of: (a) SLM fabricated Al2Si4O10 reinforced AMC [66], (b) SLM processed
CNTs/AlSi10Mg composite [136], and (c) LENS processed TiB reinforced TMC [82]

Fig. 32 Schematic
illustration of the
mechanism behind the
formation of ring-like
structure in some of SLM
processed systems [66]
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pool is the decoration of grains with reinforcing particles, leading to ring-like
structures.

Second Mechanism: The mechanism proposed recently by Hu et al. [82] ascribes
the formation of ring-like structures to the combined effects of flows in the melt pool
and the particle pushing mechanism in the solidification front. The active mechanism
behind the formation of these structures is schematically shown in Fig. 33 for TiB
reinforced TMCs. Due to the full melting nature of the SLM process, the powder
mixture experiences full melting when interacting with laser beam (stage 1). Solid-
ification starts with the in-situ reaction between Ti and B elements, leading to the
nucleation of TiB precipitates, followed by their growth as needle-shape morphol-
ogy. Subsequently, Ti melt starts to solidify by means of heterogeneous nucleation at
TiB precipitates and homogenous nucleation in the melt. Due to the extremely low
solubility of TiB in β-Ti [89, 137, 138], the TiB precipitates are pushed into the melt
in front of growing nuclei-liquid interface (stage 2). Finally, aggregation of TiB
precipitates at the grain boundaries results in the formation of three dimensional
quasi-continuous network (3DQCN) microstructures (stage 3).

Fig. 33 The schematic view of mechanism suggested for the formation of ring-like (3DQCN)
structure in LENS processed TiB reinforced TMCs [82]
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10 Effect of Reinforcement Features on Mechanical
Properties of Additively Manufactured
Lightweight MMCs

One of the main purposes behind the fabrication of MMCs is the improvement of
mechanical properties (e.g. hardness, strength and elastic modulus). Ceramic
reinforcing particles, because of having high hardness, are the most widely used
materials added to the metallic matrix to enhance the mechanical properties.

For all three types of ex-situ, in-situ and hybrid ex-situ/in-situ reinforced MMCs,
the features of starting ceramic reinforcing particles play important roles in mechan-
ical properties of AM processed parts. These features are discussed in detail as the
following.

10.1 Volume Fraction

The effect of reinforcement volume fraction on the hardness of MMCs can be
discussed based on the simple rule of mixture as [139–142, 176, 177]:

HMMC¼ Hr�Vrð Þþ Hm�Vmð Þ ð8Þ
where HMMC represents the hardness of MMC, while Hr and Hm are the hardnesses
of reinforcement and matrix, respectively. The reinforcement and matrix volume
fractions are also indicated as Vr and Vm, respectively. Due to the higher hardness of
ceramic reinforcements than the matrix, MMCs benefitting from higher contents of
reinforcements are associated with higher hardness.

Optimization of process parameters using Taguchi method performed by Ghosh
et al. [90] indicated that among different variables of AM process, the volume
fraction of reinforcing particles (composition of mixed powder system) had the
highest contribution to hardness (60.16%). Higher laser powers and lower layer
thicknesses also led to better melting of powder mixture and improved the hardness
with contributions of 33.35% and 4.74%, respectively. However, the effects of other
processing parameters on the hardness were negligible in their study.

As reported by Ghosh et al. [29], enhancement of SiC content from 10 to 30 vol.
% in the ex-situ reinforced DMLS processed SiC/Al-4.5Cu-3 Mg AMCs parts can
efficiently improve the microhardness from ~1.7 to ~4 GPa. Results presented by
Wang et al. [54] also shows that the increased volume fraction of in-situ synthesized
TiB precipitates caused by the enhancement of TiB2 content in the mixed powder
system (5 to 10 wt.%) can significantly improve the hardness from 560 to 750 HV.
This is while the non-reinforced Ti6Al4V alloy had a hardness of 340 HV in their
study. Balla et al. [143] have also reported the significant increase in hardness of
LENS processed TiN reinforced TMCs from 527 to 1138 HV with the enhancement
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of TiN content from 10 to 40 wt.%. However, the pure Ti6Al4V fabricated with the
same process had a hardness of 394 HV.

The increase in reinforcement volume fraction can also affect the Young’s
modulus of MMCs. For instance, more contents of in-situ reinforcements formed
by using higher volumes of BN in the mixed powder system (15 vs. 5 wt.%),
increased the Young’s modulus of hybrid in-situ (TiB þ TiN) reinforced TMCs
from 184 to 204 GPa [87]. These moduli are believed to be higher than those for
TMCs having either TiB or TiN as reinforcement [87, 144, 145].

The increase in volume faction of primarily added ceramic reinforcing particles
may have some other effects on the mechanical properties of AM processed MMCs
as:

(i) The elevated working temperature can induce much more in-situ reactions in the
system and consequently enhance the mechanical properties [90]. Moreover, the
size of in-situ synthesized reaction products may be also affected. As reported
by Wang et al. [54], the length and width of needle-like TiB precipitates in TiB
reinforced TMCs increased as the volume fraction of TiB2 powder in the mixed
powder system enhanced from 5 to 10 wt.%. This can also enhance the
mechanical properties of MMCs. It is also worth mentioning that when using
higher contents of reinforcing particles, the greater heat released by probable
exothermic in-situ reaction can reduce the energy density required to achieve
MMCs with the optimum hardness.

(ii) The enhanced fusion of solids can significantly diminish the amount of
interconnected porosities and consequently enhance the mechanical properties
[146, 147]. SLM processing of Al/Fe2O3 powder mixtures containing 5–15 wt.
% Fe2O3 indicates the strong dependence of hardness on microstructural fea-
tures which were affected by Fe2O3 content [146, 147]. When using high
contents of Fe2O3, the grain boundaries containing fine, homogenous and
well-bounded particulate features of reinforcements were thickened. This is
believed to be responsible for the improved hardness through the dispersion
strengthening mechanism.

Although the addition in volume faction of reinforcing particles is in most cases
associated with the enhanced strength, there may be an optimum content of
reinforcing particles for some systems above which the hardness and strength
drop. For instance, the increase in TiC content elevates the microhardness of TiC
reinforced TMCs and leads to a microhardness of 577 HV for the TMC having
12.5 wt.% TiC, which is noticeably higher than that for the pure Ti fabricated with
the same processing parameters (241–287 HV). However, the decreased densifica-
tion levels as well as the microstructural variations (e.g. change in size and mor-
phology of in-situ synthesized precipitates) occurred at TiC contents higher than
12.5 wt.% decreased the microhardness [76].

It should be noted that the enhanced volume fraction of reinforcing particles may
be detrimental to some of the mechanical properties. As reported by Zhang et al.
[148], while the addition of TiC content from 10 to 40 wt.% had a significant
influence on hardness and wear resistance, it did not have a remarkable influence
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on tensile strength of hybrid ex-situ/in-situ TiC reinforced TMCs. Furthermore, it
noticeably decreased the ductility. Although the TiC precipitates are hard and have a
good interfacial bonding with the Ti matrix (especially the in-situ ones), enhance-
ment of TiC content in the mixed powder leads to higher amounts of ex-situ
(un-melted) TiC particles in the AM processed part which are prone to cracking
[148]. This can make the fabricated MMCs part less ductile when subjected to
external loading.

10.2 Size

As the size of ceramic reinforcing particles in the mixed powder system is decreased,
several mechanisms contribute to improve the mechanical properties of MMCs as
the following:

(i) Compared with the MMCs having larger primary ceramic reinforcing particles,
those containing smaller ones lead to higher densification levels and conse-
quently better mechanical properties.

(ii) The enhanced efficiency of laser absorption induces more in-situ reactions
between the ceramic reinforcing particles and the matrix. The in-situ reaction
products may have much more coherent interface and better bonding with the
matrix. Compared with the non-coherent interface, the coherent interface trans-
fers the load from the matrix to the reinforcement more efficiently.

(iii) Due to the enhanced nucleation sites for the molten metal matrix during the
solidification process, MMCs with much refined matrix are formed. Based on
the grain boundary strengthening mechanism, higher strength is attained since
larger stresses are required for the deformation of these structures [149, 178,
179].

When using coarse ceramic reinforcing particles, the mechanical properties of
fabricated MMCs may be even worse than the non-reinforced parts. For instance, the
increase in the mean size of SiC particles from 5 to 50 μm can significantly decline
the microhardness of SLM processed hybrid ex-situ/in-situ (SiCþAl4SiC4)
reinforced AMCs from ~218 to 127 HV [46]. This is while the non-reinforced part
processed with SLM is believed to have a maximum microhardness of ~145 HV
[150]. The significant decrease in hardness and strength by application of relatively
coarse reinforcing particles could be due to the combined effects of decreased
density and weakened interfacial bonding between the un-melted/partially melted
large-size reinforcing particles and the matrix [46].

10.3 Distribution Pattern

The distribution pattern of reinforcing particles/reinforcements in the matrix signif-
icantly affects the mechanical properties of MMCs. When the reinforcements are
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distributed in the matrix as a non-homogenous pattern, some regions of the matrix
are left non-reinforced while some others contain clusters or agglomerates of
reinforcements. Therefore, the optimum improvements in the mechanical properties
by the addition of reinforcements may not be attained. The improved dispersion of
reinforcements obtained by optimizing the process parameters can significantly
enhance the mechanical properties of MMCs. For instance, the change in distribution
pattern of reinforcements from heterogeneous to homogenous in AM processed TiC
reinforced AlSi10Mg matrix composites containing 5 wt.% TiC is believed to
increase the microhardness from 157.3 to 177.6 HV [59]. Uniform distribution of
nanoscale in-situ synthesized TiC reinforcements in the Ti matrix can also signifi-
cantly enhance the maximum nanohardness and elastic modulus, e.g. ~22.7-fold and
~2.4-fold, respectively compared to the non-reinforced Ti parts [75]. The improved
distribution pattern and refinement of in-situ synthesized TiN precipitates in SLM
processed TiN/Ti5Si3 composites achieved at optimal energy density is also believed
to be responsible for improved mean microhardness with less fluctuations
[75]. Under this condition, the fabricated TiN reinforced Ti5Si3 matrix composites
show at least a four-fold increase in microhardness compared with the
non-reinforced Ti parts [79].

Thanks to the outstanding capabilities of laser-based AM technology, MMCs
microstructures with unique distribution pattern of reinforcements and improved
mechanical properties have been developed in recent years. For instance, the
microhardness of in-situ synthesized TiC reinforced TMCs can be significantly
increased from 156.6 to 184.7 HV by changing the distribution pattern of reinforce-
ments from individually dispersed particulates to uniform ring-like structure. In fact,
the ring-like structures with uniform distribution pattern of reinforcements more
efficiently constrain the local deformation of the matrix during microhardness
indentation and consequently improve the hardness [62].

11 Applications of Additively Manufactured
Lightweight MMCs

AM has massive implications not only in part design, but also in the reduction of
manual labor, and the elimination of supply chains and inventories. This is partic-
ularly applicable in the automotive industry. The ability to create parts in-house and
on demand allows for reduction of inventory risk, reduced shipping costs and
material procurement costs. In 2014, according to the National Automotive Dealers
Association (NADA), the average dealership had over $300,000 of inventory which
presents a potential risk that could be removed by fully utilizing AM production
techniques [151]. A unique feature of using AM in the automotive sector is assuring
the part dealer that they constantly have the most up-to-date part designs [40]. When
producing automotive parts, the ability to create complex structures has a huge
weight reduction benefit. The weight of parts can be reduced significantly by
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leveraging the ability of AM processes to produce parts with complex geometries
while maintaining relative strengths. Operating expenses and the fuel consumption
rate is reduced when weight is reduced, making it extremely attractive to automotive
companies. Complex automotive parts are often built using expensive casting and
machining processes. Nowadays, AM has the ability to create complex parts for
direct end use in production using MMCs [152, 153].

Biomedical industry is another application of AM of MMCs. AM is a very
promising technology in the medical industry due to its ability to quickly produce
highly custom-designed components. It is now possible to manufacture bones, ears,
exoskeletons, windpipes, jaw bones, eyeglasses, cell cultures, stem cells, blood
vessels, vascular networks, tissue and organs with AM techniques. Currently,
medical applications only represent a small fraction of the 3D printing market. The
medical sector of AM represents only 1.6% of the current $700 million AM market,
but is predicted to grow by 21% in the next 10 years [154]. The main types of AM
systems used in medical applications are SLS, Inkjet 3DP and FDM
[155, 156]. Recently, AM is being used more frequently in the production of
customized implants and prostheses. There is a great need for bespoke models in
the medical industry since standard implants are not always suitable for some
patients. Before AM was available, surgeons had to modify standard implants
themselves in order to obtain the desired shape. There is no doubt that printing
custom prototypes is more accurate than the previous method [157–159]. AM is also
commonly used to produce custom-made hearing aids. In fact, 99% of this type of
product is now 3D printed. Since all ear canals are uniquely shaped, it is very
difficult to produce one standard prototype. Therefore, AM is an efficient way to
manufacture hearing aids by combining a great fit with cost effectiveness [157]. The
most commonly used materials in SLS for tissue engineering and biomedical
applications are semi-crystalline and amorphous thermoplastics, glass and ceramics,
metals, and composites.

MMCs could be used in AM of aerospace components. The main challenge in the
aerospace industry is to produce light complex geometries with reasonable mechan-
ical properties. This makes AM a very efficient manufacturing method for aircraft
and spacecraft manufacturers. Additionally, the aerospace industry manufactures
parts in small quantities. These reasons make it beneficial to use AM technology for
aerospace applications [160]. The most common AM technologies used in the
aerospace industry are DED [161], SLM [162], SLS [163], FDM [164], and EBM
[165]. AM is used for low volume production of complex aerospace parts, aircraft
wings, and replacement parts in the aerospace industry along with fabrication of
specialized parts, lightweight structures, parts with minimal waste, on-demand parts,
and replacement parts to support space exploration [166].

Compared to traditional metals and alloys, lightweight MMCs are used for
applications where weight reduction is scoped such as aerospace, automotive, and
biomedical industries. In general, MMCs have been developed for the following
objectives [2]:

1. High yield and ultimate tensile/compressive strengths at high temperatures.
2. High creep and fatigue resistances at high temperatures.
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3. Good thermal shock and corrosion resistances.
4. Low thermal elongation and high life time.

The AM technology offers high degree of freedom in design and fabrication of
complex geometries and customized products. Hence, integrating the AM technol-
ogy in lightweight MMCs production would allow maintaining the above objectives
in complex lightweight structures. Incorporation of reinforcements into the matrix
material fulfills a specific function and property in the MMCs produced. Table 6
provides the improved properties and applications of additively manufactured light-
weight MMCs.
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Table 6 Applications of additively manufactured lightweight MMCs in various industrial sectors

Matrix Reinforcement Effect of reinforcement References

AlSi10Mg
Al-7Si-
0.3Mg
Al-4.5Cu-
3Mg
Al4C3

SiC Adding SiC improves hardness and enhances wear
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Process-Structure-Property Relationships
in Additively Manufactured Metal Matrix
Composites

Eskandar Fereiduni and Mohamed Elbestawi

1 Introduction

During the past few decades, there has been a significant interest in development and
fabrication of near net-shape and complex parts made from novel materials such as
bi-materials, composites and complex materials. The parts produced from these
materials could have outstanding combinations of properties, introducing them as
potential candidates meeting the requirements of automotive, aerospace, rapid
tooling and biomedical industries.

Thanks to the significant advances in additive manufacturing (AM) of single
materials as well as the optimized process parameters prescribed for fabrication of
parts made of commercially available materials, near net-shape components with
high qualities could be fabricated from these materials using AM processes. How-
ever, processing of composites and complex materials is rather challenging in some
of the AM techniques. Moreover, AM processing of these materials is relatively new
and still needs extensive research to be fully explored.

Besides the flexibility in fabricating the components with complex geometries,
recent advances in AM technology have paved the way for the design and
manufacturing of parts with tailored properties including composites, functionally
graded materials (FGMs) and multifunctional materials. When combined with the
basics of composite fabrication, AM technology can open new opportunities to
develop composites with outstanding properties.

The ASTM-recognized AM methods involve materials extrusion, material jet-
ting, sheet lamination, vat-photo-polymerization, binder jetting, directed energy
deposition (DED) and powder bed fusion (PBF) [1]. Among various AM technol-
ogies available, only a few of them have shown their capability in composite
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fabrication. While major efforts have been made focusing on fabrication of polymer
matrix composites using AM technology, limited numbers of researches have been
performed employing this technology to produce metal matrix composites (MMCs).

Although the electron beam has been used in a few works to fabricate MMCs,
most of the AM processed coatings or three-dimensional (3D) MMC structures have
been manufactured by employing laser beam as the heat source. Based on Fig. 1, the
AM processes used to fabricate MMCs from starting powder particles can be
classified into two major groups with partial and complete melting nature of parti-
cles. The process with partial melting of powder particles is laser sintering (LS), also
known as SLS1 and DMLS.2 This is while the processes with complete melting
nature of powder particles are categorized as laser melting (LM) and laser metal
deposition (LMD). LM is a general term for SLM3 and DMLR4 processes. However,
LMD processes are also named as DMD,5 LENS,6 DLF7 and DLD.8

Fig. 1 Classification of AM processes according to the laser/material interaction mechanism [2]

1Selective laser sintering.
2Direct metal laser sintering.
3Selective laser melting.
4Direct metal laser remelting.
5Direct metal deposition.
6Laser engineered net shaping.
7Direct laser fabrication.
8Direct laser deposition.
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The LS and LM processes are powder bed fusion (PBF), meaning that the powder
is spread on a bed prior to the laser scanning process. However, in the LMD
processes with a powder-fed nature, the powder is coaxially blown with synchronous
laser scanning. The schematic illustrations of SLM and DLD as the most famous
processes with LM and LMD nature, respectively, are provided in Fig. 2.

In case of SLM process, a uniform layer of powder is first deposited on the base
plate. Then, the predefined regions of this layer are melted by the laser beam,
resulting in the formation of a single layer of the desired part. Next, the powder
bed is lowered, and a new layer of deposited powder is subjected to laser beam.

Fig. 2 Schematic of: (a) SLM and (b) DLD processes [3]
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Fig. 3 Schematic illustration of a DLF system with simultaneous powder and wire feeding [4]

Process-Structure-Property Relationships in Additively Manufactured. . . 113



These powder deposition and laser melting procedures are repeated, leading to the
fabrication of part in a layer-by-layer manner. Unlike SLM, DLD process combines
both the material delivery and laser systems to simultaneously deposit the material
and fabricate the part in the same region.

When it comes to the fabrication of MMCs using AM processes, the desired
powder blends are mixed using powder pre-processing techniques. While
pre-mixing of powder blends prior to the process is essential for fabricating
MMCs using powder bed fusion AM processes (LS and LM), quite different
techniques may be employed in LMD processes to fabricate such components.
Because of benefitting from several nozzles (up to four or more), the existing
LMD systems facilitate feeding of different powders to produce MMC structures.
The LMD systems could be also used to combine wire feeder and powder delivery
nozzle in order to fabricate MMC structures (Fig. 3). It is worth noting that the
freedom in the feeding rate of powder and/or wire in LMD processes provide the
opportunity to fabricate functionally graded composite materials (FGCMs) having
varying contents of reinforcements and consequently mechanical properties along
the building direction (Fig. 4).

2 Why AM Instead of Conventional Manufacturing
for MMC Fabrication?

By integrating various fields including engineering design, laser technology, mate-
rials science and mechanical engineering, AM technology is regarded as a major
revolution in manufacturing, introducing it as a “next generation” technology. AM
technology competes with conventional manufacturing processes in many aspects
such as fabrication cost and time, design freedom, component accuracy and part
quality. The most significant advantages of AM technology over conventional
manufacturing techniques employed to fabricate MMCs components are as follows:

• Because of the need for expensive and dedicated tools such as molds and dies,
most of the conventional manufacturing processes are not suitable candidates for
small volume production and fabricating components with complex geometries.
However, besides the capability for small volume production, the unique features
associated with AM processes enable the technological opportunities to fabricate
small quantities of near net-shape custom-designed components in a rapid and
efficient way.

Fig. 4 Typical structure of a LENS processed functionally graded composite material (FGCM) [5]
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• The need for processing temperatures significantly higher than the melting point
of the matrix combined with the relatively slow cooling rates involved in most of
conventional manufacturing processes may lead to the noticeable grain growth
and inversely affect the mechanical properties of fabricated MMCs. However, the
extremely high cooling rates of AM processes results in substantially refined
microstructures and improved mechanical properties compared with the conven-
tionally processed counterparts. It is worth noting that the outstanding features of
AM technology can also provide the fabrication of metal matrix nano-composites
(MMnCs) with significantly improved mechanical properties.

• Fabrication of MMCs with conventional processing techniques has been always
encountered with some major processing problems such as gas entrapment,
reinforcement/matrix interfacial cracking, limited densification levels and
non-uniform size distribution of reinforcements as well as their segregation at
the grain boundaries. Combinations of these phenomena result in premature
failure, reduced strength and decreased ductility of parts. The outstanding prop-
erties associated with AM processes can significantly improve the performance of
MMCs by reducing the porosity and developing larger numbers of refined pre-
cipitates with more homogenous distribution throughout the matrix.

• While some of conventional manufacturing processes need additional steps to
fabricate MMCs with in-situ synthesized reinforcements, AM technology facili-
tates the fabrication of these composites in a single step.

3 Additively Manufactured MMCs (Challenges,
Opportunities and Existing Literature)

3.1 Aluminum-Matrix Composites (AMCs)

The poor wear resistance as well as low hardness of aluminum (Al) is a serious
impediment which limits its further development in industrial applications
[6, 7]. Because of their outstanding combination of properties including low density,
low coefficient of thermal expansion (CTE), high hardness, improved wear resistance
and comprehensive mechanical properties, Al matrix composites (AMCs) reinforced
with ceramic particles are capable of meeting most of the industrial requirements.
Accordingly, thesematerials are considered as promising candidates to be usedwidely
in automotive, aerospace, microelectronics and other related industries [8–10].

Manufacturing of Al alloy parts by AMprocesses is challenging due to three major
reasons: (i) high laser reflectivity of the Al powder, (ii) high heat conductivity away
from the melt pool through the already solidified material, and (iii) elevated affinity to
oxygen, resulting in the formation of oxide layers on top of the melt pool [11, 12].

Among different Al alloys used as the matrix in AM processed AMCs, the most
frequently investigated ones are Al-Si alloys (especially Al-Si-Mg) because of their
unique properties such as high fluidity, high weldability, low CTE and good
corrosion resistance. The binary Al-Si system is a eutectic system with eutectic
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composition at ~12 wt.% Si. Through the addition of other alloying elements such as
Mg (e.g. AlSi10Mg) and Cu, the Al-Si alloys can be strengthened either by means of
heat treating or by employing rapid solidification techniques (e.g. melt spinning or
AM) which leads to microstructural refinement. In case of AlSi10Mg alloy, the
formation of fine Mg2Si precipitates can further improve the hardness and strength.

Among various AMCs systems (Table 1), those containing TiC and SiC as the
starting ceramic reinforcing particle have attracted a great attention in recent years.
Table 1 summarizes the works performed to fabricate AMCs using AM processes.

3.2 Titanium-Matrix Composites (TMCs)

Because of having high specific strength, sufficient stiffness, elevated high temper-
ature application, good fatigue and wear behavior as well as outstanding corrosion

Table 1 Mixed powder systems and AM techniques employed to fabricate various types of AMCs

References
Mixed powder
system Matrix Reinforcement Process

[13] TiC/AlSi10Mg AlSi10Mg TiC SLM

[14]

[15]

[16]

[17]

[18] SiC/AlSi10Mg AlSi10Mg Hybrid (Al4SiC4+SiC) SLM

[19] Al4SiC4

[20] Al4C4 DMLS

[21, 22] SiC/A356 A356 Al4SiC4 LS

[23] SiC/Al-4.5Cu-
3Mg

Al-4.5Cu-3Mg SiC DMLS

[24]

[25] Al2O3/Al Al Al2O3 SLM

[26] Al2O3/AlSi10Mg AlSi10Mg Al2Si4O10

[27] AlN/AlSi10Mg AlSi10Mg AlN

[28] Al-20Si-5Fe-3Cu-
1Mg

Al-20Si-5Fe-3Cu-
1Mg

Al4FeSi2

[29] Al-12Si-TNM AlSS-Si-Ti solid
solution

Al6MoTi

[30] Al85Nd8Ni5Co2 Al AlNd3,
Al4CoNi,
AlNdNi4

[31] Fe2O3/Al Al Al-Fe intermetallics,
α-Al2O3

Fe2O3/
AlMg1SiCu

AlMg1SiCu Al-Fe intermetallics,
α-Al2O3

Fe2O3/AlSi10Mg AlSi10Mg Al-Fe intermetallics,
Al0.5Fe3Si0.5
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resistance, titanium (Ti) and its alloys are widely used in various industrial sections
such as chemical, aeronautical and defense among others [32, 33]. A major concern
with Ti alloys is their limited wear performance especially in applications demanding
high resistance to abrasion and erosion. Accordingly, noticeable numbers of
researches have been performed in recent decades to incorporate ceramic reinforcing
particles into the matrix for fabricating TMCs parts with improved mechanical
properties and wear resistance [34–37]. These attempts include highly efficient
surface modification techniques such as laser melt injection [35], laser cladding [38]
and laser surface alloying [39], as well as manufacturing techniques like casting,
powdermetallurgy and combustion synthesis [40] to fabricate bulk-formTMCs parts.

TiC and TiB, due to their high modulus, high thermal stability as well as close
density and chemical compatibility with Ti, are generally known as the most
appropriate reinforcements for TMCs. TiC reinforced TMCs and Ti matrix nano-
composites (TMnCs) have been fabricated in recent years from different powder
mixtures such as TiC/Ti, SiC/Ti and Ti/Al/graphite using various AM processes
(Table 2). This is while TiB reinforced ones have been manufactured mostly using
LENS and SLM processes (Table 2). The TiB reinforcement is formed in these
composites through the in-situ reaction between Ti and B elements in various mixed
powder systems.

Table 2 Mixed powder systems and AM techniques employed to fabricate various types of TMCs

References Mixed powder system Matrix Reinforcement Process

[41–44] TiC/Ti Ti TiC SLM

[45] LPD

[46] Ti, Al, graphite elemental
powder

Ti(Al) solid
solution

SLM

[47] SiC/Ti Ti SLM

[48] TiB2/Ti TiB SLM

[49]

[50] Elemental B/Ti LENS

[51] Elemental B/Ti6Al4V Ti6Al4V DLD

[52] LENS

[37] TiB2/Ti6Al4V DLF

[53] TiB2/TNZT(elemental Ti
+Nb+Zr+Ta)

TNZT LENS

[54] B4C/Ti Ti TiB+TiC DLD

[55] SiC/Ti (unmelted SiC+TiC
+TiSi2+Ti5Si3)

LENS

[56]

[57] Si3N4/Ti TiN SLM

[58] TiB2/Ti TiB

[59] TiN/Ti6Al4V Ti6Al4V TiN LENS

[60] BN/Ti6Al4V (TiB+TiN)

[61]

[62] Ta+Ti Ti Ta SLM

[63] Mo+Ti6Al4V Ti6Al4V Mo
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3.3 Nickel-Based Matrix Composites

Because of having outstanding combinations of high temperature workability
and mechanical properties, high fatigue strength and good oxidation and corrosion
resistance, high performance nickel-based superalloys are noticeably used
in power generation, aerospace, marine, chemical and petrochemical industries
[64–68]. Inconel series of Ni-based superalloys, both the precipitation and/or
solution-hardened, are the most widely known ones with fantastic combination of
properties, introducing them as excellent choices for miscellaneous industrial appli-
cations. The high hardness, low thermal conductivity and high work hardening rates
associated with the nickel-based superalloys are the most important features intro-
ducing them as “difficult to machine” alloys [69]. Due to their tool-less nature, their
ability to fabricate net or near net-shape components and their noticeably high
freedom in geometry design, AM processes are considered as fascinating processing
routes for the fabrication of superalloys.

Most of superalloys desired for high temperature applications are in precipitation
hardened state in which the gamma prime (γ

0
) phase consisting of Ni3Al or Ni3Ti

precipitates is formed by the presence of Ti and/or Al in the alloy [70]. The
increasing of Ti and Al concentration in the superalloy is one of the approaches
for the enhanced content of γ

0
phase and consequently the improved high tempera-

ture properties of nickel-based superalloys. However, this technique is believed to be
detrimental to the weldability/printability of the superalloy, since it increases the
susceptibility to cracking [71], as shown in Fig. 5. There exists a limit of weldability
beyond which the superalloy is considered as “unweldable”. The sum of Al, Ti and
Nb elements of this limit is reported to be ~4 at.%. The alloys exceeding this limit
suffer from strain age cracking either during the welding/AM process or when
subjected to post-processing heat treatment cycles [72]. Accordingly, fabrication
of high-quality parts from such alloy systems with AM processes would be chal-
lenging or even impossible.

In order to avoid the cracking and further enhance the high temperature perfor-
mance of nickel-based superalloys, hard and temperature-resistant ceramic
reinforcing particles can be incorporated into the nickel-based matrix to
produce MMCs.

Fig. 5 Cross-sectional view of SLM processed Waspalloy showing the formation of cracks [73]
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Because of having promising properties such as high hardness, outstanding
thermal stability and good wear and corrosion resistance [74, 75], TiC is the most
frequently used ceramic reinforcing particle incorporated into the nickel-based
superalloys to fabricate MMCs employing AM processes. Table 3 summarizes the
works performed on AM processing of nickel-based superalloy matrix composites.

3.4 Copper-Matrix Composites

Because of benefiting from outstanding combinations of high electrical and thermal
conductivity as well as high resistance to fatigue and corrosion, copper (Cu) is
extensively used inmany applications, especially in electrical contacts [91, 92]. How-
ever, the limited wear resistance of pure Cu restricts its application in the environ-
ments demanding high wear resistance [93, 94]. To overcome this imperfection,
secondary hard reinforcing particles could be incorporated into the Cu matrix to
develop Cu-matrix composites with significantly enhanced mechanical properties
(e.g. improved wear resistance).

Cu-matrix composites have found their applications in many industrial parts such
as high voltage electrical applications, arcing tips, current-carrying contacts and
electrodes of electric discharge machining (EDM) machine among others
[93, 95]. These components are conventionally fabricated by various processes
including powder metallurgy [92], squeeze casting [96], infiltration [93] and self-
propagating high temperature synthesis (SHS) [97].

Table 4 summarizes the works performed to fabricate Cu-matrix composites with
various types of ceramic reinforcing particles using AM processes. Tungsten (W) is

Table 3 AM techniques employed to fabricate various types of nickel-based matrix composites

References Matrix Reinforcement Applied AM process

[76] Inconel 625 Al2O3 LM

SiC

TiC

[5] Inconel 690 TiC DLD

[77] Ni DLF

[78] Inconel 718 SLM

[79]

[80, 81] LMD

[82] Inconel 625

[83, 84]

[85]

[86] Inconel 625 LENS

[87] NiTi TiC

[88] Ni CNT

[89] Inconel 718 WC SLM

[90] BN
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a refractory metal that has been widely incorporated into the Cu matrix to produce
composites. However, the mutual insolubility of Cu and W as well as the poor
wettability of W particles with the Cu melt are the major concerns with these MMCs,
limiting their densification response [98]. Tungsten carbide (WC), because of having
lower density, higher hardness and higher stability than W, could be considered as
substituting reinforcement to W. In order to further improve the mechanical proper-
ties; i.e. hardness, strength, wear resistance and fracture toughness, the well-known
WC-Co hard metal is also used as reinforcement to the Cu matrix in AM processed
composite [99–104]. Rare earth (RE) elements have been also added in small
amounts to AM processed Cu-matrix composites to improve the processability, to
control the microstructural evolution and to enhance the mechanical properties of
fabricated Cu matrix composites [104, 105].

3.5 Iron-Based Matrix Composites

As far as the AM technology has come to existence, iron-based alloys have been
among the mostly investigated materials due to their wide range of application in
various industries. Tool steels and stainless steels are two categories of iron-based
alloys which have attracted a great attention in the field of AM, especially when it
comes to the fabrication of MMCs having these materials as the matrix.

H13 is a hot work tool steel with a medium carbon content which is extensively
used to make tools for cutting, forming and shaping purposes because of having
outstanding properties such as high strength, high wear resistance as well as sound
stability at high temperatures [110]. However, when needing materials capable of
withstanding harsh environments with extremely high loads and temperature gradi-
ents, non-reinforced H13 may not be the best candidates. Because of having
improved strength, wear resistance, reduced cost and lower density, MMCs are
believed to be the materials being able to serve in these environments [111].

Table 4 Mixed powder systems and AM techniques employed to fabricate various types of
Cu-matrix composites

References
Mixed powder
system Matrix Reinforcement

Reinforcement
content Process

[106] Cu/Ti/C, Cu/Ni/Ti/
C

Cu,
CuNi

In-situ TiC 10 vol.% SLM

[98, 107] W/Cu Cu W 28, 40, 52 wt.% DMLS

[105] WC/Cu WC 60 wt%

[101, 103] WC-Co/Cu WC-Co 30 wt.%

[102, 108] 20, 30, 40 wt.%

[104] 50 wt.%

[109] CNT/Cu-10Sn Cu-
10Sn

CNT 0–20 vol.% LENS
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Using AM processes, especially SLM, TiC and TiB2 have been used recently as
reinforcing particles to fabricate H13 matrix nano-composites. These reinforcing
particles, due to their high elastic modulus (EM), high thermal stability, low density
and high thermodynamic stability with the matrix, are among the best ceramic
materials used as reinforcements to the steel matrices [112, 113]. While SiC has
been also used as reinforcement to iron-based composites, its strong reactivity with
the transition metals of the matrix may lead to the formation of detrimental phases at
high temperature and deteriorate the mechanical properties [114].

Stainless steels are also an important grade of iron-based alloys with a wide
variety of applications in many industrial fields, especially those needing materials
with good mechanical properties and excellent corrosion resistivity. One of the
major problems associated with stainless steels is their limited hardness and wear
resistance.

Incorporation of reinforcing particles into the stainless steel matrix to form
MMCs has been considered as an effective approach to produce parts with enhanced
physical and mechanical properties which meet the requirements of high-tech
industries (e.g. aerospace and biomedical) [115, 116]. Among various types of
reinforcements (e.g. carbides, nitrides, borides and metal oxides) incorporated into
steel by conventional processes, TiB2, TiC and hydroxyapatite (HA) are those added
to the stainless steel matrices using AM processes. The main purpose behind the
addition of HA to stainless steel is to combine the relatively high strength of stainless
steel with outstanding biocompatibility of HA, leading to MMCs with excellent
load-bearing and bioactive properties. These MMCs could be employed as internal,
hip and maxillofacial implants in the human body. Based on the fact that finer HA
particles have higher surface to volume ratio and are associated with higher bioac-
tivity [117], attempts have been also performed to replace the micron-sized HA
particles by nanoparticles [118, 119]. Compared to the significantly sharp change in

Table 5 Mixed powder systems and AM techniques employed to fabricate various types of iron-
based matrix composites

References Mixed powder system Matrix Reinforcement Process

[120] TiC/H13 steel MMnC H13 steel TiC SLM

[121] TiC/316L SSa MMnC 316L SS

[122]

[123] TiB2/316L SS MMnC 316L SS TiB2

[124]

[125] TiB2/H13 steel MMnC H13 steel

[126] TiC/Invar 36 Invar 36 TiC DMLS

[127] HA/316L SS MMC and MMnC 316L SS Hydroxyapatite (HA) SLM

[119]

[128] SiC/iron MMnC Iron SiC

[129] SiC/iron (with hybrid micro-
and nano-size SiC)

aSS refers to stainless steel
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mechanical properties at the interface of coated implant parts, the uniform metallur-
gical bonding between the matrix and the reinforcements in MMCs can provide
much more functional parts to be used in biomedical applications. Table 5 presents
the iron-based matrix composites made using AM technology.

4 Pre-processing of Mixed Powder System

Since powder is used as the starting material to fabricate parts in most of AM
processes, its perquisite conditions are of a crucial importance and significantly
affect the quality of AM processed parts. The morphology of powder particles
(e.g. size and shape) defines the extent of particles packing and consequently
influences the thickness of deposited layers as well as the surface roughness. Due
to the improved flowability and enhanced quality of parts fabricated by spherical
powder particles, the gas atomized powders having such morphology are widely
used in AM processes, especially the PBF ones [130]. However, the limited
flowability as well as mechanical interlocking and entangling of irregular-shaped

Fig. 6 Scanning electron microscopy (SEM) images of (a) water atomized and (b) gas atomized
high speed steel powder particles. (c) and (d) SEM micrographs of laser sintered powders shown in
(a) and (b), respectively [130]
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powder particles limits the flow of powder, makes the melt pool tracks
non-homogeneous and consequently favors the formation of porosities in the solid-
ified part. Figure 6 clearly compares the surface of selective laser sintered parts
fabricated using irregular-shaped water atomized high speed steel powders with that
of spherical gas atomized powders.

Despite the noticeable technological advances in AM technology, there are still
some limitations on the compositions of available powders. Accordingly, when
MMCs are considered, desired powders should be blended and even pre-processed
and then fed to fabricate parts.

Besides the direct mechanical mixing, ball milling has been regarded as one of the
most applicable processes for mixing of powders. During this process, the powder
particles are imparted to tremendous energy induced by the balls, leading to frag-
mentation of brittle powder particles and induction of severe deformation or even
fragmentation in the ductile ones [131].

The milling time has a significant effect on the morphology and distribution
pattern of particles during powder pre-processing stage. Figure 7 shows the spherical
commercially pure (CP)-Ti and irregular-shaped TiB2 starting powders used for
fabricating TiB reinforced TMCs.

The morphology of these powder mixtures ball milled for 1–4 h are provided in
Fig. 8. As being observed, relatively short milling time of 1 h led to inhomogeneous
distribution of TiB2 powder particles in the mixture with their limited connectivity to
the Ti particles (Fig. 8a). Enhancement of milling time to 2 h provided the improved
dispersion of TiB2 ceramic particles around the Ti particles in a uniform manner
(Fig. 8b). While the prolonged milling time could further improve the distribution of
fragmented TiB2 particles, it may transform the desired spherical shape of mixed
powder system to a flattened and irregular shape, which is not considered as an
optimal condition for the PBF AM processes (Fig. 8c, d).

The applied milling time can also affect the chemical reactions that may be
activated in the powder system during mixing. Due to the short-term action of
mechanical force and the resultant decreased energy subjected to the powder parti-
cles at relatively short milling times, the system may not undergo solid state
chemical reactions between the elements to form new phases. For instance, ball

Fig. 7 SEM micrographs of: (a) CP-Ti and (b) TiB2 powder particles [49]
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milling of the Ti and TiB2 powder mixtures for the times as long as 4 h does not
activate the metallurgical bonding between the powders to form in-situ TiB phase
from the reaction between Ti and B elements [49, 58]. However, the prolonged and
continuous microscopic action of the mechanical force by ball-powder-ball colli-
sions may favor such chemical reactions. For example, ball milling of Ti+SiC
powder mixture for relatively long milling time of 15 h favors the formation of
TiC and Ti5Si3 phases [47].

In addition to the synthesis of new phases, the ball milling process may also
provide some systems with the formation of solid solution. Mechanical alloying of
Ti, Al and graphite elemental powder mixtures prior to the SLM process reveals that
while the TiC phase forms in-situ within a short milling time due to its large negative
enthalpy and Gibbs free formation energy, the Ti(Al) solid solution appears gradu-
ally with the increase in milling time [46].

The size of powder particles during ball milling is determined by the competition
between two mechanisms of fracturing and cold-welding. While the fracturing
mechanism tends to decrease the particle size, the cold-working mechanism favors
the attachment of powder particles to form larger-sized particles. Therefore, the
refining or coarsening of powder particles depends on whether the fracture mecha-
nism or the cold-welding is predominant.

The category of mixed powder system is an important issue influencing the
microstructural evolution and mechanical properties of fabricated MMCs parts. By
changing the milling time from 4 to 10 h, Gu et al. [42] prepared two different TiC/Ti

Fig. 8 SEM images of CP-Ti and TiB2 powders in Fig. 7 mixed using ball milling for different
times of: (a) 1 h, (b) 2 h, (c) 3 h and (d) 4 h [49]
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powder blends named directly mixed and ball milled, respectively. The mechanism
of laser interaction with two different categories of powder blends is schematically
presented in Fig. 9. While the direct action of laser beam on TiC particles for the
directly mixed system results in simultaneous melting of TiC and Ti powder
particles, the TiC particles in the ball milled category are not directly exposed to
the laser irradiation. Accordingly, the dissolution of TiC powder particles occurs
after the melting of Ti in the ball milled system. These differences in the laser
interaction affected the dissolution and re-precipitation of TiC particles as well as the
microstructural evolution of laser processed MMCs.

In addition to the direct mechanical mixing and ball milling processes, blending
of powders in some systems may be performed using dilute solutions followed by
drying. To prepare suitable premixed composite powder, Das et al. [60] blended
Ti6Al4V and BN powders with dilute polyvinyl alcohol solution in a tubular mixer
for 24 h and then dried the mixed powders. The obtained mixture of powders in

Fig. 9 Schematic illustrations of laser beam interaction with two different categories of TiC/Ti
mixed powder system [42]

Fig. 10 SEM image of
Ti6Al4V and BN powder
particles premixed with
diluting followed by
drying [60]
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Fig. 10 reveals that the fine BN particles are uniformly coated on the surface of
Ti6Al4V alloy powder particles. This type of rearrangement can facilitate the
homogenous distribution of reaction products in the solidified microstructure.

5 Microstructural Evolution in Additively Manufactured
MMCs

As the laser beam interacts with a mixed powder system containing ceramic and
metallic constituents, part of the mixed powder with lower melting point melts first
while the part with noticeably higher melting point (usually ceramic reinforcing
particles) may remain mostly unaffected and partially and/or completely melted.
Therefore, the system may contain solid reinforcements distributed in a molten
matrix.

Microstructural evolution in MMCs fabricated by AM processes is affected by
several factors. Depending on the applied AM technique, selected process parame-
ters (laser and scanning parameters), characteristics of mixed powder system and the
chemical affinity between the elements existing in the system, a part or all of the
primarily added reinforcing particles may come into reaction with the surrounding
liquid metal.

The laser and scanning parameters involve laser power, scanning speed, hatch
spacing, layer thickness and scanning strategy. In order to specify the amount of
energy delivered to a unit volume of powder system during processing, the energy
density has been defined by combining some important laser and scanning param-
eters as [132]:

Eρ ¼ P

πr2
2r
υ

2r
h

ð1Þ

where P is the laser power (W), r represents the beam radius (mm), υ is the scanning
speed, h signifies the hatch spacing, and Eρ is the energy density (J/mm2).

Referring to Eq. 1, the energy density has three terms. The first term is related to
the laser intensity. The second term signifies the time that a circle of radius r is
exposed to the beam while the third term indicates the number of laser exposures
received by any point on the surface [132]. The volumetric energy density is the
most commonly used energy density in the literature, defined as the energy delivered
to a unit volume [133]:

η ¼ P

υht
ð2Þ

in which t is the layer thickness, and η signifies the energy density per volume
(J/mm3).
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The characteristics of mixed powder system include the features of powder
particles prior to and after the pre-processing stage. When the mixed powder system
contains ceramic reinforcing particles added to the metallic powder, the size and
volume fraction of these ceramic particles have major effects on laser absorptivity of
the system and consequently the quality and mechanical properties of AM processed
MMCs parts. The applied procedure employed to mix the powder particles may also
influence the size, morphology and distribution pattern of powder particles and
consequently play role in the properties of fabricated parts.

Generally, the microstructural features of AM processed MMCs can be catego-
rized as:

(i) Characteristics of reinforcements distributed in the matrix,
(ii) Reinforcement/matrix reactions, and
(iii) Microstructural evolutions in the matrix induced by the presence of

reinforcements.

These microstructural features have been discussed in the following for various
AM processed MMCs systems.

5.1 Characteristics of Reinforcements Distributed
in the Matrix

5.1.1 Size and Morphology of Reinforcements

The applied energy density and the characteristics of mixed powder system are the
two parameters playing the most important roles in the size and morphology
reinforcements have in AM processed MMCs. Effects of these parameters on the
features of reinforcements can be discussed in terms of ex-situ or in-situ reinforced
nature of MMCs.

Ex-Situ Reinforced MMCs

For the ex-situ reinforced MMCs where the primarily added reinforcing particles
play the reinforcing role to the matrix in the solidified MMC structure, the elevated
melt pool temperature and the reduced cooling rate associated with the enhanced
energy density can lead to partial melting or dissolution of reinforcing particles and
consequently decrease their size in the solidified MMC microstructure [19]. More-
over, the shape of primarily added reinforcing particles in ex-situ reinforced MMCs
may be affected by the applied energy density. The research performed by Gu et al.
[77] indicated that enhancement of energy density in LMD processed TiC reinforced
Inconel 718 matrix composites changed the shape of TiC particles from primary
irregular polyangular to near round shape with some degrees of smoothening and
refinement. In fact, the improved wettability of reinforcing particles by the
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surrounding melt induced at elevated temperatures is believed to dissolve the edges
of reinforcing particles and result in their smoothening [81]. It is worth noting that
while the elevated energy density could make the ex-situ reinforcements smooth and
homogenize their distribution in the microstructure [81, 82], the excessive energy
density applied to the system may coarsen the microstructure of matrix [82].

In-Situ Reinforced MMCs

Based on the type of MMC system under investigation, the elements of reinforcing
particles dissolved into the matrix may precipitate as newly developed in-situ
synthesized phase during solidification. When it comes to such systems, the used
mixed powder system and the applied process parameters need to be thoroughly
examined to control the characteristics of reinforcements (i.e. size and morphology).

By having the following consequences, the enhanced energy density may change
the size and morphology of in-situ synthesized reinforcements:

(i) The elevated temperature and increased thermallization in the melt pool which
favours the coarsening of in-situ reaction products [41, 43, 83].

(ii) The intensified surface tension and resultant Marangoni flow in the melt pool.
(iii) The improved wettability of solid reinforcements by the surrounding melt [57].
(iv) The reduced cooling rate and prolonged lifetime of the liquid molten material,

facilitating the growth of reinforcements.

The research performed by Li et al. [77] on DLF of Ni/Ti/C mixed powder system
reveals a strong relationship between the size and volume fraction of in-situ synthe-
sized TiC precipitates in the microstructure. As it is well-known, ceramic reinforce-
ments have usually higher laser absorptivity than the metallic powder acting as the
matrix in MMCs. The enhanced volume fraction of in-situ synthesized TiC rein-
forcements is believed to increase the melt pool temperature, favouring the coars-
ening of in-situ synthesized reinforcements (Fig. 11). Moreover, the increased

Fig. 11 Microstructures of DLF processed TiC reinforced Ni matrix composites containing: (a)
20 and (b) 60 vol.% in-situ synthesized TiC [77]
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content of solid reinforcements reduces the amount of molten material in the system
and encourages the coalescence of reinforcements to form larger-sized precipitates.

Among various features of the mixed powder system, the size of starting powder
particles is of a great importance in the obtained MMCs structures. Because of
benefiting from higher surface to volume ratio, the finer primarily added reinforcing
particles can enhance the laser absorptivity of the system and induce much more heat
in the melt pool. This may affect the melting efficiency of starting reinforcing
particles and the characteristics of subsequent in-situ synthesized precipitates.

5.1.2 Distribution Pattern of Reinforcements

The distribution pattern of reinforcements in AM processed MMCs is generally
controlled by the mutual interaction between reinforcements and the solidification
interface. Accordingly, the features of reinforcements and the properties of solidifi-
cation interface are the main factors affecting the distribution pattern of reinforce-
ments. The solidification mode and growth velocity are two features of the interface
having major effects on distribution pattern of reinforcements in MMCs. The growth
velocity (Vs) of the solidification interface is mainly determined by the applied
scanning speed. However, the solidification mode is affected by several factors
including the processing parameters and alloy type. Microstructural characterization
of the AM processed MMCs reveals a non-planar solidification mode in most of
these materials due to the following reasons:

(i) The solid reinforcements incorporated into the system may have quite different
thermal conductivity and specific heat from the matrix. This may locally
destabilize the planar solidification interface,

(ii) The laser-induced turbulence in the melt pool may demolish the planar solid-
ification interface,

(iii) The dissolution of reinforcements into the surrounding melt may provide
constitutional undercooling for the matrix. This can change the solidification
mode of the matrix from planar to non-planar.

Therefore, the distribution pattern of reinforcements in the matrix of MMCs
needs to be discussed in terms of the interaction between the reinforcements and
the non-planar solidification interface (usually dendritic).

The following describes the most important factors affecting the distribution
pattern of reinforcements in AM processed MMCs.

Effect of Scanning Speed

At relatively low solidification velocities (low scanning speeds), the reinforcements
are pushed by the dendrite tips (solidification interface) into the adjacent melt,
resulting in local pile-up of the majority of reinforcements and their aggregation
along the boundaries of the solidified MMC structure (Fig. 12a, b) [101]. While most
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of the reinforcements may locate at the boundaries, a few of them may be also found
within the grains [120, 124]. When particle pushing mechanism is dominant, the
reinforcements are not capable of restricting the crystal growth to a great
extent [134].

In case of particle engulfment mechanism where the solidification velocity (Vs)
exceeds a critical velocity (Vcr), the solid reinforcements are kept stationery and are
entrapped in the growing dendrites, bringing about a uniform distribution pattern of
reinforcements in the matrix (Fig. 12c, d) [101]. Vcr is defined as [135]:

Vcr ¼ Δσod0
6 n� 1ð Þηr 2� kp

kl

� �
ð3Þ

in which d0 is the interatomic distance of the matrix alloy, n ¼ 2 to 7, η is the melt
viscosity, r is the radius of solid reinforcement which is assumed to be spherical, and
kp and kl refer to thermal conductivities of reinforcement and liquid, respectively.
Δσo ¼ σps � (σpl + σsl), in which σps, σpl and σsl are reinforcement-interface,
reinforcement-liquid and interface-liquid surface energies, respectively.

Fig. 12 The reinforcement/dendrite interactions in: (a) particle pushing and (b) particle engulfment
mechanisms [101]
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Effect of Energy Density

The amount of energy density applied to the system is of a great importance in
determining the distribution pattern of reinforcements. Generally, relatively low
energy densities are associated with clustering of reinforcements and their inhomo-
geneous dispersion [80, 83]. However, the appropriate selection of energy density
results in much more homogenous microstructures in terms of distribution pattern of
reinforcements due to: (i) decreased melt viscosity, (ii) improved wettability of
reinforcements and (iii) the intensified convective flow in the melt pool.

Effects of Size and Volume Fraction of Reinforcements

The size and volume fraction of reinforcements also play important roles in their
distribution pattern as well as the crystal growth of the obtained microstructures.
Using two different starting micro- and nano-sized TiC powder particles,
AlMangour et al. [121] found the noticeable effect of reinforcement size on micro-
structural features of SLM processed TiC reinforced 316L stainless steel matrix
composites. While the fabricated MMCs both showed cellular dendritic structures
containing TiC reinforcements aggregated along the cell boundaries, those with
nano-sized TiC particles had thinner walls of cellular structure.

In case of MMCs with large-size reinforcements, the solidification interface may
not be able to push the particles, leading to their engulfment in dendrites or their
entrapment into inter-dendritic regions. When the diameter of reinforcements is
larger than a critical value (λcr), they are capable of avoiding crystal growth. The
critical diameter of reinforcements is defined as [136]:

λcr ¼ 2λ1Rd ð4Þ

Fig. 13 SEM micrographs of SLM processed TiB2 reinforced 316L stainless steel matrix com-
posites containing: (a) 2.5 and (b) 15 vol.% reinforcement [123]
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where λ1 refers to the primary dendrite arm spacing while Rd represents the radius of
dendrite tip.

Although high volume fractions of reinforcements enhance the chance for restric-
tion of crystal growth and the subsequent grain refinement of the matrix, the particle
pushing mechanism activated at low solidification velocities may promote the
clustering of reinforcements to form agglomerates with larger effective sizes or
greater effective thicknesses. Microstructural characterization of the SLM processed
TiB2 reinforced 316L stainless steel matrix nanocomposites presented in Fig. 13
reveals that by the increased volume fraction of TiB2 reinforcements from 2.5 to
15 vol.%, clustering of much more reinforcements along the cell boundaries leads to
coarsening of walls of cellular structure [123].

5.2 Reinforcement/Matrix Reactions

5.2.1 Reaction Mechanisms

Generally, in-situ reaction products in MMCs are formed through five different
mechanisms as the following:

(i) Solution precipitation: The in-situ formation of precipitates from the saturated
solution through nucleation and the subsequent growth.

(ii) Solid-liquid interfacial reaction: The reaction between the melt and outer
surface of solid particles dispersed in it. This mechanism results in the forma-
tion of reaction layer around the solid particles. The thickness of this reaction
layer is dictated by the reaction progress.

(iii) Combined solution precipitation and solid-liquid reaction: The existence of
both solution precipitation and solid-liquid interfacial reaction for some
systems.

(iv) Solid-solid interfacial reaction in the melt: The interfacial in-situ reaction
between solid phases existing in a melt which leads to the formation of new
phase.

(v) Solid diffusion reaction: The in-situ formation of new phase from the induced
solid state diffusion reaction between solid particles.

Among different mechanisms discussed above, due to the presence of melt in the
system, the in-situ reaction between the solid reinforcing particles and the molten
material in AM processing mainly follows the first three mechanisms and is affected
by the following factors:

(i) The amount and temperature of molten material formed during processing,
(ii) Solid solubility of particles in the melt,
(iii) Wettability of the particles with the molten material, and
(iv) Solid-phase diffusion in the melt.
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5.2.2 Reinforcements/Matrix Interfacial Reaction

The physical and mechanical properties of the interface between the reinforcements
and the matrix are the parameters playing significant roles in densification level and
mechanical properties of AM processed MMCs. Generally, the interfaces between
the ceramic reinforcements and the metallic matrix in particulate reinforced MMCs
are weak, introducing them as sensitive and potential locations for crack nucleation
and propagation during sliding. However, the researches have recently shown the
formation of good interfacial bondings between the reinforcements and the matrix in
AM processed TiC reinforced Ni matrix [77], TiB2 reinforced 316L stainless steel
matrix [123], TiC reinforced Al matrix [28] and TiC reinforced titanium matrix [45]
composites.

While the formation of interfacial reaction layers between reinforcements and
matrix in some systems can modulate the difference between the deformation
behaviors and improve the bonding coherence and consequently improve the
mechanical properties of the fabricated MMCs, they may be detrimental to the
mechanical properties in some other systems. Therefore, thorough efforts have
been allocated in recent years for determining the characteristics of reinforcement/
matrix interfaces in AM processed MMCs.

In addition to the powder particles considered to be melted and solidified as the
metallic matrix, the high amount of energy associated with the AM processes can
lead to the partial/complete melting and dissolution of the primarily added ceramic
reinforcing particles with high melting points. The extent of these melting and
dissolution is dictated by the energy density [137, 138]. In cases where a chemical
potential exists for reaction between the solid reinforcing particles and the molten
matrix, reaction layers may be formed at the particle/matrix interfaces.

Depending on the type of elements existing in the mixed powder system, the
in-situ reaction between elements may lead to the formation of new or the same
phase as the starting ceramic reinforcing particle. The in-situ reaction between the
solid reinforcing particles and the melt for two AM processed MMCs showing
combined solution precipitation and solid-liquid reaction mechanisms are provided
in Figs. 14 and 15. Figure 14 shows the microstructures for LENS processed
TiN/Ti6Al4V mixed powder system with 10 and 20 wt.% TiN, respectively. Micro-
structural observations around a relatively large-sized SiC particle in LENS
processed SiC/Ti powder mixture is also presented in Fig. 15. The reaction layers
around the TiN particles are believed to be TiN. However, that surrounding the SiC
particles is detected as TiC, confirmed by energy dispersive X-ray spectroscopy
(EDS) line scan as well as compositional EDS map analysis results. In fact, the
higher affinity of Ti to C compared with Si is the main driving force for the formation
of TiC through SiC + Ti ! TiC + Si exothermic reaction [139].

The features (e.g. thickness and chemical composition) of reaction layers around
the reinforcing particles are affected by the applied processing parameters as well as
the size of starting reinforcing particles. Referring to Fig. 14, it can be found that
reaction layers are thinner around the coarser TiN particles. The solubility of a solid
particle in the surrounding liquid is negatively dependent on its size. Therefore,

Process-Structure-Property Relationships in Additively Manufactured. . . 133



Fig. 14 SEM micrographs showing reaction layers between: (a) coarse TiN particle and the matrix
in 10 wt.%+Ti6Al4V and (b) finer TiN particles and the matrix in 20 wt.%+Ti6Al4V TMCs
fabricated by LENS process [59]

Fig. 15 (a) SEMmicrograph showing an undissolved SiC particle in the matrix of LENS processed
SiC/Ti system. (b) EDS line scan and (c) EDS elemental map analysis results from the reaction layer
surrounding SiC particle in (a) [56]
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compared with the larger particles, the smaller ones have higher energy and solu-
bility in the liquid. This size-dependency in solubility can generate a concentration
gradient in the liquid during which the materials migrate from the small particles to
the larger ones through diffusion in the liquid.

Figure 16 reveals the effect of laser energy density on the characteristics of
reaction layer formed at the interface of WC reinforcements and the Inconel 718
matrix. In this case, the strong carbide forming elements (e.g. Ni, Cr, Fe) existing in
the molten matrix come into reaction with W and C elements on the surface of WC
particles, leading to the formation of graded (W, M)Cx (M ¼ Ni, Cr, Fe) interfacial
layers. The higher working temperature of the melt pool and the subsequent acceler-
ated diffusivity of elements induced at higher energy densities are the main driving
forces for the increase in the thickness of reaction layers [80, 81, 89].

Coating of primarily added reinforcing particles could be considered as one of the
strategies to promote the wettability of reinforcing particles and simultaneously
restrict, modify or avoid unwanted interfacial reactions between the reinforcing
particles and the matrix [86, 138, 140]. Using two different Ni-coated and uncoated
TiC particles as staring reinforcing particle, Zheng et al. [86] employed LENS
process for fabricating TiC reinforced Inconel 625 matrix composites. Microstruc-
tural observations revealed that while a part of Ni coating on TiC particles melted

Fig. 16 SEM micrographs showing the characteristics of reinforcement/matrix interfacial reaction
layer formed in WC reinforced Inconel 718 matrix composites at linear laser energy densities of:
(a), (b) 173 and (c), (d) 303 J/m [89]
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and dissolved into the matrix due to the convective flow in the melt pool, TiC
particles remained unaffected with a thin layer of well-bonded Ni still remaining on
their surface. On the other hand, uncoated TiC particles experienced partial melting
when subjected to the same processing parameters (Fig. 17).

Despite the high energy delivered to the mixed powder system during AM
processes, the starting reinforcements in some systems may experience partial
melting or even remain as unmelted particles in the solidified microstructure. The
interfacial region of reinforcements and the matrix in these kinds of MMCs may be
almost free of reaction products. The transmission electron microscopy (TEM)
characterization of the reinforcement/matrix interface in SLM processed ex-situ
BN reinforced Inconel 718 matrix composites in Fig. 18 indicated that while no
reaction layers were formed at the interface, some small-sized particles of Inconel
718 matrix with spherical morphology existed at the interfacial regions. The same
kind of interface has been also observed in SLM processed TiC reinforced H13
matrix [120] and TiB2 reinforced 316L stainless steel matrix nano-composites [123].

The formation of reinforcement/matrix interface free of reaction layers may be
ascribed to the following phenomena:

(i) The high activation energy barrier for breaking the bonds in the primarily added
reinforcements [90, 141]

(ii) The combined effects of high diffusion and sudden cooling rates induced at the
reinforcement/matrix interface of AM processed MMCs

(iii) The insufficient energy imparted to the powder system which may not be high
enough for breaking the bonds in primarily added reinforcements

(iv) The limited solubility of reinforcements into the matrix [142]
(v) The minimized diffusion of matrix alloying elements into the solid reinforce-

ments [90, 142].

Fig. 17 SEM images of LENS processed TiC reinforced Inconel 625 matrix composites having:
(a) Ni-coated and (b) un-coated TiC as starting reinforcing particle [86]
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5.2.3 Formation of In-Situ Reaction Products

The part of primarily added powder particles melted and dissolved into the matrix
can enrich and saturate the surrounding melt from the elements existing in the
reinforcing particles. These elements may come into reaction with the elements
existing in the molten matrix to form in-situ reaction products through solution-
precipitation mechanism. For instance, N atoms dissolved or diffused into the
surrounding melt during laser processing of TiN/Ti system reprecipitated as in-situ
TiN particles during solidification, especially in parts of the matrix where higher
supersaturation of N was formed due to the closer spacing among TiN particles
(Fig. 14). Another common mixed powder system showing solution precipitation
mechanism is SiC/Al system. The in-situ reaction between the Al melt and SiC
ceramic reinforcing particles (4Al(l) + 4SiC(s) ! Al4SiC4(s) + 3Si) results in the
formation of plate-like Al4SiC4 phase adjacent to the SiC particles.
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Fig. 18 (a–c) TEM images of the reinforcement/matrix interface in SLM fabricated BN reinforced
Inconel 718 matrix composites and (d) line scan EDS analysis results showing the distribution of
elements along the line in (a) [90]
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The Si released from this reaction combines with the Si came from the fully
dissolved small-sized SiC particles and enhances the Si content of surrounding melt.
If the Si content of the melt exceeds the equilibrium eutectic composition of Al-Si
binary phase diagram, pro-eutectic silicon will be formed, followed by transforma-
tion of remaining melt to Al + Si eutectic as the final solidification product
[136]. The microstructure of laser sintered 20 wt.%SiC/Al7Si0.3Mg powder mixture
in Fig. 19 contains unmelted SiC particles as well as pro-eutectic Si and in-situ
synthesized plate-like Al4SiC4 precipitates.

The amount of in-situ reactions in AM processes is controlled by the character-
istics of mixture powder system (e.g. size, shape and volume fraction of the
constituents), the employed AM technique and the applied processing parameters.

Microstructures of TiC reinforced Inconel 718 matrix composites presented in
Fig. 20 clearly shows the effect of energy density on microstructural evolution of the
reinforcements. At relatively low energy density, the primarily added TiC particles
are remained unmelted, bringing about an ex-situ reinforced structure (Fig. 20a).
Enhancement of the applied energy density forces the TiC particles to melt ad
dissolve into the matrix. The Ti and C elements dissolved into the matrix
reprecipitate again as in-situ synthesized TiC phase in the microstructure
(Fig. 20b). At relatively high energy densities, full melting of primarily added TiC
particles may lead to the formation of MMCs containing only in-situ synthesized
TiC precipitates which are noticeably finer than the ex-situ particles (Fig. 20c).
Compared to the ex-situ added TiC particles, the superior interfacial bonding of
in-situ ones with the matrix can contribute more to the strength of MMCs [59, 77].

When employing excessive energy densities, higher amounts and coarser reaction
products may be formed in the MMCs. This could be attributed to the combinations
of: (i) enhanced melting and dissolution of primarily added reinforcing particles,
(ii) increased diffusion rate of alloying elements in the system, and (iii) elevated heat
accumulation and significant internal energy around the in-situ synthesized
precipitates.

Fig. 19 Microstructure of
AMC fabricated by laser
sintering of 20 wt.%SiC/
Al7Si0.3Mg powder mixture
[22]
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5.3 Microstructural Evolutions in the Matrix Induced by
the Presence of Reinforcements

5.3.1 Microstructural Refinement of the Matrix

Compared to the conventional manufacturing methods such as casting, the higher
solidification and cooling rates associated with the AM processes lead to more
significant microstructural refinement. The rapid solidification nature of AM pro-
cesses is in fact due to the very local heat input as well as noticeably small volumes
of the molten material.

When using AM processes to fabricate MMCs, even finer microstructures can be
achieved due to the presence of reinforcements in the system. Similar to other
processing techniques such as casting and welding, solid reinforcing particles
incorporated into the melt can promote the heterogeneous nucleation during

Fig. 20 Microstructures of LMD processed TiC reinforced Inconel 718 matrix composites
processed with energy densities of: (a) 80, (b) 120 and (c) 160 kJ/m [81]
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solidification and lead to grain refinement of the matrix. Therefore, the size, weigh
fraction, distribution pattern and melting efficiency of these particles directly affect
the solidification process and microstructural evolution of the matrix. For the ex-situ
reinforced MMCs, the un-melted solid particles act as preferential sites for hetero-
geneous nucleation of grains. This is while for the in-situ ones, the newly developed
precipitates formed at higher temperatures and distributed in the molten matrix play
this role. The TEM image in Fig. 21 shows an in-situ synthesized TiB precipitate
acting as nucleation site for α phase in the Ti6Al4V matrix of LENS processed TiB
reinforced TMC structure. Beside the role reinforcements play as nucleation sites,
their grain growth inhibiting effects caused by grain boundary pinning can also lead
to matrix grain refinement [189, 193].

As an example of the matrix refinement, microstructural observations revealed
that while the SLM processed CP-Ti had grains with average width and length of 2.1
and 15.3 μm, respectively, those for the matrix grains of TiB reinforced TMCs
processed with the same parameters were noticeably decreased to 0.6 and 1.1 μm,
respectively [50, 143]. In addition to the microstructural characterizations, the grain
refinement of the matrix can be also identified by broadening and decreased intensity
of the matrix peaks in X-ray diffraction (XRD) patterns of the AM processed MMCs
[81, 82, 121, 128].

The applied energy density is one of the major factors controlling the degree of
microstructural refinement in AM processed MMCs. While maintaining the colum-
nar dendritic structure, enhancement of energy density from 30 to 100 kJ/m
decreased the width of matrix dendrites from 3.8 to 1.3 μm in LMD processed TiC
reinforced Inconel 625 matrix nano-composites. Such microstructural refinement

Fig. 21 TEM image
indicating the growth of α
phase from in-situ
synthesized TiB precipitate
in LENS processed TiB
reinforced Ti6Al4V matrix
composite [51]
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was ascribed mainly to the increased dissolution of TiC particles and the subsequent
larger degrees of constitutional undercooling provided for the melt at elevated
energy densities [83].

In cases where the dissolved elements have a limited solubility in the matrix
(e.g. B in Ti or Si in Al), the increased constitutional undercooling induced by
partitioning of rejected solutes in front of the solid/liquid interface can make the
solidification interface unstable and consequently give rise to the driving force for
nucleation of much more grains at the solid/liquid interface. The rejected atoms
segregated in front of solidification interface can restrict the growth of nuclei and act
as grain refiners as well [49]. In addition to the matrix grain refining, alloying
elements existing in the system may also help to the refinement of in-situ synthesized
precipitates. For instance, much finer Si precipitates have been achieved for SLM
processed Al-20Si-5Fe-3Cu-1Mg alloy compared with that of Al-20Si
[28, 144]. This has been attributed to the hindering effects of Fe, Cu and Mg alloying
elements on growth of Si phase by two possible mechanisms: (i) a portion of Fe
atoms are dissolved into Si precipitates, leading to the reduced activation of Si, and
(ii) the Al4FeSi2 phase formed in the microstructure due to the presence of Fe retards
the coarsening of Si precipitates by acting as barriers to the diffusion of Si
atoms [28].

By increasing the number of nucleation sites for the matrix, higher amounts of
reinforcements existing in the system can intensify the level of grain refinement
experienced by the matrix [85, 123]. Fig. 22 shows the microstructures for SLM
processed pure 316L stainless steel and TiB2 reinforced 316L stainless steel matrix
composites containing 2.5 and 5 vol.% reinforcement, respectively. While the
addition of 2.5 vol.% TiB2 had a negligible effect on grain refinement of the matrix
(Fig. 22a), a remarkable decrease in the grain size was observed for the MMCs
containing higher amount of TiB2 (5 vol.%) (Fig. 22c).

Since powder mixtures with different arrangement of particles have quite differ-
ent interactions with the laser/electron beam, the category of mixed powder system
can significantly affect the microstructural characteristic of matrix in AM processed
composites. Figure 23a, b show the microstructures for the SLM processed 15 vol.%
TiB2/316 L stainless steel mixed powder systems prepared by direct mixing and ball
milling, respectively. As being observed, the ball milled powder category shows
relatively finer cells of cellular structure.

5.3.2 Texture of the Matrix

One of the most famous features of AM processed parts is the anisotropy of the
microstructure. This phenomenon is in fact due to the large directional thermal
gradients or high values of thermal gradient (G) to solidification rate (R) ratio
(G/R) generated by the characteristic layer-by-layer nature of AM processes. Since
the heat conduction in the building direction is typically higher than other directions,
the crystals grow preferentially along this direction. The anisotropy in microstructure
can be associated with the anisotropy in mechanical properties [145–147]. The
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Fig. 23 Microstructures of SLM processed TiB2 reinforced 316L stainless steel composites with
starting: (a) directly mixed and (b) ball milled powder systems [124]

Fig. 22 The microstructures of SLM processed: (a) non-reinforced 316L stainless steel, and TiB2

reinforced 316L stainless steel matrix composites containing: (b) 2.5 and (c) 5 vol.% TiB2 [123]
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anisotropy in microstructure has been reported in the literature for many materials
fabricated by AM processes [145, 147–149]. Figure 24 shows the optical micro-
graphs and electron back scattered diffraction (EBSD) orientation maps of SLM
processed Inconel 738LC alloy obtained from sections perpendicular and parallel to
the building direction. The grain shape anisotropy is obvious in the micrographs,
with the long axis of grains oriented along the building direction.

Application of scan strategies with rotating scan directions is an applicable
technique employed to break up such anisotropic microstructures in AM processed
parts. While the rapid solidifications rates associated with the AM processes
enhance R, the basic concept behind most of these scan strategies is shortening of
scan tracks to decrease the thermal gradient (G) and consequently decline G/R ratio
[150]. Incorporation of reinforcements into the melt pool may also affect the texture
of the matrix in AM processed MMCs parts. Besides acting as preferential sites for
nucleation of grains, these reinforcements can retard the directional growth of grains
during the solidification process [82, 129, 147, 151, 152]. As shown in SEM and
EBSD micrographs in Fig. 25, the TiC reinforcements not only refined the

Fig. 24 (a, c) Optical micrographs and (b, d) EBSD crystallographic orientation maps of SLM
processed Inconel 738LC alloy. (a) and (b) are sections perpendicular to the building direction
while (c) and (d) are parallel to the building direction [149]
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microstructure, but also ceased the directional growth of the matrix and led to much
more isotropic structures. Both the grain refining and directionality prohibiting were
much pronounced for the MMCs containing nano-scale reinforcements.

5.3.3 Microstructural Evolution and Phase Transformation

Due to the variations in multiple modes of heat, mass and momentum transfer as well
as the probable chemical reactions, addition of reinforcements to the system may
activate different consolidation mechanisms and microstructural evolutions in the
matrix of AM processed MMCs [123]. The microstructures obtained from laser
remelting of pure A356 powder and A356/SiC powder mixture in Fig. 26 clearly
reveals the major roles reinforcements play in the matrix structure. While the laser
sintered pure A356 part shows a directional solidification of columnar grains,
incorporation of SiC reinforcements into the system leads to an equiaxed grain
structure.

The transition in grain growth mode by addition of reinforcements has been
reported in the literature for various systems. Even if the volume fraction of
reinforcements is not as high enough to completely transit the solidification mode,
such transition can be induced at least in reinforcement-containing regions
[154]. Using LENS process to fabricate functionally graded metal matrix composites

Fig. 25 SEM images (first row) and EBSD crystallographic orientation maps (second row) of SLM
processed: (a, d) non-reinforced 316L stainless steel; and TiC reinforced 316L stainless steel matrix
composites with: (b, e) micro-scale and (c, f) nano-scale TiC reinforcements [152]
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(FGMMCs), Wilson and Shin [5] studied the effect of TiC content on microstruc-
tural evolution of the Inconel 690 matrix. When the TiC content was less than 15 vol.
%, the matrix was mainly composed of columnar dendritic structure. However, a
transition from columnar dendritic structure to finer elongated grains occurred for the
MMCs with 15–30 vol.% TiC, leading to the microstructure having groups of
elongated grains as its major fraction (Fig. 27).

For the composite systems in which the reinforcements do not act as heteroge-
neous nucleation sites for the matrix, the grain boundary pinning and grain growth
restriction caused by reinforcements may create sufficient undercooling and provide
enough time for new grains to develop. Besides grain refinement, this mechanism
also contributes to structural transition [155]. By acting as barriers to solute diffusion
and heat transfer, the solid reinforcements can cause disturbance in solute field and
temperature field in the solidification front [156]. As a consequence, irregular growth
modes may be activated for the matrix of MMCs during solidification.

The reinforcements can also influence the phase transformation in the matrix of
AM processed MMCs. Microstructural characterizations of the non-reinforced

Fig. 26 Optical micrographs of laser processed: (a) non-reinforced A356 Al alloy and (b) SiC
reinforced A356 matrix composites [153]

Fig. 27 Microstructures of LENS processed TiC reinforced Inconel 690 matrix composites
containing: (a) less than 15 and (b) 15–30 vol.% TiC as reinforcement [5]
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Ti6Al4V alloy fabricated by AM processes indicates that the fast cooling rates
associated with these processes favors the transformation of β phase to α0 martensite,
leading to microstructures containing Widmanstatten laths of martensitic α0 phase in
a β phase matrix [51, 63]. When considering TMCs having Ti6Al4V alloy as the
matrix, microstructural features of the matrix may differ from the non-reinforced
Ti6Al4V fabricated with the same process and similar processing parameters. For
instance, as shown in Fig. 28, the formation of primary TiB precipitates in TiB
reinforced Ti6Al4V matrix composites not only refines the α/β microstructure of the
matrix, but also changes the morphology of α precipitates to an equiaxed or globular
type [37, 51]. This could be due to the roles TiB precipitates play as additional
heterogeneous nucleation sites for α phase in the βmatrix. In addition to the changes
in morphology, the volume fraction of phases formed in the matrix can be affected
by the reinforcements. As reported by Balla et al. [59], although having the same
acicular morphology, the matrix of TiN reinforced Ti6Al4V matrix composites
contained larger amounts of α phase than the non-reinforced LENS processed
Ti6Al4V alloy.

The elements dissolved into the matrix in AM processed MMCs can make
changes to the microstructural evolution and phase transformation of the matrix.
For instance, the stabilizing effect of dissolved N atoms in the matrix and the rapid
cooling rates associated with the AM processes are believed to be the main reasons
responsible for the formation of needle-like martensitic α phase in TiN reinforced
Ti6Al4V matrix composites [59, 157]. The dissolution of SiC reinforcements into
the surrounding melt during SLM processing of SiC/iron mixed powder system also
resulted in major microstructural transition in the matrix [128, 129]. Due to the
extremely low content of carbon in the iron powder (~0.03%), a ferritic (α-Fe)
microstructure was obtained for the non-reinforced parts even at extremely high
cooling rates of SLM process (Fig. 29a). However, the partial melting and dissolu-
tion of SiC particles to C and Si in the SiC reinforced iron-based MMCs led to the
increased carbon content of the melt and paved the way for the formation of pearlite
and martensite constituents in the matrix (Fig. 29b).

Fig. 28 Microstructures of LENS processed: (a) non-reinforced Ti6Al4V alloy and (b) TiB
reinforced Ti6Al4V composite [51]
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5.3.4 Formation of Supersaturated Matrix

The rapid solidification rates of the AM processes can extend the solid solubility
limit of alloying elements in the matrix and cause some distortions in its lattice
structure. These distortions can be identified by the shift occurred in the position of
XRD peaks corresponding to the matrix phases [81, 82]. The supersaturation of
matrix from alloying elements may contribute to the enhancement of mechanical
properties through solid solution strengthening mechanism [48, 158–161]. As
reported by Prashanth et al. [29], in addition to the in-situ synthesized high strength
Al6MoTi reinforcement phase formed in Al12Si-TNM system, development of an
Al matrix supersaturated with both Ti and Si elements was responsible for further
improvement in the hardness of SLM fabricated composites. The same phenomenon
has been observed by Gopagoni et al. [87] when using LENS process to fabricate
in-situ synthesized TiC reinforced Ni matrix composites from mixed elemental

Fig. 29 SEM micrographs of SLM fabricated: (a) non-reinforced pure iron and (b) SiC reinforced
iron matrix composite [129]

Fig. 30 (a) SEM image of LENS processed TiC reinforced Ni matrix composite and (b) AES
analysis map of C in the microstructure shown in (a). The thermal pseudocolor reveals the relative
amount of C element [87]
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powder system of Ni-10Ti-10C. Despite the negligible solid solubility of C in Ni, the
rapid solidification rates led to diffusion-limited trapping of C in Ni to form saturated
solid solution matrix, as confirmed by high resolution Auger electron spectroscopy
(AES) analysis of the fabricated MMCs (Fig. 30).

5.3.5 Formation of Dislocations in the Matrix

In order to accommodate the misfit in CTE as well as EM induced between the
reinforcements and the matrix during rapid melting and cooling, a large amount of
thermal stresses are formed in the matrix of AM processed MMCs. These stresses
may be high enough to cause plastic deformation which is inclined to be portioned
more toward the substantially softer phase (the metallic side of interface), especially
adjacent to the reinforcements/matrix interface. For instance, when cooled down
from laser processing to room temperature, the difference between average CTEs of
TiC reinforcement and Inconel 625 matrix can generate a thermal stress over
500 MPa, which is beyond the yield strength of Inconel 625 in the annealed form
[86]. The strains induced by these stresses are partially relieved by the formation of
misfit dislocation network substructures at the interface which are known as geo-
metrically necessary dislocations (GNDs). High resolution TEM (HRTEM) obser-
vation of the TiC/Ni interface in AM processed TiC reinforced Ni matrix composites
provided in Fig. 31 indicates the formation of dislocations which separate coherent

Fig. 31 (a) HRTEM image
of the TiC/Ni interface in
LENS processed composites
and (b) higher magnification
image indicating a semi-
coherent interface
containing dislocations [87]
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regions of excellent lattice matching at the TiC/Ni interface. The intensity of the
thermal stress and consequently the density of GNDs are reduced by moving away
from the reinforcement/matrix interface.

In addition to the reinforcement/matrix interfacial regions, misfit dislocation
substructures can be also generated at the interface of different phases existing in
the matrix. For instance, as revealed by TEM analysis, both the β/TiB and α/β
interfaces in AM processed TiB reinforced Ti6Al4V matrix composites contain
misfit dislocation substructures [51]. These dislocations could be beneficial to the
enhancement of strength based on dislocation strengthening mechanism discussed.

It is worth noting that the fast cooling rates (in the order of ~106–108 K/s) as well
as the multiple reheating cycles associated with the AM processes can also lead to
the generation of dislocations in the matrix of MMCs, as shown in Fig. 32.

6 Part Quality and Surface Integrity of AM
Processed MMCs

Generally, the most important defects in AM processed parts limiting the densifica-
tion level are porosities and cracks. The porosity in AM processes is originated
mainly from the melt pool behavior as well as the quality of the starting powder
particles. Several resources are responsible for the formation of porosities in AM
processed parts including gas voids, solidification shrinkage, lack of melting and
local evaporation of some elements when subjected to temperatures exceeding their
boiling point [125, 127].

The bonding performance between the adjacent tracks and subsequent layers play
significant roles in the densification level of parts [82]. In fact, a good bonding
between the tracks and layers can guarantee the fabrication of parts with sound
densification levels. This can be achieved by favorable wetting and effective

Fig. 32 TEM image
showing high density of
dislocations in the matrix of
LENS processed TiC
reinforced Inconel
625 matrix composites [86]
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contribution of previously solidified materials in the freshly deposited molten
material. Moreover, the wetting behavior of solid reinforcements with the surround-
ing molten material affects the porosity level in AM processing of MMCs.

If the process parameters are not correctly chosen, the instability of laser track can
generate high surface roughness or even cause balling effect. To the same, the
incorrect overlapping of adjacent tracks and/or layers caused by inappropriate
selection of hatch spacing and/or layer thickness may also leave the inter-track
and/or inter-layer regions unmelted, leading to the formation of porosities. The
following describes the effects of applied energy density and the characteristics of
mixed powder system as two major factors influencing the part quality and surface
integrity of AM processed MMCs.

6.1 Applied Energy Density

The applied processing parameters (energy density) play significant roles in part
quality and surface integrity of AM processed parts. Figure 33 presents the surface
morphology for SLM fabricated TiC reinforced TMCs processed with varying
energy densities by changing the scanning speeds. At relatively high energy density,
the fabricated part showed a dense surface having no pores and spherical balls.
However, the decrease in the applied energy density (increasing the scan speed)
enhanced the surface roughness by the formation of larger balls as well as porosities
among neighbor balls or adjacent tracks. The formation of balls on the surface is due
to the occurrence of balling effect, where the fresh molten material is not able to wet
the underlying substrate. Under this condition, the continuous melt track transforms
to several spherical-shaped agglomerates to obtain the equilibrium state.

The poor surface integrity and quality of AM processed MMCs parts obtained at
relatively low energy densities could be discussed in terms of the melt pool features
under this condition which favor the formation of less dense parts. These features
involve:

(i) The low working temperatures, decreased volume of melt pool and limited
amount of molten material [79, 127]

(ii) The shortened lifetime of the molten material induced by higher solidification
rates [79, 89]

(iii) The enhanced viscosity, limited convective flow and reduced liquid-solid
rheological performance in the melt pool [120, 125]

(iv) The decreased wettability of solid reinforcements with the surrounding melt
[78, 83, 125]

The reduced wettability and limited spreading of molten material to the outward
combined with the poor dilution between the fresh depositing track and the previ-
ously deposited track/layer leads to a weak interfacial bonding and consequently
results in the formation of porosities in inter-layer/inter-track locations [78, 82, 83,
89], as shown in Fig. 34. However, the increased volume of melt and the decreased
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melt viscosity obtained at sufficient energy densities can enhance the wettability and
improve the bonding between the tracks and/or layers. In addition, the elevated
stirring in the melt pool caused by intensified Marangoni flow could also assist the
melt with better wetting of previously solidified layers and/or tracks. Accordingly,

Fig. 34 Cross-sectional
optical micrograph of SLM
processed SiC/AlSi10Mg
mixed powder system
showing the formation of
inter-layer porosities [18]

Fig. 33 SEM images of the surface morphology for SLM fabricated TiC reinforced TMCs
processed with energy density of: (a) 360, (b) 180, (c) 120 and (d) 90 J/mm3 [43]
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MMCs with better surface integrities and higher densification levels could be
achieved.

The high temperature gradients induced at excessive energy densities may
enhance the risk of balling and lead to the accumulation of stress in parts of the
previously deposited material experiencing remelting. These stresses may be respon-
sible for the delamination of layers, distortion of part or even appearance of cracks
[79, 196]. Moreover, excessive energy density may result in the formation of
interfacial microscopic shrinkage porosities and thermal micro-cracks at the rein-
forcement/matrix interface in AM processed MMCs [19, 25]. Figure 35a shows such
porosities at the reinforcement/matrix interfaces in SLM processed SiC/AlSi10Mg
powder mixture while Fig. 35b indicates thermally induced interfacial micro-cracks
formed in AM processed Al2O3 reinforced AMCs.

6.2 Characteristics of Mixed Powder System

The characteristics of mixed powder system affecting the densification level of AM
processed MMCs include the type, size and volume fraction of reinforcements as
well as the category of mixed powder system.

For a given volume fraction of reinforcements, the limited wettability of larger
reinforcing particles leads to higher amounts of larger-sized porosities in the solid-
ified MMCs parts.

Cross-sectional optical micrographs of AM processed Inconel 625 matrix com-
posites in Fig. 36a reveal the significant influence of reinforcement type on the
defects. As being observed, the SiC reinforced MMCs contain large volume of
porosities as well as interconnected macro-cracks propagated both vertically and
horizontally. Compared with the SiC reinforced MMCs, the Al2O3 reinforced ones
had much lower porosities and fewer numbers of cracks. Formation of porosities in

Fig. 35 SEM micrographs showing: (a) microscopic shrinkage porosities at the Al4SiC4/matrix
interface of SLM processed AMCs, and (b) interfacial micro-cracks at the Al2O3/Al interface of
SLM fabricated AMCs [25]
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this type of MMCs was attributed to the thermal destruction of Al2O3 during the
process, leading to the release of oxygen and their subsequent capturing to form
bubbles. This is while the enrichment of edges of cracks from Nb and Mo elements
gave evidence of liquation cracking (Fig. 36b). Despite the SiC and Al2O3 reinforced
MMCs, those reinforced with TiC were almost free of defects.

The enhanced volume fraction of reinforcements is generally associated with
worsening of the densification level mainly due to: (i) the increased melt pool
viscosity which results in decreased wettability and favored spheroidization of
melt pool, (ii) the elevated melt pool instability, and (iii) the occurrence of balling
effect [121, 123].

Due to the higher brittleness of ceramic reinforcements compared to the
metallic matrix, the enhanced volume fraction of reinforcements and their
probable agglomeration may favor the formation of cracks in the AM processed
MMCs. As an example, aggregation of Ca and P elements (formed by dissolution
of HA) along the boundaries of laser tracks in SLM processed HA reinforced
stainless steel matrix composites introduced the boundaries as potential locations
for crack nucleation and propagation when subjected to the residual stresses of the
process. While the enhanced volume fraction of HA promoted this mechanism and
led to the formation of larger and higher amounts of cracks, the elevated scanning
speeds declined the amount of aggregation and reduced the risk of cracking
(Fig. 37). The decrease in the melt pool size caused by the elevated scanning speeds
may also lead to insufficient overlapping of tracks and consequently increase the
porosity level (Fig. 37) [119]. However, it should be noted that the local accumu-
lation of residual stress caused by application of relatively high scan speeds (high
cooling rates) can enhance the crack formation susceptibility in some systems
[79, 162].

The category of mixed powder system can also affect both the type and amount of
defects. Using two different powder categories; i.e. directly mixed and ball milled
TiB2/316 L stainless steel mixed powder systems, AlMangour et al. [124] indicated
that while the porosities were more evident in the directly mixed powder system,

Fig. 36 (a) Cross-sectional micrographs of additively layer manufactured Inconel 625 matrix
composites with different types of reinforcements, and (b) SEM micrograph illustrating cracking
in Al2O3 reinforced composites shown in (a) [76]
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larger and more severe cracks were characterized for the ball milled powder category
(Fig. 38). The formation of cracks were related to the liquation cracking at the
boundaries, solidification shrinkage as well as the limited wettability caused by
application of inappropriate processing parameters.

Fig. 37 SEMmicrographs of SLM fabricated HA reinforced stainless steel matrix composites with
HA content and scanning speed of: (a) HA ¼ 5 vol. %, υ ¼ 250 mm/s, (b) HA ¼ 15 vol. %,
υ ¼ 250 mm/s and (c) HA ¼ 5 vol. %, υ ¼ 400 mm/s [119]

Fig. 38 SEM micrographs indicating TiB2 reinforced 316L stainless steel matrix composites
fabricated by SLM processing of: (a) directly mixed and (b) ball milled powder systems [124]
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7 Mechanical Properties of AM Processed MMCs

As far as the AM technology has been considered, it has been revealed that it
provides the fabrication of parts with superior mechanical properties including
higher hardness, improved strength and comparable ductility than those
manufactured by conventional processing techniques. While the addition of rein-
forcements to the matrix to form MMCs structures helps to enhance the hardness,
strength and work hardening compared to the non-reinforced parts, they may render
the fabricated MMCs parts extremely brittle (Fig. 39) [29, 49, 50]. As shown in
compressive stress-strain curves in Fig. 39a, Al-12Si-TNM AMCs fabricated by
SLM showed yield and ultimate strengths of ~420 and ~636 MPa, respectively,
which were higher than those for the non-reinforced Al-12Si samples having yield
and ultimate strengths of ~283 and ~475 MP, respectively. However, the AMCs
broke at ~6% total strain while the non-reinforced parts did not experience fracture
until 60% of deformation. Toughness measurements of the CP-Ti and TiB reinforced
TMCs fabricated with the same SLM processing parameters also shows a ~50%
decrease for the composites than the non-reinforced part [50]. The decreased duc-
tility and toughness of MMCs compared to the non-reinforced structures can be
ascribed to the insufficient ductility, the high brittleness and limited ability of the
hard and brittle reinforcements to accommodate the plastic deformation
[48, 50]. The increase in the content of these reinforcements can make the fabricated
MMCs less ductile [45].

7.1 Strengthening Mechanisms

Generally, the strengthening of MMCs is determined by the contribution of direct
and indirect strengthening mechanisms. The direct strengthening is also known as
“classical” strengthening and is concerned with the load transfer from the softer
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Fig. 39 Compressive stress-strain curves of SLM processed: (a) non-reinforced Al-12Si and
Al-12Si-TNM composite; and (b) non-reinforced CP-Ti and TiB reinforced TMC [49]
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matrix to the harder reinforcements. However, the indirect strengthening is based on
the matrix strengthening induced by the presence of reinforcements.

7.1.1 Direct Strengthening

Based on the simple rule of mixture, incorporation of reinforcements into the matrix
to form MMC structures is almost associated with the improved hardness and
strength since a fraction of the matrix is substituted by harder phase(s) [5, 48, 86,
123, 161, 163, 164]. The rapid solidification rates associated with the AM processes
result in the formation of inherently strong bonding coherence between the rein-
forcements and the matrix. Based on the interfacial strengthening mechanism, such
kind of interface aids to the effective load transfer from the matrix to the reinforce-
ment and consequently improves the flow stress and strength of AM processed
MMCs [30, 45, 48, 128, 129]. The formation of graded interfacial layers at the
interface of ceramic reinforcements and the metallic matrix in some systems can also
enhance the interfacial bonding strength and contribute to the increase in mechanical
properties [89]. By hindering the movement of dislocations, the reinforcements
distributed in the matrix can restrain its local micro-deformation and consequently
improve the strength as well [82, 128, 129, 165].

The amount of increment in strength of discontinuously reinforced MMCs is
affected by some variables including the type, size, shape, distribution state and
volume fraction of reinforcements as well as their orientation with the applied
loading direction. For the MMCs containing short whisker-shaped reinforcements
aligned in the tensile loading direction, the shear-lag model developed by Nardone
and Prewo predicts the increase in yield strength as [166, 167]:

Δσ ¼ σymVr
lþ tð ÞA
4l

� �
ð5Þ

where σym is the yield strength of the matrix, Vr represents the volume fraction of
reinforcements, l is the size of reinforcement parallel to the loading direction, t is the
thickness of reinforcement, and A ¼ l=t signifies the aspect ratio of reinforcements.
Based on Eq. 5, for a given volume fraction of reinforcements, those MMCs
containing reinforcements with larger aspect ratios are associated with higher
strengths. This clearly reveals the importance of reinforcement shape and morphol-
ogy on the strength of MMCs. Figure 40 shows the variation in yield strength of
LENS processed CP-Ti and TiB reinforced TMCs as a function of the applied laser
power. As being observed, the obtained MMCs had higher strengths than the
non-reinforced parts. The main reason for the improvement in strength of MMCs
was found to be the increase in aspect ratio of TiB precipitates caused by the elevated
laser power (e.g. change in aspect ratio from 8.35 to 13.32 for laser powers of 125 to
200 W, respectively).

The following describes the effects some other reinforcement features have on the
mechanical properties of AM processed MMCs.
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Reinforcement Volume Fraction

When the MMCs contain equiaxed particulate shaped reinforcements with aspect
ratio of 1, Eq. 5 is simplified as:

Δσ ¼ 1
2
σymVr ð6Þ

Accordingly, the increase in yield strength of MMCs could be linearly correlated
with the volume fraction of reinforcements distributed in the matrix. The significant
improvement in mechanical properties of AM processed MMCs with the enhance-
ment of reinforcement volume fraction has been reported in several researches
[31, 45, 56, 59, 77, 121, 168]. For instance, the increase in volume fraction of
in-situ synthesized TiC reinforcements from 20 to 60 vol.% led to the significant
enhancement of hardness from 365 to 1898 HV in TiC reinforced Ni matrix
composites [77]. In another research, the increase in TiB2 content from 5 to 10 wt.
% resulted in noticeably high hardnesses of 560 and 750 HV, respectively for the
obtained in-situ TiB reinforced Ti6Al4V matrix composites. This is while the
non-reinforced Ti6Al4V parts processed with the same parameters had a hardness
of 340 HV [37]. The research performed by Balla et al. [59] to fabricate TiN
reinforced Ti6Al4V composite coatings using LENS process revealed an increasing
trend in hardness from 527 to 1138 HV with the enhancement of TiN content from
10 to 40 wt.%. However, the LENS processed pure Ti6Al4V in their research had a
hardness of 394 HV.

Fig. 40 Variation of yield strength for LENS processed CP-Ti and TiB reinforced TMCs as a
function of applied laser power [50]
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Recently, the concept of improvement in mechanical properties due to enhance-
ment of reinforcement volume fraction has been applied to develop AM processed
FGCMs. These materials benefit from varying content of reinforcements and conse-
quently gradient mechanical properties along the building direction [5, 45, 169, 170].

Reinforcement Type

Due to the differences in characteristic of reinforcements (melting point, hardness,
EM, CTE and etc.), the mechanical properties of AM processed MMCs are strongly
dependent on the type of reinforcement. Using three different ceramic particles of
Al2O3, SiC and TiC as reinforcement to Inconel 625 matrix, Cooper et al. [76]
indicated that while the addition of Al2O3 did not have a notable influence on
hardness, major ~130% and 32% improvements in the mean hardness were obtained
for the SiC and TiC reinforced MMCs, respectively, compared to the non-reinforced
part. In another research, Oh and Lee [171] found that while the Ti6Al4V substrate
had a hardness of 320 HV in their research, different levels of hardening (520, 715
and 728 HV for TiC, SiC and hybrid SiC+TiC reinforced MMCs, respectively) were
achieved for the deposited coatings containing different reinforcements.

When it comes to the high temperature applications, the reinforcement type plays
a crucial role in MMC structure. Using various ceramic reinforcements (TiC, TiN
and TiC+TiN) added to the Ti6Al6V matrix, Yun et al. [161] found the highest
hardness of 937 HV for TiN reinforced composite and the lowest hardness for the
TiC reinforced one (554 HV). The hardness of the hybrid reinforced composite was
726 HV, located between those having either TiC or TiN as reinforcement. The high
temperature hardness measurements of the fabricated MMCs revealed a gradual
decreasing from room temperature to 450 �C, followed by a rather rapid decrease to
900 �C. To the same feature as the room temperature hardness, the TiN and TiC
reinforced MMCs had the highest and lowest hardness values, respectively. Even at
the temperature as high as 450 �C, the TiN reinforced specimen showed a hardness
3.5 times greater than that of the substrate, introducing TiN as an appropriate
reinforcement for Ti matrix at high temperature applications. In cases where there
exists no intermediate phase between the reinforcement and the matrix (e.g. TiB and
Ti), the reinforcements are stable and in equilibrium with the matrix, leading to the
extended high temperature application of the MMC structure.

Reinforcement Size

One of the major concerns with conventionally processed particle reinforced MMCs
is the limited interfacial wetting and bonding coherence between the reinforcements
and the matrix, making the large-sized ceramic reinforcements prone to cracking
when subjected to external loading. This consequently results in poor ductility as
well as premature failure of MMCs parts [172]. Both the strength and ductility of
MMCs are noticeably influenced by the size of reinforcements [173]. Generally, the
MMCs containing finer reinforcements are associated with higher hardness and
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strength as well as improved ductility. The improvement in strength due to the
reinforcement refinement can be described based on Orowan mechanism. This
mechanism accounts for the interaction of dislocations with reinforcements and is
active when the non-shearable reinforcements act as pinning points for dislocations.
It should be noted that this mechanism is effective when the size of reinforcements is
smaller than 1 μm [174]. The Orowan-Ashby equation defines the Orowan stress as
[175]:

Δσor ¼ 0:13Gb
λ

ln
d

2b
ð7Þ

in which b and G are the Burger’s vector and shear modulus of the matrix,
respectively. d represents the equivalent diameter of reinforcement and λ is the
inter-particle spacing.

For a given volume fraction of reinforcements, the decrease in size of reinforce-
ments (d ) is associated with the declined inter-particle spacing (λ). Accordingly, the
pinning effect of particles for mobile dislocations becomes more pronounced,
leading to higher Orowan stresses required for further deformation and consequently
enhanced strength. It is worth noting that unpinning of dislocations caused by
bowing leads to the formation of dislocation loops around the reinforcements. This
also decreases the effective inter-particle spacing and elevates the required bypassing
stress for the next dislocations encountering the reinforcements, leading to higher
work hardening rates and strengthening of the MMCs structure [176, 177].

In addition to the enhanced hardness, strength and even ductility, the refining of
reinforcements can significantly affect the toughness of MMCs. The decreased size
of TiB precipitates combined with their improved distribution pattern along the grain
boundaries of the Ti matrix (3D quasi-continuous network microstructure (3DCQN))
led to the significant increase in toughness of TMCs from 201 to 320 J/mm3 for parts
processed with laser powers of 125 and 200 W, respectively [50]. As schematically
illustrated in Fig. 41, this finding was ascribed to: (i) the refinement of TiB pre-
cipitates, (ii) crack propagation along both the TiB-rich regions (grain boundaries)
and TiB-lean areas (within grains) of the 3DQCN structure, and (iii) the crack tip
blunting and deflection by the ductile matrix of the 3DQCN structure.

The effect of reinforcement refining on the improvement of mechanical properties
could be even more effective when the size of reinforcements is further reduced from
micrometer to nanometer scale. This can further intensify the interaction of disloca-
tions with the reinforcements and result in more remarkable improvement in
mechanical properties [178, 179].

7.1.2 Indirect Strengthening

As thoroughly described in Sect. 5.3, incorporation of reinforcement into the system
to fabricate MMCs structures is associated with some microstructural changes in the
matrix. These changes can affect the mechanical properties of the matrix and
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consequently the MMCs parts. To gain a better insight into the effect of reinforce-
ments on matrix strengthening, Table 6 provides some comparison between the
hardness of Ti6Al4V alloy in non-reinforced state and the Ti6Al4V matrix of AM
processed TMCs reinforced with various types of reinforcements. As being
observed, the Ti6Al4V matrix in TMCs shows considerably higher hardness values
than that of the non-reinforced Ti6Al4V alloy. However, the amount of improve-
ment in hardness varies depending on the employed reinforcement.

The mechanisms involved in matrix hardening of AM fabricated MMCs are
known as indirect strengthening mechanisms and include:

Grain Refinement of the Matrix

As discussed in Sect. 5.3.1, the reinforcements incorporated into the matrix of AM
processed MMCs refine the microstructure by acting as preferential grain nucleation

Fig. 41 Schematic illustrations of failure modes in compression test for SLM fabricated CP-Ti and
TiB reinforced TMCs [50]

Table 6 A comparison between the hardness of AM processed Ti6Al4V alloy in non-reinforced
state and in MMCs containing different types of reinforcements

Mixed powder system Matrix hardness in MMC
Hardness of
non-reinforced Ti6Al4V References

TiC/Ti6Al4V 340 320 [161, 171]

SiC/Ti6Al4V 415 [171]

(TiC+SiC)/Ti6Al4V 460 [171]

TiN/Ti6Al4V 412 [161]

(TiC+TiN)/Ti6Al4V 434 [161]
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sites as well as grain growth inhibitors. Because of the significant role grain
boundaries play in hindering the movement of dislocations, the increased volume
of grain boundaries caused by grain refinement enhances the microstructure resis-
tance to plastic deformation during loading and consequently improves the strength
of material [192, 194]. Hall-Petch effect is a well-known strengthening mechanism
which considers the effect of grain size on the strength of material. Based on this
mechanism, the effect of reinforcement-induced grain refinement on the enhance-
ment of strength can be expressed as [180]:

ΔσHP ¼ kHP
1ffiffiffiffiffi
d2

p � 1ffiffiffiffiffi
d1

p
� �

ð8Þ

in which kHP is the Hall-Petch constant for the matrix while d2 and d1 represent the
average grain sizes of the matrix in MMC structure and non-reinforced specimen,
respectively. As discussed previously, incorporation of reinforcements into the
system led to microstructural refinement of the matrix than that of the
non-reinforced state. This refining was more severe for MMCs containing higher
volume fractions and/or finer reinforcements. The relationship among matrix grain
size, reinforcement size and reinforcement content has been demonstrated by the
Zener equation as [181]:

dm ¼ 4αdp
3vp

ð9Þ

where dm represents the matrix grain size, α is a proportionality constant, dp signifies
the reinforcement size, and vp is the reinforcement volume fraction.

Increased Density of Dislocations in the Matrix

Based on discussions in Sect. 5.3.5, noticeable density of dislocations can be
generated in the matrix of AM processed MMCs. These dislocations are believed
to have various resources including multiple reheating cycles induced in parts due to
the nature of AM process as well as the difference between the CTE and EM of
reinforcements and the matrix. While the generation of dislocation by repeated
reheating cycle is common in all AM processes, those induced by CTE and EM
differences are limited to the composite structures. In order to accommodate these
mismatches, GNDs are formed adjacent to the reinforcement/matrix interface (in the
matrix). This phenomenon increases the work hardening rate and strengthens the
MMCs. The increase in the yield strength of MMCs caused by both the CTE and EM
mismatches can be expressed as [182]:

Δσdis ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔσCTEð Þ2 þ ΔσEMð Þ2

q
ð10Þ
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where ΔσCTE and ΔσEM represent the stress increment caused by CTE and EM
mismatch between the reinforcement and the matrix, respectively. The effects of
CTE and EM mismatches on the strength of MMCs can be expressed by Taylor
relationship as Eqs. 11 and 12, respectively [167, 183]:

σCTE ¼ MβGb
ffiffiffiffiffiffiffiffiffi
ρCTE

p ð11Þ

σEM ¼
ffiffiffi
3

p
αGb

ffiffiffiffiffiffiffiffi
ρEM

p ð12Þ
in which M is the Taylor factor, β and α are constants in the order of 1.25 and 0.5
respectively. ρCTE and ρEM represent the density of dislocations induced by CTE and
EM mismatches, respectively, and are defined as [178, 184]:

ρCTE ¼ AΔαΔTVr

bdp 1� Vrð Þ ð13Þ

ρEM ¼ 6Vr

πd3
ε ð14Þ

where A is a geometric constant varying between 10–12 based on the geometry of
reinforcement, Δα represents the difference in CTE, ΔT is the temperature change
from the processing to testing temperature, and ε signifies the plastic strain of the
matrix.

It is noteworthy that as the deformation proceeds, the increase in dislocation
density results in the reduced space between them which consequently elevates the
load required for further deformation.

The Matrix Strengthening Caused by Microstructural Modifications

Referring to different microstructural variations discussed in Sect. 5.3.3, microstruc-
tural modifications of the matrix induced by the presence of reinforcements include:

(i) The transition in the solidification mode
(ii) The change in the morphology of phases(s)
(iii) The change in the volume fraction of phase(s)
(iv) The phase transformation

Each of these microstructural modifications can lead to the improvement in
mechanical properties of fabricated MMCs. For instance, phase transformation of
the iron matrix from ferrite in pure state to pearlite and/or martensite in SiC
reinforced iron matrix MMCs has been reported as one of the mechanisms contrib-
uting to the enhanced strength of SiC reinforced iron matrix MMCs compared to the
non-reinforced parts [128, 129]. Moreover, the formation of martensitic α0 phase in
TMCs caused by dissolution of reinforcements in the matrix well assists to the
improved mechanical properties of AM processed parts [161, 171]. While the
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general concept behind the fabrication of most MMCs is the improvement in
hardness and strength, the outstanding properties of AM technology combined
with the microstructural engineering of the matrix has recently led to the develop-
ment of MMCs with excellent ductility [62, 63].

Figure 42 illustrates the stress-strain curves of SLM processed non-reinforced
Ti6Al4V alloy and 10 wt.% Mo/Ti6Al4V powder mixture. In case of MMC
containing Mo as metallic reinforcement, the partial dissolution of Mo particles
into the matrix changed the fully α0 martensitic microstructure of the matrix to a β
phase one. Because of the lower strength and higher ductility of β phase compared to
α0, fabricated composites showed lower Young’s modulus, lower yield and ultimate
tensile strengths, and noticeably higher elongation compared with the non-reinforced
Ti6Al4V parts made by the same processing parameters.

Solid Solution Strengthening of the Matrix

Solid solutions can be formed in both equilibrium and non-equilibrium states. For
any rational concentration of solutes, the spacing between the solute atoms will be
noticeably less than even the grain sizes in nanoscale. The non-equilibrium alloys
fabricated by non-equilibrium processing routes can contain solid solutions with
much larger size misfit than the equilibrium alloys. AM processing techniques, due
to their extremely rapid cooling rates as well as non-equilibrium nature, can signif-
icantly extend the solution limit of alloying elements into the matrix and conse-
quently favor the solid solution strengthening mechanism. It is worth mentioning
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Fig. 42 Stress-strain curves of SLM produced Ti6Al4V and Ti6Al4V + 10Mo parts [63]
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that the ball milling process used as a promising technique to mix the powders prior
to the AM processing of MMCs can also extend the equilibrium solid solubility limit
of solute elements into the matrix [131]. In fact, the mechanical alloying provides the
synthesis of metastable (non-equilibrium) supersaturated solid solutions from
blended elemental powders in binary or higher order systems as well as ceramic-
metallic powder mixtures.

The contribution of solid solution strengthening mechanism to the strength can be
expressed as [175]:

Δσss ¼ βGδpcq ð15Þ
where β is a constant, δ¼ |(rmatrix� rsolute)/rmatrix| is the misfit strain, and c represents
the atomic fraction of the solute. p and q values are dependent on solute spacing and
the dislocation-solute interactions [185]. The solute atoms entrapped in the lattice
sites of the matrix make some distortions to the lattice structure [190, 191]. Accord-
ingly, higher amounts of stress will be required for the movement of dislocations in
the distorted structure, leading to enhanced strength. The larger the misfit strain, the
higher the supersaturated solid solution strengthening.

7.2 Weakening Mechanisms

While several strengthening mechanisms can contribute to the enhancement of
mechanical properties in AM processed MMCs, there are some other factors
inversely affecting these properties. The weakening mechanisms can lead to the
fabrication of MMCs having even inferior mechanical properties than the
non-reinforced state [20, 90]. Moreover, these mechanisms may intensify the
degrees of fluctuations in the mechanical properties of fabricated MMCs
[123]. The most important weakening mechanisms which may be active in AM
processed MMCs include:

7.2.1 Decreased Densification Level

As discussed in Sect. 6, the decreased densification level in AM processed MMCs
mostly involve the formation of porosities as well as micro-cracks. When existing in
the structure, these defects may act as stress concentrating regions, favoring the
initiation and propagation of cracks during loading. Moreover, their growth or
coalescence by mechanical or thermal stresses may result in catastrophic failure of
engineering MMCs components [186].

7.2.2 Microstructure Coarsening

The microstructure coarsening in the AM processed MMCs may include the coars-
ening of matrix structure and/or the reinforcements. The major reason for such a
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phenomenon is the excessive energy density applied to the system during processing
[19, 25, 127]. The coarsening of reinforcements may also lead to the microstructural
inhomogeneity in MMCs and deteriorate the mechanical properties [29].

7.2.3 Microstructural Inhomogeneity

The inhomogeneity in distribution state of reinforcements in AM processed MMCs
is in fact due to the application of inappropriate processing parameters. Compared
with the MMCs possessing homogeneous distribution pattern of reinforcements,
those containing non-homogeneous distribution states are generally associated with
decreased strength and ductility. In fact, when having non-homogenous distribution
of reinforcements, some regions of the matrix are left non-reinforced, making them
weaker than the reinforced areas. Moreover, if the MMC microstructures with
inhomogeneous distribution pattern of reinforcements contain clusters or agglomer-
ates of hard and brittle reinforcements, the parts may be much more prone to
cracking when subjected to external loading.

8 Wear Behavior

Wear is defined as the progressive loss of material caused by the relative motion of
contacting substance and the surface. Wear is regarded as a complex phenomenon
during which the real contact area between contacting surfaces is consistently
smaller than the apparent contact area, leading to relatively high localized load
transfer through the contact points. Abrasive, erosive, adhesive, surface fatigue,
cavitation and tribo-chemical are the classifications presented for wear. Pin-on-
Disc is one of the most common tests used for measuring the sliding friction and
wear characteristics of materials. Coefficient of friction (COF) and wear rate
obtained from the wear test are employed to study the wear behavior of materials.
The lower the COF and wear rate, the higher the wear resistance of the material.
Microstructural observation of the wear surface is a helpful tool for characterizing
the wear properties.

Besides the extrinsic factors (e.g. applied load, sliding velocity and distance,
surface finish, environment and temperature), the intrinsic properties of MMCs
(e.g. characteristics of reinforcements and the matrix as well as the reinforcement/
matrix interface) play significant roles in wear performance of MMCs. The follow-
ing discusses the effects of reinforcement feature and applied energy density on wear
behavior of AM processed MMCs.

8.1 Effect of Size and Volume Fraction of Reinforcements

For a given MMC system, the volume fraction of reinforcements is known as the
parameter playing the most important role in wear resistance [187, 188]. However,
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when investigating the change in wear resistance as a function of reinforcement
volume fraction, the size and morphology of reinforcements need to be considered.
The effect of size and volume fraction of reinforcements on wear resistance of
MMCs could be discussed in terms of inter-particle spacing (λ) which is defined
as [112]:

λ / dffiffiffi
f

p ð16Þ

where d represents the size, and f signifies the volume fraction of reinforcements.
The decrease in size and increase in volume fraction of reinforcements is believed to
improve the wear resistance of composites. In fact, the enhanced content of rein-
forcements in MMCs provides the matrix with higher amounts of reinforcements
protecting the plastic flow of ductile matrix. This enhances the hardness and strength
of composite. In addition, it may lead to the formation of larger areas of stain-
hardened tribolayer on wear surface during sliding [123]. Moreover, in some cases
where the reinforcements have lubricating behavior (e.g. BN ceramic reinforcements
in Inconel 718 matrix composites [90]), MMCs containing higher amounts of them
may show improved wear behavior. It should be noted that the improving trend in
wear resistance achieved with the increased content of reinforcements is valid as
long as the spalling of reinforcements is avoided, and they are remained in the matrix
during wear sliding [112]. This clearly reveals the supporting ability of the matrix to
the reinforcements as an importance point in wear resistance of MMCs.

In addition to the improvement in wear resistance, the increase in reinforcement
volume fraction may change the wear mechanism. For instance, as shown in Fig. 43,
the increase in TiC content from 2.5 to 15 vol.% in SLM processed TiC reinforced
316L stainless steel matrix nanocomposites changed the wear mechanism from
abrasive to adhesive [121]. In another study on DLF processing of TiC reinforced
Ni matrix composites, the increase in volume fraction of in-situ synthesized TiC

Fig. 43 SEM micrographs of the worn surface for SLM processed TiC reinforced 316L stainless
steel matrix nano-composites having: (a) 2.5 and (b) 15 vol.% TiC [121]
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precipitates from 20 to 60 vol.% changed the morphology of worn surface from
gross grooves to fine scratches [77].

The improved wear resistance of AM processed MMCs obtained by the decrease
in size of reinforcements could be attributed to the following reasons:

(i) The increased densification level and improved microstructural homogeneity
which both decrease the preferential locations for crack nucleation [18]

(ii) Compared with the coarser reinforcements, the stronger interfacial bonding of
finer ones with the matrix lowers their protrusion and separation when
subjected to the shear stress during sliding

(iii) The enhanced hardness and strength of MMCs
(iv) The restricting actions that fine reinforcements play in plastic deformation and

flow of surface material during sliding. Compared with the rough surface
containing deep and irregular grooves showing severe surface plowing during
sliding for MMCs with relatively coarse reinforcements, those with finer ones
may lead to narrower and shallower grooves

(v) The elevated grain refinement of the matrix which leads to much more severe
plastic deformation of the wear surface and paves the way for the formation of
strain-hardened tribolayer [18].

8.2 Effect of Applied Energy Density

The amount of energy density subjected to the system during AM processing has a
significant influence on the wear resistance of fabricated MMCs parts. Several
parameters have been reported in the literature for the weak wear resistance of AM
processed MMCs fabricated by relatively low energy densities. The appropriate
selection of process parameters can provide the powder system with sufficient
energy density [195]. This consequently results in the production of MMCs with
sound wear resistance due to the following phenomena:

(i) The improvement in densification level [25, 80, 83]
(ii) The formation of microstructures with much uniform and homogenous distri-

bution pattern of reinforcements [15, 25, 80, 83]
(iii) The enhanced microhardness [25, 78, 83]
(iv) The improvement of reinforcement/matrix interfacial bonding or the formation

of more effective graded interfacial reaction layer between the reinforcements
and the matrix in some systems. These layers can effectively transfer the load
from softer matrix to the harder reinforcements and provide the MMCs parts
with less wear.

When employing excessive energy density, the coarsening of microstructure
(both the reinforcement ad the matrix) as well as the microscopic shrinkage poros-
ities and micro-cracks formed especially at the reinforcement/matrix interface may
weaken the wear performance of MMCs [14, 25, 82].
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Additive Manufacturing of Titanium Alloys
for Biomedical Applications

Lai-Chang Zhang and Yujing Liu

1 Introduction

More than 90% of patients over the age of 40 suffer from varying degrees of joint
disease. For patients with advanced arthritis, artificial implants made from biomed-
ical materials help release pain and increase people’s life [1]. All of these require
orthopaedic surgery, resulting in an increasing number of replacements. Biomedical
applications are designed and fabricated primarily in accordance with the require-
ments of the implant and are commonly used in different parts of the body. The
ultimate goal of the researchers is to complete the implantation of the human body
without failure or modification of the operation. Therefore, the choice of materials is
significant and need to be given priority consideration. Such a material should have
the following advantages in human body fluid environment including great corro-
sion resistance, high strength, low Young’s modulus, good wear resistance and no
cytotoxicity. So far, three common metals have been used for implants, i.e. stainless
steel, Co based alloys and titanium alloys [2, 3]. Titanium alloys have been exten-
sively studied on the basis of excellent mechanical properties such as the light
weight, high strength, corrosion resistance, good biocompatibility and low modulus
[4–7]. Conventional titanium alloy manufacturing methods such as casting and
powder metallurgy need subsequent mechanical processing, which consumes more
time and energy.

Titanium alloys are usually manufactured through casting technology, powder
metallurgy technology and foaming technology [8, 9]. However, these traditional
techniques involve multiple processing steps, requiring longer periods of time, as
well as more material resource and energy consumption [10]. In addition, the high
reactivity of titanium and oxygen and its high melting point bring some challenges to

L.-C. Zhang (*) · Y. Liu
Edith Cowan University, Perth, WA, Australia
e-mail: l.zhang@ecu.edu.au

© Springer International Publishing AG, part of Springer Nature 2019
B. AlMangour (ed.), Additive Manufacturing of Emerging Materials,
https://doi.org/10.1007/978-3-319-91713-9_5

179

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-91713-9_5&domain=pdf
mailto:l.zhang@ecu.edu.au


these typical technologies. Compared with many other metal alloys, the complexity
of the extraction process, the difficulty of melting, the manufacturing and
mechanical problems make the titanium alloys expensive. The material removal
from the traditional multistep manufacturing process is difficult. High cost and
difficult processing are the two main reasons that titanium alloy is difficult to be
widely used. The porous structure method is very necessary for the manufacture of
the parts with complex shapes.

In recent decades, the development of additive manufacturing (AM) technology
has stimulated and improved the development of the implants [11–14]. The porous
implants can be produced directly from the additive manufacturing system without
any subsequent processing program. These implants have obvious advantages, such
as low Young’s modulus and light weight, which can promote the ingrowth of bone
cells. Compared with the conventional methods, additive manufacturing can realize
the pore structure of complex unit structure by precision machining, which has
aroused great concerns. Until now, selective laser melting (SLM) and electron
beam melting (EBM) are the two most common additive manufacturing technolo-
gies used for manufacturing metal components [7]. The parts produced could have
complex structures and have high mechanical properties. The combination of addi-
tive manufacturing technology and high performance biomedical titanium materials
will help to succeed in the field of implants. This paper mainly focuses on the
development of biomedical titanium alloys and their AM as-produced parts as a
medical implant.

2 Additive Manufacturing for Biomedical Application

Additive Manufacturing, commonly referred to as 3D printing, is a method of
fabricating objects from three-dimensional model data based on the principle, by
melting a layer of powder using a laser or electron beam, Through the computer
control to produce the structure of complex components [7]. Due to its rapid,
efficient and accurate control of the internal pore structure and the complex shape
of the produced components, additive manufacturing has been widely concerned in
the fields of aerospace and biomedicine. Generally, there are two representative
additive manufacturing techniques, i.e. selective laser melting and electron beam
melting [7]. In this part, the additive manufacturing working principle and produc-
tion process (including selective laser melting and electron beam melting), micro-
structure, mechanical properties of as-produced products and their applications in
biomedical field are briefly discussed.
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2.1 Selective Laser Melting (SLM)

Selective laser melting system was first reported by Fraunhofer Institute ILT in
Aachen in 1995 in Germany. Differently, selective laser melting systems use a laser
spot as an input energy to completely melt the powder bed, which was deposited on
the metal plate in advance. The computer controls the laser beam through two
mirrors and then the laser beam is focused on the powder bed. The input laser
beam with a high energy of up to 1 kW and the mechanical movements of the
scanning mirror permit accurate laser beam scanning up to ~15 m/s scan rate to make
sure the powder melted completely [15]. The processing chamber is filled with argon
gas atmosphere during manufacturing process to avoid occurrence of oxidation
[16]. So far, a wide range of materials including metals, polymers and ceramic
[8, 17–21] have been used for industry applications. The SLM-produced compo-
nents including the solid parts and complex porous structures exhibit excellent
mechanical properties without subsequent treatment [22, 23].

The main goal of the selective laser melting is to obtain completely dense and
defect-free parts. However, achieving this goal is not easy because of the absence of
mechanical stress in the selective laser melting, which is dominated by gravity, recoil
forces, melt pool surface tension and thermal effects [7]. The selective laser melting
process involves a large number of process parameters, so proper control of the
relevant parameters will result in a high quality product. Some parameters, such as
laser wavelength and laser operating mode, cannot be changed for a specific
selective laser melting system. In addition, certain properties of the powder, such
as surface tension and thermal conductivity, which defines the boundary conditions
for the selective laser melting process, are fixed. In contrast, other parameters, called
manufacturing or process parameters, can be calculated and optimized [11]. Many
previous articles have studied and optimized in details for processing parameters of
some specific materials.

In general, for a given material, the laser energy density, E, applied to a certain
volume of powder material during selective laser melting is defined by

E ¼ P

vts
ð1Þ

where P is the input power, v is the scanning speed, t is the layer thickness and s is
the hatch space. A near-full density component can be obtained by a group of
optimized parameters which balance all factors above during selective laser melting
process. As can be seen in Eq. 1, increasing the input power and/or reducing the scan
speed or layer thickness or scan hatch space can rise the laser energy density, thereby
increasing the temperature of the melt pool. A higher laser energy density will result
in a larger amount of melting area and therefore higher final density [10]. Since the
formation of a complete melting is a necessary condition for the manufacture of
dense parts, obtaining high-density parts requires sufficient laser energy density.
Laser energy density is a key factor that affects the densification and quality of
SLM-made parts. For a given material, the value of the energy density can be
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precisely calculated from the known processing parameters. The optimized energy
density usually has a range rather than a fixed value. In general, the minimum critical
laser energy density produces the densest part. For example, the critical laser energy
densities (CP-Ti, Ti-6Al-4V and Ti2448 of pure titanium with selective laser melting
are around 120 and 40 J/mm3, respectively [25]. A schematic of these selective laser
melting processing parameters is shown in Fig. 1. In selective laser melting, the laser
beam travels to the powder bed at a constant rate, called scanning speed (v), which
controls the selective laser melting production time. In other words, if you need a
short production time, you need a higher scanning speed. However, the maximum
laser power for a particular selective laser melting device must be taken into account
when increasing the scan speed [25]. Layer thickness defines the energy required to
melt/solidify a layer of powder and the production time. The thickness of the layer is
very important, as good inter-layer connectivity is only possible when previously
processed layers are re-melted. If a larger layer thickness is used in the SLM process,
the production time of manufacturing a component can be reduced. However, higher
energy inputs also require full melting of the thick layer, which can result in
increasing surface roughness and reducing dimensional accuracy. The scanning
distance (s) is usually chosen parallel to the selective laser melting line, so it is
also named as “hatch space” [25]. Scanning strategy is laser scanning track referred
to the scanning length and pattern, the pattern can be a straight line or a circle. There
are several common scanning strategies including cross-hatching zigzag scanning
pattern, unidirectional scanning, inter-layer scanning and interlayer rotation scan-
ning (Fig. 2). For a give material, different strategies will result in different relative
density and mechanical properties; for example, the relative density of
SLM-produced Ti-6Al-4V samples with cross-hatching zigzag scanning pattern
can reach 99.9% [25].

Fig. 1 Schematic of selective laser melting parameters [24]
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2.2 Electron Beam Melting (EBM)

Electron beam melting is another AM system equipped with an electron beam
launching device, which can produce nearly full density parts in a vacuum environ-
ment [29, 30]. The working principle and process of electron beam melting are
similar to that of selective laser melting (Fig. 3) [27, 28]. The main difference with
the selective laser melting is that the electron beam melting uses different heat source
and chamber atmosphere. The heat source of electron beam melting is electron beam
with a voltage of 60 kV, which preheats the substrate plate to a pre-setting temper-
ature before dropping the powder [6, 7]. The electron beam will prescan the powder
for sintering the powder and then scan the powder bed based on the sample CAD
geometric shape. These differences in beam energy input and chamber environment
of electron beam melting and selective laser melting result in the different micro-
structure (referred to melt pool size, phase type and grain size) and mechanical
properties (referred to hardness, compressive, tensile and fatigue properties) of
selective laser melting and electron beam melting products. The densification rate
and microstructural homogeneity of EBM-produced part with an optimized param-
eter results in an improvement of relative density and mechanical properties [6, 7].
Some studies have been conducted to study the performance of EBM as-fabricated
components and improve the properties of those samples. Some previous works
have reported that plenty of implants such as knee, hip joint, and jaw replacements
have been produced successfully by electron beam melting.

Fig. 2 Different selective laser melting processing patterns: (a) Uni-directional scanning, (b)
Bi-directional scanning, (c) Inter-layer scanning, and (d) Interlayer rotation scanning [26]
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3 Development of AM Biomedical Titanium Alloy

The ideal goal of researchers is to get a material that can be implanted into the human
body for a long time without reoperation. Therefore, the performance of materials is
considered a priority. Such a material should have the advantages of strong corrosion
resistance, high strength, low modulus of elasticity, good wear resistance and no
cytotoxicity in human environment [25, 29]. Among the three common metal
materials used in medical field, titanium alloys have excellent mechanical properties
in terms of low density, high strength, excellent corrosion resistance, good biocom-
patibility and low modulus [25, 29]. As a result, they prefer biomedical applications
because they have good performance.

It is reported that the first titanium and its alloys were developed in the United
States in 1940s [25]. Until now, titanium alloys have been widely used in aerospace,
chemical and medical industries. Different titanium alloys also have different prop-
erties. For example, commercially pure titanium has good biocompatibility, but its
low strength (~500MPa) limits its wide application [9]. In the past few decades, a lot
of efforts have been made to develop titanium based alloys with excellent mechan-
ical properties and excellent biocompatibility. At present, the most commonly used
titanium alloy is an α + β type Ti-6Al-4V, originally developed for aerospace
industry. Subsequent research had found that it has excellent corrosion resistance
and high strength making it an ideal choice for biomaterials. Zhang et al. [31]
reported that the cell had a very high survival rate on the thin disk fabricated by
Ti-6Al-4V alloy. Johansson et al. [32] showed that Ti-6Al-4V also applied to the soft
tissue of rats after implantation. However, recent studies [16, 33] shows the adverse

Fig. 3 Schematic diagram of electron beam melting system [27, 28]
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properties, including some cytotoxic components such as Al and V, which are
associated with neurotoxicity and neurodegenerative diseases [34]. Furthermore,
Ti-6Al-4V presents much higher elastic modulus (~110 GPa) compared to human
bone (less than 30 GPa), this can cause stress shielding, resulting in bone loss and
premature failure. Some researchers reported that β-type titanium alloys composing
of non-toxic elements with low modulus are good materials for potential applications
as implant [35].

The β phase of titanium alloys, which is metastable under the β/α transition
temperature, can be reserved at room temperature through introducing some β
stabilizer elements, for example, the elements of Nb, Ta, Mo, Zr and Sn can be
used for producing βtitanium alloys. Due to their non-toxic property, these alloys can
be manufactured as implants to pursue an improvement of long-term performance
[1, 36]. Synthes et al. [37] made a comparison for the performance of Ti-7.5Mo,
Ti-15Mo, Ti-10Mo and Ti-13Nb-13Zr, and considered Ti-15Mo alloy as potential of
medical material with fine microstructure, high strength and low modulus. After
systematical study, Ho et al. [38] pointed out that the Ti-15Mo comprised the low
modulus with a value of ~77 GPa. Furthermore, some β type TiNb-based alloys
presented the super elasticity; for example, Kim et al. [39] observed the super
elasticity in Ti-(15–35) (at.%) Nb alloys with a recoverable strain of 3.3%, this
excellent performance expands the scope of application of TiNb-based alloys. Hao
et al. found that Ti-24Nb-4Zr-7.5Sn alloy had the lowest Young’s modulus of
52 GPa and great super elasticity at room temperature [40]. The following studies
reported that Ti2448 alloy in the as hot-rolled state exhibited peculiar non-linear
super-elastic behaviour with the greatest recoverable strain up to 3.3% and incipient
Young’s modulus of 42 GPa. Until now, many titanium alloys have been processed
by AM technologies. The materials, manufacturing methods and their mechanical
properties are listed in Table 1.

3.1 Selective Laser Melting (SLM) of Titanium Alloys

Selective laser melting is able to successfully produce a variety of titanium alloys,
such as commercially pure titanium (CP-Ti), Ti-6Al-4V and Ti-24Nb-4Zr-8Sn
(Ti2448), and some of the them have been well applied in medical field [50]. As a
traditional implant material, CP-Ti is one of the most commonly used titanium alloys
in AM printing medical applications. SLM as-produced CP–Ti samples mostly
demonstrate the importance of manufacturing parameters, microstructures and
mechanical properties [11]. It was reported that the input energy density (E) of
120 J/mm3 is suitable to melt the powders sufficiently and build almost fully dense
CP-Ti parts with the relative density is high than 99.5% [51]. However, the input
power and scan speed should be adjusted at this energy density for achieving high-
density parts (Fig. 4).

Laser processing parameters affect the microstructures of the SLM-produced
CP-Ti samples, variation from plate-like α to acicular martensitic α' phase (Fig. 5)
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which can be determined by different laser scan speed (v). With a constant input
energy density (E) of 120 J/mm3, once the laser scan speed is lower than 100 mm/s
complete allotropic transformation of β to a takes place in the process of solidifica-
tion because of energy thermalization in the melt pool (Fig. 5a). On the other hand,
with increasing the laser scan speed over 100 mm/s, both kinetic and thermal
characteristics below cooling go up, resulting in the growth in temperature gradients
in the melt pool [60], and thereby causing the generation of α' in the final SLM-
produced sample (Fig. 5).

As mentioned earlier, Ti–6Al–4V is another commonly used titanium alloy with
an (α + β)-type phase in medical field. Literature showed that SLM as-produced Ti–
6Al–4V samples are composed of dominant fine acicular α' martensite and some
prior β grains [26, 52]. This microstructure is different with the typical α + β
morphology of Grade 5 sample (Fig. 6). SLM-produced sample comprising acicular
α' martensite as a result of fast cooling rate exhibit a high tensile strength with a value
of 1267 MPa [42]. This is because cooling rate is faster during selective laser melting
solidification process (103–108 K/s) [53] than the critical cooling rate of Ti–6Al–4V
martensitic transformation with the value of 410 K/s from β to α'. The near fully-
dense SLM as-produced Ti–6Al–4V samples comprise microhardness of 409 Hv,
which is higher than that of the samples manufactured by superplastic forming with a
value of 346 Hv [54]. Furthermore, other mechanical properties, such as tensile UTS
and yield properties, of the SLM-produced Ti–6Al–4V samples (Table 1) are higher
than that of cast counterparts [26]. Corrosion resistance of SLM-produced sample is
another important property. However, most the studies on selective laser melting
process have mainly focused on the manufacturing process, densification and
mechanical properties for as-produced parts. There is a lack of research into the
corrosion behaviour of titanium parts (and other metallic materials) produced by
selective laser melting. Recent studies have demonstrated the corrosion behaviour of
SLM-produced Ti-6Al-4V in 3.5% NaCl solution compared to the commercial
Grade 5 alloy [4, 52]. Potentiodynamic measurements pointed out that the corrosion

Fig. 4 Relationship
between relative density and
laser power for the
SLM-fabricated CP–Ti parts
at fixed energy density of
120 J/mm3. Samples A, B,
and C show different
examples of relative
densities [9]
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current density in the passive range of the SLM-produced Ti–6Al–4V alloy is twice
that of the commercial Grade 5 alloy. This illustrates that the SLM-processed sample
has worse corrosion resistance than the commercial Grade 5 alloy. The corrosion
behavior of selective laser melted samples can also be affected by the building
directions. Dai et al. revelled that XY-plane of SLM-produced sample had a greater
corrosion resistance in comparison with XZ-plane in 1 M HCl solution, although
having slight difference in 3.5 wt.% NaCl solution, pointing out that the different
building planes presented more pronounced difference in corrosion resistance in
harsher solution system [4]. Such a phenomenon was also found in SLM-produced
Al-12Si alloy [61].

Recently, some β type titanium alloys produced by selective laser melting have
been reported. Zhang et al. manufactured β type Ti2448 solid bulk parts by selective
laser melting [16]. The relative density and micro-hardness generally increased with
decreasing the laser scan speed, which corresponds to a higher laser energy density.
Nearly full density samples (>99%) were obtained with a laser power of 200W and a

Fig. 5 Cross-sectional
(Y-X) optical microstructure
of the SLM-manufactured
CP–Ti Samples, (a) Plate-
like a and (b) acicular [9]

188 L.-C. Zhang and Y. Liu



scan speed range of 300–600 mm/s. Compared with material prepared by conven-
tional processing methods, SLM-produced samples with similar tensile property but
without pronounced super-elastic properties as a result of the high oxygen content of
the pre alloy powder. An example of a SLM-produced acetabular hip cup sample
was completed with complex outer scaffold (Fig. 7). Liu et al. [10] reported an
topology optimized porous structure with 85% porosity manufactured by Ti2448
material [10]. The relative density was influenced by laser scan speed and input
energy. A high relative density specimen (>99%) was obtained under a scan speed of
750 mm/s and an input power of 175W. The compressive strength reached ~51 MPa
with a high ductility of ~14%. The results above showed that SLM-produced Ti2448
meets the requirement of implant in terms of mechanical properties. Very
recently, the author also found that the topology optimized structure exhibits the
excellent balance of bending and buckling stress with a high elastic energy absorp-
tion, a low Young’s modulus (~2.3 GPa) and a high compressive strength
(~58 MPa) [63].

Fig. 6 Optical
microstructure of the (a)
SLM-produced Ti–6Al–4V
sample and (b) Grade
5 alloy [52]
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3.2 Electron Beam Melting (EBM) of Titanium Alloys

Electron beam melting technology could process titanium components under a
vacuum environment and obtain lower costs and more efficient production than
conventional methods. Moreover, the advantages of electron beam melting include
the ability to produce complex shapes to meet specific industry needs, as well as
other advantages such as short processing cycles and efficient material utilization,
making it an excellent alternative to titanium products. So far, Ti-6Al-4V alloy has
been widely used as electron beam melting production. In order to improve the
mechanical properties of the resulting components, extensive efforts have been made
to optimize the process parameters to manipulate the microstructure of
EBM-produced samples. Researches have also been conducted on another type of
titanium alloy such as β-type Ti2448) [14, 30].

The microstructure of EBM as-produced Ti-6Al-4V is very complicated. In the
electron beammelting process, the electron beam scans at high speed the powder bed
and melts to generate a melt pool, and the liquid metal rapidly solidifies. As the
building layers accumulate, the solidification of the solid part of the building below
the building level is affected by the multiple thermal cycling effects in the vacuum
environment due to lower cooling rates and heat build-up in the electron beam
melting process. This results in the overall temperature of the sample being
maintained at a high level, and this plays a key role in stress annealing elimination.
Such a process facilitates good matching of sample strength and plasticity and
uniformity of part performance [7, 14, 55–58]. The solid part of EBM as-produced
Ti-6Al-4V contains columnar prior β grains which are delineated by α grain bound-
ary and a transformed α/β structure, and Widmanstätten pattern and lamellar colony
within the prior β grains [12, 41]. The generation of an α grain boundary along the
grain boundaries of the prior β grains indicates the diffusive nature of the β-α
transformation. In this way, the microstructure obtained in EBM-produced sample
differs with the one observed in other AM-produced parts. Such as in selective laser

Fig. 7 An example of the
SLM-produced precise
Ti–24Nb–4Zr–8Sn
acetabular cup [16]
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melting process with extremely fast cooling rates lead to a diffusion less martensitic
β-α0 transformation. The texture of the parent β grain in EBM-produced sample
exhibits a strong <001> β pole along the build direction (z axis) [5].

The EBM as-produced β titanium porous sample exhibits excellent properties.
Fig. 8 shows the side view of EBM-processed, X-ray diffraction (XRD) patterns and

Fig. 8 (a) Porous structure model used and side view of EBM-processed Ti2448 component, (b)
XRD profiles of the starting powder and EBM-processed components, (c) and (e) OM, and (d) and
(f) SEM images of Group A. (c, d) are at horizontal plane and (e, f) are vertical views [6]
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microstructure. Clearly, the EBM as-produced porous structure contained α phase
due to a high temperature building environment and long time for cooling down. Liu
et al. reported that the EBM-produced Ti2448 rhombic dodecahedron porous struc-
tures with a porosity of 70% exhibited great mechanical properties, for example, the
ductility and the strength of the EBM as-produced sample are ~11% and ~37 MPa,
respectively. The Young’s modulus is only ~0.86 GPa, which is much lower than the
Ti-6Al-4V rhombic dodecahedron porous samples with the same porosity
(~1.4 GPa) [59]. EBM-processed Ti2448 porous samples have about two times of
the strength-to-modulus ratio of the Ti-6Al-4V porous structures with the same
structure and porosity of 70% [7]. The study for both SLM- and EBM-produced
Ti2448 samples in terms of building parameters, defects pores, microstructures and
mechanical properties has been conducted [7]. It was reported that selective laser
melting sample with a finer laser beam spot created a deeper melt pool with more
defect pores than that of EBM-produced sample. The formation of defect pore was
significantly affected by the tin vaporization during the manufacturing process. The
defects with a size smaller than 50 μm had limited effect on the compressive
properties of the porous samples, but could decrease the fatigue properties of the
sample under the higher stress levels [7]. More results on the processing and
mechanical performance of the EBM-produced porous titanium structures have
been summarized in our recent review article [30]. Very recently, it was reported
that EBM-produced functionally graded Ti-6Al-4V alloy interconnected mesh struc-
tures show a combination of low density (0.5–2 g/cm3), high fatigue strength
(~70 MPa) and energy absorption (~50 MJ/mg), which is superior to the ordinary
uniform cellular structures [62].

4 Conclusion

This chapter summarizes the development of biomedical titanium for selective laser
melting and electron beam melting. Biomedical titanium alloys such as Ti-6Al-4V
are generally preferred materials for medical implants because of their low Young’s
modulus, superior biocompatibility, and high corrosion resistance compared to
stainless steels and CoCr alloys. Porous structure can further improve the biocom-
patibility and reduce the Young’s modulus of titanium alloy. Ti-24Nb-4Zr-
8Sn (Ti2448) and other new biomedical titanium alloys with low modulus and
non-toxic components will be the promisng material of choice for the next genera-
tion of biomedical implants.

Additive manufacturing (AM) technology based on titanium biomaterials has
great potential in the medical industry. The complex structure made by AM provides
enhanced mechanical properties and improved bone in-growth in the manufacture of
artificial implants. Further research needs to focus on improving the roughness of
AM implants by surface treatment, and reducing defects by optimizing building
process. More studies are needed to prepare and fabricate for gradient porous
structures with gradient Young’s modulus to reduce the stress concentration of the
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implants, and to design and manufacture more reliable implants that are more
suitable for the human body and to bring better clinic results for patients.
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Corrosion Behaviors of Additive
Manufactured Titanium Alloys

Lai-Chang Zhang and Peng Qin

1 Introduction

In recent decades, thanks to their outstanding properties such as high strength, lower
Young’s modulus, high wear resistance properties, excellent biocompatibility and
corrosion resistance, titanium and titanium-based alloys have met the needs of
various industries, in particular in the field of bone implants [1–3]. Coupled with
the recent series of bone diseases caused by the frequent traffic accidents and aging,
the demand for biological materials has dramatically increased, especially for tita-
nium alloys [4–6]. However, the production of these biomaterials (especially tita-
nium alloys) often requires very complicated steps, resulting in high cost of a
product. The typical production methods often include solidification, casting, pow-
der metallurgy and foaming [7]. Unfortunately, these methods usually provide large
amounts of material waste, energy consumption, complicated manufacturing pro-
cesses and relatively long production cycles including the subsequent material
removal steps to achieve the desired shape [7]. The recent emerging metal additive
manufacturing (AM) technologies that can manufacture metal components with
complex shapes. For example, selective laser melting (SLM) and electron beam
melting (EBM) are the almost perfect solutions to the above problems. These
technologies mainly utilize a direct selective linear scanning of high-energy sources
like laser or electron beam to heat a layer of metal powder homogeneous laid on the
powder bed, so that these metal powder can be instantly melt and solidified, which
can continue to be accumulated layers to construct complex parts [8]. This complex
component just meets the basic needs of the shape of the bone implants.

In the previous works, the SLM-produced Ti-6Al-4V reveals a different biphasic
microstructure that contains acicular α’ phase and columnar prior β phase [9–11].

L.-C. Zhang (*) · P. Qin
Edith Cowan University, Perth, Australia
e-mail: l.zhang@ecu.edu.au

© Springer International Publishing AG, part of Springer Nature 2019
B. AlMangour (ed.), Additive Manufacturing of Emerging Materials,
https://doi.org/10.1007/978-3-319-91713-9_6

197

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-91713-9_6&domain=pdf
mailto:l.zhang@ecu.edu.au


This biphasic structure has demonstrated a significant improvement in mechanical
properties due to the rapid solidification from β phase to α phase. Compared with
Ti-6Al-4V alloy made by the traditional method, the work [9, 12] has proved that
SLM-produced Ti-6Al-4V has higher hardness, wear resistance, improvement
Young’s modulus and UTS. This enhanced Ti-6Al-4V alloy can significantly reduce
the metal debris generated by friction and wear in human applications. In the other
work [4, 6, 13], the SLM- and EBM-produced porous Ti-24Nb-4Zr-8Sn also reflect
an idea mechanical properties (close to bones) in the application of biomedical, in
which the compressive strength reached ~50 MPa and Young’s modulus arrived at
~1GPa. However, the α’ phase of Ti-6Al-4V produced by SLM is not optimistic in
the corrosion test, and the corrosion occurs preferentially on the supersaturating solid
solution - needle like α’ phase [9]. However, not all of the alloys produced by AM
technology have the same result. For example, the EBM-produced Ti-6Al-4V has
caught the traditional wrought of Ti-6Al-4V regarding corrosion resistance
[14]. Nevertheless, the AM technology is not only limited to Ti-6Al-4V alloy, like
the other (such as CP-Ti, Ti-6Al-4V and TiB [9, 14, 15]), CoCr-based alloys (like
CoCrW, CoCrMo and CoCrWMo [16–18]), stainless steel [19, 20]. Al-based alloys
[21, 22], and even metallic glass [23] are also produced by AM techniques. There-
fore, this chapter mainly reviews the corrosion behavior of the alloys (Ti alloy, CoCr
alloy and stainless steel) recently fabricated by AM method.

2 SLM-Produced Ti-6Al-4V

SLM as one of the AM techniques can produce the Ti-6Al-4V alloy by using the
laser selectively melting the metal powder directly from the computer-aided design
(CAD) model. Because the laser can rapidly generate a significant amount of heat to
melt the metal powder and the molten metal powder solidifies instantaneously due to
the temperature difference of the melt pool, it is favored to make titanium alloy. The
production of finished products also has a comparable or even better mechanical
properties than the alloy manufactured by conventional methods. In this section, the
difference in corrosion performance between Ti-6Al-4V alloy made by SLM and
commercial Grade 5, the corrosion behavior of Ti-6Al-4V alloy between the differ-
ent build planes, and the SLM-produced Ti-6Al-4V alloy after heat treatment at
various temperatures were reviewed.

As the SLMmanufacturing strategy is scanning line by line through the laser, and
then layers stack together to form a composite. It is the unique scanning trajectory of
SLM that makes the titanium alloys have different microstructure compared with the
conventional manufacturing methods. Figure 1 [9, 10] summarizes the microstruc-
ture after heat treatment at different temperatures of the Ti-6Al-4V manufactured by
SLM and commercial Grade 5 alloy. Figure 1a shows a classical titanium alloy [24]
with biphasic microstructure made by conventional methods: α phase (bright region)
and β phase (dark area). In Fig. 1b, the SLM-produced Ti-6Al-4V have clear and
visible columnar prior β phase grows along the direction of manufacturing (normal
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to the paper), and the plate-like α phase presented in commercial Grade 5 alloy
entirely replaced by the overwhelming acicular α’ phase. The formation of acicular
α’ phase is associated with SLM manufacturing process: the kinetic energy and
thermal characteristics of the melted powder has been increased due to the faster
laser scanning speed, thus increased the temperature gradient in the molten pool will
result in the formation of the acicular α’ phase [7]. The forms α’ phase due to the
rapid cooling usually causing an un-equilibrium supersaturated solid solution in the
microstructure, which is considered to be a “high energy state” that is detrimental to
corrosion [9]. In addition, during the SLM process, the defect pores shown in Fig. 1b

Fig. 1 Optical microstructure of: (a) commercial Grade 5, (b) SLM-produced Ti-6Al-4V alloy, and
heat-treated samples at (c) 500 �C, (d) 850 �C and (e) 1000 �C. The insets are the magnified
microstructures [9, 11]
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are formed due to the surface roughness, and the accumulation of the metal powder
surround the molten pool [25]. The presence of this kind of defect pores also
increases the pitting potential of the alloy. When the SLM-produced Ti-6Al-4V is
subject to heat treatment, the microstructure will also be changed. However, there is
no apparent change of the original acicular α’ phase after a 500 �C heat treatment, as
shown in Fig. 1c, the combination of acicular α’ phase and columnar prior β phase
still visible. However, after the heat treatment at 850 �C (below the temperature of
the β phase transition), the acicular α’ phase and columnar prior β phase completely
disappeared and replaced by the plate-like α phase and the β phase, as shown in
Fig. 1d. This disappearance of the columnar β phase indicates the formation of semi-
equiaxed β grains. However, when the heat treatment temperature exceeds the β
phase transition temperature of the Ti-6Al-4V alloy (~995 �C), the microstructure is
further changed, and the previously formed plate-like α phase evolves into a mixture
of lamellar α + β phase. The microstructures of these heat treated alloys are similar to
the literature in [26, 27].

The calculated volume fraction from XRD patterns in the literature [9] reveals
that the distribution of different volume fraction of α, α’ and β phase in
SLM-produced Ti-6Al-4V alloy and the commercial Grade 5 alloy, which alters
the microstructure of the alloy and ultimately leads to the differences in corrosion
behavior. The SLM-produced Ti-6Al-4V alloy contains 95% metastable structure
α’-Ti phase, and the α’-Ti phase has a high energy state in corrosion and it dissolves
easily in corrosive media. This is different from the results in the mechanical
properties, that is grain refinement and the α’-Ti can improve the wear properties
of the alloy [7]. Correspondingly, the content of β-phase in the microstructre is
relatively low. At the same time, more V element in the β phase can resist the
dissolution of the alloy, and the Ti2O oxide film formed on the β phase is more stable
than the α phase [28]. Therefore, the commercial Grade 5 alloy with a relatively large
β-phase content (13.3%) shows a higher corrosion resistance than the SLM-pro-
duced counterparts with lower β-phase content (5%) [9].

During the electrochemical tests, the open circuit potential not only can predict
the changes of the electrode surface but also can know the relative corrosion
probability of the sample. For example, the determination of the produced oxide
film surface of the sample is observed through the rise of open circuit potential
(OCP) curve. Such a rise in OCP indicates the improvement of the difficulty of the
electron transfer and thus the reduction of the kinetic energy of the anode reaction
[9, 11, 29]. Once the oxide film is dissolved, the electrolyte will reach the surface of
the electrode, therefore a decreasing trend of the OCP curve can be observed.
Figure 2 [9–11] compares the OCP curves of SLM-produced Ti-6Al-4V under
different states and different electrolyte environments. Figure 2a is the OCP of
commercial Grade 5 alloy and SLM-produced Ti-6Al-4V alloy tested in 3.5 wt.%
NaCl solution and Fig. 2a inset shows the schematic diagram of test plane schematic
diagram. The OCP of the two alloys is continuously positive shift, indicating that the
two alloys have the same cathode process, and the anode process is inhibited.
However, there are two processes, i.e. the initial formation process of the passivation
film and the stabilization and thickening process of the passivation film, can be
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Fig. 2 OCP of: (a) commercial Grade 5 and SLM-produced Ti-6Al-4V in 3.5 wt.% NaCl, and
SLM-produced Ti-6Al-4V of (b) XY-plane and XZ-plane in 1 M HCl, and (c) at different heat
treatment temperatures in 3.5 wt.% NaCl [9–11]
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observed in Fig. 2a, which is evidenced by fluctuations of the OCP. For the Grade
5 alloy, the OCP reaches a stabilization phase at the time of 25 h, but the relatively
stable stage of SLM reaches after 50 h with continued rise OCP in a small amplitude.
The results of this figure show that the OCP of the alloys produced by two different
methods is the same, but the slightly higher OCP value of SLM-produced Ti-6Al-4V
has been observed.

Electrochemical impedance spectroscopy (EIS) is a common method that predicts
the polarization resistance (or charge transfer resistance) without destroying the
sample surface. By analyzing the Nyquist diagram and the Bode plot diagram can
determine the approximate equivalent circuit diagram. Through the equivalent
circuit diagram to fit the experimental results, once can get the physical parameters
of each fitting component to analyze the sample surface conditions and polarization
resistance. As seen in Fig. 3, the results of the EIS test between Grade 5 alloy and
SLM-produced Ti-6Al-4V only show one considerable capacitor arc in Nyquist
diagram. Generally, the more significant arc (i.e. larger radius) represents the more
substantial difficulty of ions from the solution through the oxide film [14, 30]. As
seen in Fig. 3, the SLM-produced Ti-6Al-4V shows a relatively larger arc, indicating
that the corrosion resistance of Grade 5 are inferior to SLM-produced alloy. How-
ever, this conclusion is not always inevitable, and its ultimate resistance is deter-
mined by the polarization impedance. In EIS test, the polarization resistance is

Fig. 3 The EIS test of commercial Grade 5 alloy and the SLM-produced Ti-6Al-4V alloy in 3.5 wt.
% NaCl: (a) Nyquist plot, (b, c) Bode plot, and (d) equivalent circuit diagram [9]
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usually estimated by the summation of the oxide film resistance and charge transfer
resistance [30], which are summarized in Table 1. As seen from Table 1, the Rs, Rf

and Rct represent the solution resistance, oxide film resistance and charge transfer
resistance.

The equivalent circuit diagram also needs the analysis of bode plot. In Bode phase
angle diagram (Fig. 3), a relatively broad plateau has been observed from the middle
to low frequency. Such a broad plateau can be considered as the coupling of two
relatively large plateaus. Generally, the closer of the plateau to 90�, the denser of the
oxide film formed on the electrode surface [29]. So the two-time constants equiva-
lent circuit diagram can be the preliminary estimated to fit the EIS results in Fig. 3.
Also the thickness of the oxide film formed on the sample surface is not uniform due
to the electron irregular accumulated on the electrode surface when the sample
immersed in the electrolyte. This phenomenon will lead to the different ability to
generate the oxide film on sample surface that results in the ununiformed thickness
of the oxide film as well as the roughness of the sample surface [9]. Besides, the
formed oxide film can be considered as the combination of compact inner layer and
loose outer layer, which can also cause the nonuniform surface roughness of sample
[9, 29]. So the capacitor component of the fitting circuit diagram can be replaced by
the constant phase element (CPE), whereby the final two-time constant equivalent
circuit diagram can be determined to simulate the EIS data in Fig. 3.

Table 1 Summary of the results of EIS fitting for recent SLM-produced Ti-6Al-4V

Sample State
Test
solution Rs Rf Rct Ref.

(Ω�cm2) (kΩ�cm2) (MΩ�cm2)

Grade 5 – 3.5 wt.%
NaCl

– ~94.12 ~58.99 [9]

SLM-produced
Ti-6Al-4V

– 3.5 wt.%
NaCl

– ~40.26 ~17.41 [9]

XY-plane 3.5 wt.%
NaCl

– ~26.84 ~0.82 [11]

XZ-plane 3.5 wt.%
NaCl

– ~22.69 ~0.80 [11]

XY-plane 1 M HCl – ~5.63 ~0.29 [11]

XZ-plane 1 M HCl – ~1.67 ~0.13 [11]

Original 3.5 wt.%
NaCl

~4.7 – ~4.7 [10]

Heat treated
500 �C

3.5 wt.%
NaCl

~3.8 – ~2.4 [10]

Heat treated
850 �C

3.5 wt.%
NaCl

~5.3 – ~1.8 [10]

Heat treated
1000 �C

3.5 wt.%
NaCl

~4.9 – ~0.6 [10]
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Nonetheless, the fitting circuit diagram does not have a unified standard as long as
it can reasonably explain the EIS plot. It is apparent from Table 1 (fitting parameters
of the component) that the oxide film resistance of all tested alloys does not have
significant effect on the charge transfer resistance; that is since the impedance value
obtained is not on a same magnitude order, the polarization resistance is affected
only by the charge transfer resistance. In the comparison of Grade 5 alloy and
SLM-produced Ti-6Al-4V alloy, the charge transfer resistance of the Grade
5 (~58.99 MΩ�cm2) is 5 times higher than that of the SLM-produced Ti-6Al-4V
alloy (~17.41 MΩ�cm2). So, the Grade 5 alloy shows a better corrosion resistance
than SLM-produced Ti-6Al-4V alloy. Similar results are obtained in the test of
different manufacturing planes of SLM-produced Ti-6Al-4V. The fitting results in
Table 1 are consistent with the subsequent polarization curves.

The potentiodynamic polarization curves of SLM-produced Ti-6Al-4V were
tested and studied in 3.5 wt.% NaCl solution, 1 M HCl solution and human
simulated solution (Hanks’ solution), respectively. Figure 4a shows the polarization
curves of commercial Grade 5 alloy and SLM-produced Ti-6Al-4V alloy tested in
3.5 wt.% NaCl solution. Firstly, these two alloys have a pronounced passivation
area, which can be determined from the curve perpendicular to the X-axis. In the
passivation zone, the current density remains substantially constant as the potential
rises. The passivation current density in this figure is presented by iP,A (0.39 μA/cm2)
and iP,B (0.84 μA/cm2), for Grade 5 and SLM-produced Ti-6Al-4V, individually.
The smaller the passivation current density represents the ability of the alloy with
advance access to the passivation zone. From the value of the passivation current
density of these two alloys, the Grade 5 alloy is twice smaller than that the
SLM-produced Ti-6Al-4V, which indicates that the passivation film is formed on
the Grade 5 alloy only with a small current density, and the passivation ability is
better than SLM-produced Ti-6Al-4V. There is another set of comparable values in
this figure, Eb,A and Eb,B, which represent the breakdown potential of the passivation
film for Grade 5 and SLM-produced Ti-6Al-4V, respectively. This potential can be
determined from the sudden increase in the passivation current density from the end
of the passivation zone. It is apparent that the passivation current density of the
commercial grade 5 alloy is the higher one. Also, the higher the passivation current
density represents a tremendous ability of the alloy to maintain the passivation zone,
and it is difficult to breakdown or dissolves by halide ions. Meanwhile, the size of the
passivation region also can determine the corrosion resistance, such as the ΔE1 and
ΔE2 in Fig. 4b.

Figure 4b shows the polarization curves of the different manufacturing plane
(XY plane and XZ plane) for SLM-produced Ti-6Al-4V. Firstly, the corrosion
behaviors of the two samples in 3.5 wt.% NaCl solution are similar due to the almost
overlapped curves. Then the passivation region starts at the potential about 0.2 V for
all tests. However, the oxide film ruptures at 1.2 V in 3.5 wt.% NaCl solution and
1.5 V in 1 M HCl solution. The results show that the passivation interval of
SLM-produced Ti-6Al-4V in hydrochloric acid solution is larger than that in sodium
chloride solution. Additionally, the breakdown potential of XZ plane is slightly more
enormous than that of the XY plane, but they have different starting passivation
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Fig. 4 Potentiodynamic curves for the: (a) commercial Grade 5 and SLM-produced Ti-6Al-4V in
3.5wt.% NaCl, (b) SLM-produced Ti-6Al-4V in different planes (XY plane and XZ plane) in 3.5wt.
% NaCl and 1M HCl, and (c) SLM-produced Ti-6Al-4V with heat treatment at 500�C, 850�C and
1000�C in 3.5wt.% NaCl [9–11]
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potentials, as the initial passivation potential of the XY plane is significantly lower
than that of the XZ plane. Moreover, the passivation current densities of the XY and
XZ planes are similar to the corresponding ones in the sodium chloride solution
(0.76 μA/cm2) compared to the passivation current density in the hydrochloric acid
solution (iP,XY: 1.78 μA/cm2, iP,XZ 2.81 μA/cm2). It can be deduced that the
corrosion resistance of the XY plane is slightly better than that of the XZ plane.

Figure 4c compares the polarization curves of SLM-produced Ti-6Al-4V alloys at
different heat treatment temperatures. According to the figure, the polarization curve
after 0.5 V also has varying degrees of offset as the heat treatment temperature
increases, until the passivation area is gradually reduced to a non-detectable level.
For example, the passivation interval of the original SLM-produced sample is
between 0.65 V and 1.2 V, and the passivation current density is about 0.9 μA/cm2.
Also a secondary passivation behavior occurs after the potential exceeds 1.6 V. With
the heat treatment to 500�, the change of passivation zone (between 0.6 and 1.25 V) is
not apparent, but the passivation current density increases to about 1.3 μA/cm2.
Likewise, the secondary passivation occurred after 1.6 V. But the corrosion perfor-
mance is reduced by comparing the fitted value of passivation current density.
However, the corrosion performance has been further reduced after the heat treatment
temperature of 850�, which is mainly reflected in the slightly higher passivation
current density (~1.5 μA/cm2) with a not noticable passivation area. Eventually, no
passivation behavior is observed in the 1000�C heat treated sample. From the above
results, it can be concluded that the corrosion behavior of SLM-produced Ti-6Al-4V
will have a decreasing trend as the heat treatment temperature increases.

As the corrosion rate and corrosion current are closely related, the corrosion
current can also be used to determine the relative corrosion rate of the sample [31–
33]. As can be seen from the Fig. 4, all the heat treated samples have a larger
corrosion current than the un-treated sample. This shows that the corrosion rate also
has the same trend. Generally the calculation of the corrosion rate requires the fitting
results of the cathode, and anode regions of the polarization curve; the density and
equivalent weight of the metal sample. The specific calculation method as shown in
Eq. 1 [34, 35]:

r ¼ jcorrM
nFρ

ðEq:1Þ

where jcorr is the corrosion current, M is the molecular mass of the alloy, n is the
number of electrons transferred, F is the Faraday constant (96500 C/mol), and ρ is
the alloy density. From the fitted results of the polarization curve, the polarization
resistance Rp of the sample also can be calculated by using the Eq. 2 [30, 34]:

Rp ¼ βa βcj j
2:303 βa þ βcj jð Þ

1
jcorr

ðEq:2Þ

where the βa and βc are the fitted Tafel slope of the anodic and cathodic curve,
respectively. In addition, the polarization resistance has a similar meaning to the
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polarization resistance appeared in EIS test. But the value could be different due to
the different electrode surface conditions.

Overall, the XY plane of the SLM-produced Ti-6Al-4V in polarization tests
shows a better corrosion performance than the XZ plane, and an inferior trend of
the corrosion behavior as the heat treatment temperature increases. However, all the
tested Ti-6Al-4V samples produced by SLM are not corrosion resistent than the
commercial Grade 5 alloy. It can be ascribed to that the oxide film formed on the
titanium alloys is very sensitive to the halogen ions (like Cl�). So, the electrolyte will
directly arrive the sample surface once the oxide film has broken by halogen ions
[31, 32, 36]. In this case, a particular ion concentration difference will be formed
between the oxide film and the generated pits on the oxide film will accelerate the
corrosion rate in this area. Therefore, the corrosion morphology after the electro-
chemical test can be intuitive to help analyze the oxide film stability formed on the
sample surface as well as the pitting. For example, the four pictures in Fig. 5 show
the corrosion morphology of SLM-produced Ti-6Al-4V alloy and with 500 �C,
850 �C, and 1000 �C heat treatment, respectively. It can be seen from the figure
that the oxide film on the surface of the four samples has different degrees of
dissolution, in which the dark area is the oxide film dissolved region. The dissolution
degree of the oxide film also increases with the higher heat treatment temperature.

Fig. 5 SEM images of SLM-produced Ti-6Al-4V and with heat treatment after the corrosion test in
3.5wt.% NaCl: (a) original state, (b) 500 �C heat treated, (c) 850 �C heat treated, and (d) 1000 �C
heat treated [10]
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The dissolution area increases to the final sheet-like dissolution morphology, the
stability of the oxide film gradually reduced. Meanwhile, the number of pits
increases continuously with the dissolved area is enlarged. It is proved that the
heat treatment can reduce the corrosion resistance of SLM-produced Ti-6Al-4V
alloy.

3 EBM-Produced Ti-6Al-4V

As one of the additive manufacturing technique, EBM has a more extensive power
and faster scanning speed compared to SLM technique. Also, the energy of melting
the powder in the EBM comes from the electron beam. This differs from the SLM
technique by using the laser to direct melt the metal powder. The metal powder needs
to be preheated in advance to avoid internal stress and cracks during a larger rapid
cooling [37]. As such, EBM can manufacture a much broader range of microstruc-
ture of the finished alloy and offers different mechanical properties as well as
corrosion properties from those by conventional processing or SLM. As the recent
production of the EBM Ti-6Al-4V alloy is different in the scanning parameters, their
microstructure and corrosion resistance may be also influenced. This section mainly
reviews the recent studies on the corrosion behavior between wrought Ti-6Al-4V
and EBM-produced Ti-6Al-4V with different fabrication planes.

Figure 6 shows the XRD patterns of wrought Ti-6Al-4V and Ti-6Al-4V produced
by EBM. There is no difference in the phase constitution between the wrought
Ti-6Al-4V and EBM-produced Ti-6Al-4V; both exhibite a α + β phase in phase
constitution. The main difference is the peak intensity. Because the cooling rate of
the molten metal powder in SLM is higher than that in the commercial manufactur-
ing method, a significant amount of acicular α’ phase is formed due to the thermal

Fig. 6 The XRD patterns
for wrought Ti-6Al-4V and
EBM-produced Ti-6Al-4V
in PBS solution [14]
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diffusion [37], and the peak intensity is then reduced. However, as the metal powder
was preheated at a constant of 800 K during EBM production, its cooling rate was
much lower than that in SLM production [37], but it was still faster than wrought
samples. Thus, the phase transition is related to the broadly cooling rate of the
molten metal powder, and the phase volume fraction is also related to the cooling
rate [38]. By fitting the XRD patterns, the volume fraction of each phases can also be
calculated and summarized in Table 2. Since the AM technique is a fraction layer-
wised production technology, such a influence in the microstructure is attributed to
the temperature gradient of solidification process [7, 37]. Therefore, the distribution
of its phase will not be consistent with the alloy by using the traditional production
methods. The difference in volume fraction can be explained by using the micro-
morphology and the calculated result of the XRD peak area. However, the β phase
content is relatively low from the XRD pattern, so the corrosion behavior of the
entire alloy is dominated by the α phase, which directly causes the 90�C sample with
the most substantial peak (or the highest alpha phase content) to have the worst
corrosion performance.

The peak intensity of the XRD can also reflect the relative phase width in the
microstructure. As shown in Fig. 7, the EBM-produced samples have a much smaller
α grain size due to the temperature difference formed in the molten pool. Similar to
the SLM-produced samples, the SLM-produced samples with a higher cooling rate
show grain refinement into an α’ phase, as indistinguished by XRD. However, TEM
observations confirm that the EBM samples have the similar microstructure to
the wrought counterparts, and both are composed of α + β phases [14]. However,
the width of α grain in the EBM sample measured in Fig. 7 is less than 1 μm, but
between 2 and 6 μm in wrought samples.

The same phenomenon is also shown in SLM-produced Ti-6Al-4V sample, in
which the size of α phase grains in SLM samples is significantly increased with
increasing the heat treatment temperature [39], and their peak intensities are also
enhanced. The EBM-produced Ti-6Al-4V samples at different building angles also
exhibit a typical α phase after the thermal diffusion. The average length of the
lamellar α phase is between 5 and 12 μm with an average width between 2 and
4 μm. Compared with the phase in Fig. 7, it is sufficiently demonstrated that EBM
could produce a more varying microstructure through different manufacturing
parameters. Furthermore, all EBM-produced Ti-6Al-4V samples are dominated by
the α phase by EBSD analysis, while the β phase is sporadically distributed at the α

Table 2 The volume fraction (Vf) of EBM-produced Ti-6Al-4V alloy and wrought Ti-6Al-4V

Sample Cal. source State Vf, α Vf, β Ref.

Wrought Ti-6Al-4V XRD 95% 5% [14]

EBM-produced Ti-6Al-4V XRD Original 89% 11% [14]

EBSD 0� 98% 2% [37]

EBSD 45 �C 95% 6% [37]

EBSD 55 �C 98% 2% [37]

EBSD 90 �C 96% 4% [37]
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phase boundary, the volume fractions are also calculated and summarized in Table 2
based on the EBSD map. It can be observed from Table 2 that the highest α phase
volume fraction exists when the building angle is 0�, followed by 55�. The differ-
ences in residual β phase content in the various direction can be considered to be
related to the anisotropy of its crystal orientation [40].

For the EIS test of the EBM-produced Ti-6Al-4V samples, a similar pattern is
demonstrated in the different building planes. It is evident that the capacitance arc
radius of 0� sample displayed in Fig. 8a is the largest. Followed by the 55� sample,
and the 45� sample shows the smallest capacitance arc radius. Also the capacitance
of all the samples display in the figure is close to a semi-circle. In the Bode phase
diagram in Fig. 8b, the phase angles of all the samples in the high- and
low-frequency regions are close to zero, indicating that the solution resistance is
dominant. While the phase angle of the middle part has the same plateau port for all
test samples, and the platform is near 80�. This reveals that there is a relatively dense
oxide film formed at this region and close to the reaction of a capacitor [15, 37]. Also
the 45� sample with the smallest impedance and the 0� sample with the largest
impedance can be observed in the low-frequency range of Bode magnitude plot.
Therefore, the impedance of the Ti-6Al-4V samples produced by EBM at different
building angles can be analyzed and by order of 0� > 55� > 90� > 45�. Overall, the

Fig. 7 SEM images of: (a, b) EBM-produced Ti-6Al-4V, and (c, d) wrought Ti-6Al-4V [14]
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equivalent circuit diagram with one time constant (illustration in Fig. 8a) can be
applied to fit the test results. The charge transfer resistance of the fitted data shows
the same result as the above analyses (0� > 55� > 90� > 45�).

The polarization curves of the EBM-produced Ti-6Al-4V and wrought
Ti-6Al-4V in PBS solution are very similar. Both have a common passivation
current density and breakdown potential. From the fitting data in Table 3, the
corrosion current of EBM sample is slightly smaller than that of wrought ones,
and the passivation current density is also higher than that of wrought ones but with a
relatively small difference. However, the corrosion resistance of EBM sample is
slightly better than that of wrought in terms of the EIS results discussed above. In
contrast, the polarization curves of the EBM-produced samples at different building
angles is significantly different in 1 M HCl solution. Since the previously formed
oxide film has been completely removed in the cathode region (hydrogen evolution),
the passivation of the anode region is basically controlled by the oxide film formed in
the solution (oxidation behavior) [41]. The formation of the stabilized oxide form is

Fig. 8 EIS test of EBM-produced Ti-6Al-4V in different building directions (1MHCl): (a) Nyquist
plot with equivalent circuit diagram as illustration, and (b) Bode plots [37]

Table 3 Summarization of corrosion current density and passive current density of wrought
Ti-6Al-4V and EBM-produced Ti-6Al-4V with different building planes [14, 37]

Sample State

Test solution
Corrosion
current density

Passive
current density Ref.

(μA/cm2) (μA/cm2)

Wrought Ti-6Al-4V – PBS ~0.012 ~0.696 [14]

EBM-produced Ti-6Al-4V – PBS ~0.007 ~0.733 [14]

0� 1 M HCl ~0.14 ~7.41 [37]

45 �C 1 M HCl ~0.53 ~26.79 [37]

55 �C 1 M HCl ~0.26 ~12.94 [37]

90 �C 1 M HCl ~0.20 ~15.67 [37]
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on the anodic potential of ~0.3 V. So the passivation ability of the oxide film formed
in 1 M HCl by these EBM samples can be judged from the magnitude of the
passivation current density, which is summarized in Table 3. The conclusion is the
smallest passivation current density of 0� samples, and 45� samples have the largest
passivation current density; the results are consistent with the EIS test results.
Furthermore, the corrosion potential of the sample at the junction of the cathodic
polarization region and the anodic polarization region also show the corrosion
resistance of the sample, and the substantially higher corrosion potential represents
the better corrosion resistance [42]. There is also a fitting from the corrosion current
in the Tafel zone. Generally, the larger of the corrosion current, the smallest of the
corrosion resistance [41, 43]. The corrosion resistance extracted and compared from
the fitting data of the Tafel region shows that the corrosion resistance is as the order
of 0� > 55� > 90� > 45�.

The comparison of the corrosion morphology of the EBM-produced Ti-6Al-4V
(Fig. 9b) and the morphology before the corrosion test (Fig. 9a) is shown in Fig. 9. It
can be seen in Fig. 9a that all the samples basically have the same microstructure

Fig. 9 SEM image of
EBM-produced Ti-6Al-4V
with different building
planes in 1M HCl solution.
Row (a) is the sample before
the corrosion test, row (b) is
the sample after the
polarization test [37]
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state before the corrosion test. However, after the polarization test of 1.5 V in the
anodic side, the number of corroded holes (pits) appeared on the sample surface and
the pits vary with samples of different building orientations. For example, a signif-
icant amount of corrosion pits appeared in the 45� sample and occupied the full SEM
image, which mixed with the vague grinding scratch. Such a substantial amount of
corrosion illustrates that in contrast with other samples, the 45� degree sample is
highly corrosive in 1 MHCl solution, and this conclusion also validates the results of
the corrosion test. The best corrosion resistance of 0� sample in the corrosion test
showed a few scattered pits on the micro-morphology, and the grinding scratch was
also visible as the state before the corrosion test. Furthermore, the corrosion resis-
tance of the 0� sample also proved to be the best of all other samples. The number of
corrosion pits in the remaining 55� sample and 90� sample are consistent with the
corrosion test results. The number of such corrosion pits is related to the grain
boundary density. As a result of the lattice deformation inside the grains, the grain
boundaries are more likely to be corroded. This non-uniform distribution will
accelerate when mixed with the irregular lattice and atomic proportion separation
at the grain boundaries [44, 45]. While the grain boundary densities distributions of
these four samples are reported and identified by using EBSD in the literature [37],
the magnitude is as the order of 45� > 90� > 55� > 0�. This arrangement is consistent
with the corrosion test results that are the samples with large grain boundaries have
poor corrosion resistance and more corrosion pits in their morphology.

In addition, as shown in Fig. 7, the EBM-produced Ti-6Al-4V exhibit a dual-
phase structure alloy. Most of the alloy powders melted by electron beam, and only a
small portion of β phase are deposited at the grain boundaries. Also the EBM
manufacturing process has a relatively complex thermal history, such as the
pre-heating of metal powder and the multiple melts and rapid cooling [4]. So the α
phase is primarily formed by thermal diffusion from the β phase [37]. The content of
the remaining small amount of fine β phase can be seen from Table 2, as the
corrosion resistance decreases with the increase of the β phase content. Unlike the
Ti-6Al-4V samples produced by SLM contains a significant amount of acicular α’
phase and columnar prior β phase (Fig. 1). According to the analysis, the content of
the columnar prior β phase affects the corrosion resistance of the SLM-produced
Ti-6Al-4V alloy. The higher of the columnar prior β phase content (or the lower the
acicular α’ phase) means the better of the corrosion resistance [9–11, 28]. The β
phase distribution of the EBM-produced Ti-6Al-4V alloy is a plurality of discontin-
uous point-like phase. These tiny β phases mixed with the large α phase will
resulting to form a micro-galvanic couple. The β phase acts as a cathode in this
system, and causes the α phase to be preferentially dissolved [15, 46]. While a vast
potential difference is formed between the two-phase boundaries (the α-phase stable
element Al and the β-phase stable element V), thereby increasing the chemical
activity and reducing the corrosion resistance [15, 28]. In concluding of the
EBM-produced Ti-6Al-4V, the EBM-produced 0� sample has the best corrosion
resistance, followed by the 55� and 90� sample. Whereas the 45� sample has the
worst corrosion resistance.
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4 SLM-Produced Ti-TiB

Commercial pure titanium (CP-Ti) has been used extensively over the past few
decades due to its favorable biocompatibility, proper mechanical properties [13, 47,
48], without causing allergies, and contamination in the body [49–51]. The appli-
cation of CP-Ti has been widely used in human implants. Compared with the Co-Cr
based alloys and stainless steel [52, 53], a spontaneously formed a TiO2 oxide film
on the surface of titanium will enhance the corrosion resistance due to its chemical
stability and film compact properties [54–56]. However, there is also a lack of
mechanical properties to CP-Ti like hardness, wear resistance and stiffness
[57, 58], resulting in the limitation of biomedical applications. However, the prop-
erties can be improved by adding some reinforced material like TiC, SiC, CrB and
TiB2 [7, 59]. TiB2 as one of the favorable reinforced material has a high hardness,
elastic modulus and thermodynamic stability [60], and also biocompatible with
element B, it makes up for the lack of mechanical properties of CP-Ti. The
mechanical properties of the porous Ti-TiB composites fabricated by SLM have
been summarized in the literature [7]. The measured yield strength and elastic
modulus are similar to those of human bones. However, it is also an urgent concern
for the long-term use of this material in the corrosion resistance compared to CP-Ti.
Overall, this section reviews the corrosion behavior of SLM-produced CP-Ti and
Ti-TiB composites in simulated human fluid (Hanks’ solution) through electrochem-
ical test and immersion test.

The result of Nyquist plot in electrochemical tests reveals that each sample has
only one capacitor arc, and the arc radius of Ti-TiB are much larger than the CP-Ti,
this phenomenon shows that the reaction impedance of Ti-TiB is higher than CP-Ti.
In the Bode phase diagram, both samples show a similar passivation film densifica-
tion, which can be determined from the overlapped plateau region where the
mid-frequency region is greater than 70�. But the stability of passivation film formed
on the surface of Ti-TiB is higher than that of CP-Ti, which can be obtained from the
decreasing trend of phase angle in the low-frequency region. The tendency in phase
angle diagram of CP-Ti is around 10� lower than that of Ti-TiB. So according to the
previous EIS analysis, this EIS results can be using two-time constants equivalent
circuit to fit. The fitting results of the oxide film resistance and the charge transfer
resistance of CP-Ti and Ti-TiB are similar in numerical values, while the polariza-
tion resistance cannot be judged only by the charge transfer resistance. Therefore, the
polarization resistance was then calculated to compare the system resistance. The
fitted polarization resistance of Ti-TiB (~3.49 MΩ�cm2) is 4 times larger than that of
CP-Ti (~0.85 MΩ�cm2). Overall, the reaction resistance of Ti-TiB is higher than that
of CP-Ti from the EIS test results.

Figure 10 shows the polarization curves of CP-Ti and Ti-TiB fabricated by SLM.
From the polarization curve can be seen that both samples have an evident passiv-
ation region in anodic polarization curve. In particular, the passivation interval of
Ti-TiB (0.4–1.25 V) is nearly three times larger than CP-Ti (0.4–0.7 V). The
passivation current density from the passivation region also reveals the same result.
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The passivation current density of CP-Ti is 0.75 μA/cm2, which is much greater than
Ti-TiB (0.22 μA/cm2), this means the Ti-TiB samples have the ability to enter the
passivation zone earlier. Furthermore, from the breakdown potential after the pas-
sivation region, the passivation film formed on the surface of Ti-TiB sample is more
stable than CP-Ti.

In addition, as shown in the inset of Fig. 10, the active passivation behavior of
anode region from 0.15 to 0.35 V is shown in SLM-produced CP-Ti, that is because
of the passivation with unfinished open circuit potential [61]. However, due to
the presence of Cl� in the solution, the CP-Ti sample will generate a large amount
of Ti4

+ [62], and spontaneously to form the [TiCl6]
2� [51]. The oxide film TiO2 is

formed when the hydrolysis of a certain amount [TiCl6]
2�. These results demon-

strate the [TiCl6]
2� is benefit to the passivation film formation of the titanium alloy

[15, 63]. In contrast, the difference from SLM-produced CP-Ti is that the
SLM-produced Ti-TiB goes directly into the passivation zone, which is more
consistent with the passivation result of Ti-TiB explained earlier. While in the TiB
system, since the unreacted TiB2 and the converted TiB will form a corrosion
microcell (micro galvanic couple) in the titanium matrix, the small TiBx regions
with higher potential act as cathodes [64, 65], which greatly accelerate the Ti
dissolution in the initial stage. This will promote the formation of [TiCl6]

2� to
generate the stable TiO2 oxide film to resist the further dissolution of the composite.
Therefore, from the results of polarization curves that the corrosion resistance of
Ti-TiB produced by SLM is better than that of CP-Ti in Hanks’ solution.

Fig. 10 The potentiodynamic polarization curve of SLM-produced CP-Ti and Ti-TiB tested in
Hanks’ solution [15]
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The immersion test was measured by the UV absorption spectra of the two
samples over a 7 week immersion time. Both of these samples showed a strong
absorption peak at a wavelength of 275 nm, and the absorption peak at this
wavelength was related to the titanium dissolved in solution [49] (corresponding
to [TiCl6]2�). Also the absorption peak of CP-Ti from the result is higher than that of
Ti-TiB, so the concentration of titanium ions in the solution of CP-Ti is greater than
Ti-TiB. The absorption peaks of these two samples at this wavelength can be directly
observed with the same changing trend. The upward trend (increase in concentra-
tion) in the first 3 weeks represents the dissolution of titanium ions and the formation
of [TiCl6]2�; then the hydrolysis to form the oxide film, which decreases its
concentration correspondingly, and a dynamic equilibrium reached between the
dissolution and oxidation of titanium. Therefore, the relatively low dissolution
ratio of Ti-TiB can be seen from the UV absorption spectra.

5 Other Alloys Produced by AM Technique

5.1 Co-Cr Based Alloys

Ti-based and CoCr-based alloys are the principle application of better medical
biomaterials. But the metal degradation caused by corrosion, friction and wear is
inevitable in the application process, mainly due to the unfavorable effects of
dissolved metal ions released in the human body. For example, a significant amount
of Ni ions could cause allergy or even cancer. The released V ions from Ti-6Al-4V
alloy could lead to osteoporosis and osteolysis [17, 66, 67]. While the CoCr-based
alloys (such as CoCrW and CoCrMo) bid farewell to these elements that are harmful
to the human body, because of their proper mechanical properties and corrosion
properties can be used in the potential for bone implants [68–70]. With the maturity
and popularity of AM technology, the mechanical properties and corrosion proper-
ties of CoCr alloys produced by AM technology have also been studied [17, 18, 71–
73]. Therefore, this chapter mainly reviews the recent corrosion research of
SLM-produced CoCr-based alloys.

The recent studies on the corrosion behavior of CoCr alloys produced by SLM
mainly focus on CoCrW, CoCrWMo, CoCrMo and CoCeFeNiTi. The open circuit
potential [18] was significantly affected when a small amount of F ions were added
to the NaCl solution, and the potential value decreased from ~ �0.36 to ~ 0.42 V,
which reveals that the SLM-produced CoCrW samples are greatly affected by the F
ions in corrosion probability. From the charge transfer point of view, the all the test
sample indicates only one capacitive arc under the three different test conditions.
However, the radius of the capacitor arc slightly decreases with the addition of low
concentration of F ions (0.05F). When the relatively large concentration of F ions
(0.1F) is added to NaCl solution, the arc radius is further reduced, this phenomenon
indicated that the charge transfer capacity decreases with the increase of F ion
concentration. This is also confirmed in the Bode plot where the compactness of
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the oxide film formed on the surface of the CoCrW sample is the highest in the NaCl
solution. With the increase of F ion concentration, the phase angle is gradually
decreased, this results reflect the oxide film densification decreased. The oxide film is
more likely to breakdown by F ions and Cl ions. After the EIS test data is fitted with
an equivalent circuit diagram of one time constant, the resulting polarization imped-
ance of the fitting component is also summarized in Table 4.

From the summarized data of polarization impedance (the impedance decreases
with the increase of F ion concentration), a same result as the previous analysis can
be obtained. The same conclusion is also validated in the polarization curve. The
corrosion potential (data summarized in Table 5) is the highest in NaCl solution
(�400 mV) without any F ions exists; with the addition of F ions, the corrosion
potential is minimized (�520 mV) at a F ion concentration of 0.1F. In addition, the
change trend of passivation current can also be observed in the figure, in which the
passivation current density of NaCl is the smallest after the anode range of 0 V. Then
gradually increases with the increase of F ion concentration. This shows that the
addition of F ions inhibits the formation of the passive film, the degree of inhibition
is related to F ion concentration. Furthermore, the corrosion resistance of heat treated
SLM-produced CoCrW samples have not been improved but a substantial reduction
[18]. In the test of Hanks’ solution, the CoCrW samples fabricated by SLM have a
better corrosion resistance than in the PBS solution [17], which can be obtained not
only from the data of polarization curve but also from the ion concentration to judge.

The other CoCr-based alloys like CoCrWMo, its corrosion resistance compared
to conventionally cast alloys can be determined from the polarization impedance in
EIS fitting data [16], and the results are also shown in Table 4. The polarization
impedance of CoCrWMo alloy produced by SLM is around 6.21 MΩ�cm2, almost

Table 4 Summarized EIS fitting results of CoCr based alloys [16, 18]

Sample Test solution Rs Rp Ref.

(Ω�cm2) (MΩ�cm2)

SLM CoCrW 0.9% NaCl ~36 ~1.18 [18]

NaCl+0.05F ~35 ~1.05 [18]

NaCl+0.1F ~29 ~0.88 [18]

SLM CoCrWMo Artificial saliva – ~6.21 [16]

Cast CoCrWMo Artificial saliva – ~3.74 [16]

Table 5 Summarized Potentiodynamic polarization data of SLM-produced CoCrW. [17, 18]

Sample State

Test solution Corrosion current density Corrosion potential Ref.

(nA/cm2) (mV)

CoCrW – PBS ~20 ~ �201 [17]

– Hanks ~12 ~ �284 [17]

0.9% NaCl ~42 ~ �400 [18]

NaCl+0.05F ~44 ~ �480 [18]

NaCl+0.1F ~148 ~ �520 [18]
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twice that of the cast sample (3.74 MΩ�cm2). This result indicates that the
CoCrWMo alloy manufactured by SLM is superior to the cast sample in corrosion
resistance. In CoCrMo samples, similar results have also appeared. Combining the
corrosion potential (�0.2 V), the corrosion current (�0.05 μA�cm�2) and the
polarization impedance (~1600 Ω�cm2) of the polarization curve under artificial
saliva solution with a pH of 5 [74]. It can be seen that the corrosion resistance of
SLM-produced CoMrMo sample and the traditional as-cast sample are very close.
Unfortunately, the SLM-produced CoCr alloy shows a pitting tendency after adding
the elements of Fe, Ni and Ti [75]. But this pitting slightly improved after the heat
treatment, which results in an increase in the pitting potential by ~0.4 V of
SLM-produced CoCrFeNiTi.

5.2 SLM-Produced 316L Stainless Steel

The corrosion resistance of stainless steel makes it have essential applications on
industrial; the corrosion resistance of stainless steel is according to the contents of Cr
(typically>11 wt.%) to forms a Cr2O3 oxide film on the surface [76, 77]. However,
the stainless steel is not “always stainless”, it may corrode in an aqueous environ-
ment, and this type of corrosion is driven by its microstructure [78]. Such as the
impurity of alloys (MnS) can cause the second phase in the original single-phase
structure and result in pitting [79–81]. However, the SLM-produced stainless steel
samples due to different scanning parameters (especially scanning power and scan-
ning speed), the porosity of the sample will be various. And optimize the size of the
impurity (MnS), it is bound to cause their micro-topography and the difference will
lead to reflect the corrosion behavior. In the literature [20], the corrosion behavior of
stainless steel samples and wrought samples with different scan powers and scan
rates has been investigated. In the literature [19], wrought samples, SLM sam-
ples, and annealed SLM samples were also studied. This section reviews the
corrosion behavior (pitting) of 316L stainless steel based on a cyclic polarization
curve and static polarization test method.

Figure 11 illustrates the cyclic polarization curve with highest porosity (Fig. 11a:
~0.4%) and lowest porosity (Fig. 11b: ~0.02%) produced by the SLM method
[20]. It is clear from the Fig. 11 that the pitting potential of stainless steel
manufactured by SLM is significantly higher than wrought samples. The pitting
potential observed for wrought samples was ~0.4 V. However, the SLM samples
were ~0.9 V, which was ~0.5 V higher than wrought samples. This result shows that
SLM-produced stainless steel is more pitting-proof than wrought samples. A similar
result was also obtained in literature [19], where the pitting potential of
SLM-produced stainless steels was much higher than that of wrought stainless steels,
but the pitting potential of the annealed sample was slightly lower than that of the
original SLM samples. Besides, it can be seen from the anodic polarization curve
before the pitting potential, that the sample 4 with the highest porosity represented in
in Fig. 11a, is also the most unstable sample. The phenomenon illustrated that the
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current density increases instantaneously and decreases rapidly to form the horizon-
tally “spikes” shape in the curve while the potential remains essentially constant.
This result in the stronger pitting corrosion on the oxide film when this peak is
greater. In contrast, the number and intensity of such “spikes” in Fig. 11b are
significantly reduced that indicating the porosity of SLM-produced stainless steel
also affects the anodic polarization curve, where the smaller of the porosity leads to
the stable curve. However, the samples prepared by SLM did not have much
difference in the pitting potentials, and also were not directly related to the sample
porosity; and the corrosion current and the corrosion potential were even not directly
related to the porosity [20]. But the re-passivation potential did not show the same
results (Fig. 11), where the wrought samples showed the highest reactivation
potential (~0.04 V) compared to the SLM samples (below ~0 V). While the
re-passivation potential of SLM-produced samples are gradually decreased from
the highest ~0 V (Sample 7) to ~ �0.1 V (Sample 4) with the increase of porosity
[20]. From this relationship, it can be seen that the growth of porosity is not
conducive to the re-passivation properties of the SLM-produced samples. Once
pitting occurs, the SLM samples have less re-passivation ability than the wrought
samples, especially with the higher porous density of SLM samples is found more
difficult to re-passive.

The metastable pitting characteristics can be predicted by the potentiostatic
polarization test. The measured curve is shown in Fig. 12. Comparing the SLM
sample with the wrought sample, the SLM sample fluctuated the most in the first
15 min, but the wrought sample fluctuated the most within the last 15 min. The
amount of metastable pitting can be combined with the immersion time and sample
surface area to calculate metastable pitting frequency. The calculation result is also
shown in Fig. 12, indicated by λ. From the data comparison, the porosity present in

Fig. 11 Cyclic potentiodynamic polarization of SLM-produced stainless steel with (a) largest
porosity (sample 4) and (b) lowest porosity (sample 7); and (c) wrought stainless steel [20]
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the SLM sample is related to the metastable pitting frequency. The sum of the peak
areas that represent the cumulative passing charge of those metastable pits. For
example, Sample 4 with the highest porosity produced by SLM contained the most
considerable cumulative charge (3.67 mC/cm2), and the maximum metastable pore
frequency (5.04 cm�2 s�1) in the calculation. Sample 7 with the lowest porosity
produced by SLM contained the smallest cumulative charge (0.1 mC/cm2), and the
lowest metastable pore frequency (2.18 cm�2 s�1). While for wrought samples, it
has a higher metastable pore frequency (4.52 mC/cm2) but a relatively more mod-
erate metastable pore frequency (0.2 mC/cm2). This shows that although wrought
samples are most prone to pitting, whereas they suffer the least damage when
metastable pores occur.
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6 Concluding Remarks

This chapter reviews the recent corrosive properties of alloys made by AM technol-
ogy (Ti alloys, CoCr alloys and stainless steels). Although the corrosion resistance of
SLM-produced Ti-6Al-4V is not satisfactory, the corrosion resistance of EBM-
produced Ti-6Al-4V can catch up with that of wrought samples. Furthermore,
most the CoCr samples and stainless steel also show improved corrosion resis-
tance (in particular the pitting corrosion of stainless steel is suppressed thus increase
the pitting potential). This indicates that the corrosion resistance can be improved
due to the unique additive manufacturing (AM) technology in the production.
However, there is lack of the research on the corrosion behavior of the AM produced
alloy in recent work, and as many researches are needed to consolidate the corrosion
status of the alloy manufactured by AM technology.
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Effect of Process Parameters of Fused
Deposition Modeling and Vapour
Smoothing on Surface Properties of ABS
Replicas for Biomedical Applications

Jasgurpreet Singh Chohan, Rupinder Singh, and Kamaljit Singh Boparai

1 Surface Finishing Techniques for FDM Parts

Recently, the rapid casting of biomedical implants has become matter of interest for
many researchers as this technology allows development of fast, cost effective and
tailor-made implants based on patient data to meet specific clinical and geometrical
constraints [1–3]. However, the poor surface finish of FDM parts appears to be
massive barrier against its functionality for rapid casting applications. The surface
roughness, surface hardness and dimensional accuracy of FDM patterns have sig-
nificant impact on surface quality of final castings [4]. Although the fact that poor
surface finish of FDM parts could not be completely eliminated but different
techniques have been developed to improve surface quality of FDM parts which
are further divided into pre-processing and post-processing finishing techniques
(Fig. 1).

1.1 Pre-processing Techniques of Surface Finishing

The angle of orientation or deposition angle can be altered with respect to machine
co-ordinate system in CAD model to achieve desired objectives [5]. Generally, it is
focussed on minimum cost, time, support material usage and most importantly the
surface finish required on specific plane. Kattethota and Henderson [6] initially
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investigated the effects of build orientation on FDM parts and found that the angle of
0� yielded maximum surface finish. In most of the studies, the orientation angles of
0� and 90� were found most effective [7–11] for surface finish, build times and cost.
Similarly, the layer thickness is second most significant parameter which influences
the surface roughness of FDM parts. Generally, the smaller layer thickness results in
smoother surface and higher dimensional accuracy but it requires longer duration for
part fabrication [12–14]. On the other hand, larger layer thickness would cause
sufficient surface irregularities, dimensional variability but needs lesser time to
fabricate and thus trade-off must be done.

Although other pre-processing parameters such as air gap, contour width, raster
width, raster angle and temperature have noticeable impact on surface roughness and
dimensional accuracy of parts but the optimized settings of these parameters varies
with part geometry, intricacy and manufacturing environment [15].

The adaptive slicing techniques have been developed which act as balancing
agent between surface finish and build times. It has been observed that constant layer
thickness leads to wastage of time in some situations as the layer (slice) thickness
may not affect the surface roughness every time [16]. This is completely case
specific depending upon dimensions and shape of parts. The adaptive slicing tech-
nique focuses on developing such algorithms which can automatically vary slice
height and reduce production time and generate variable tool paths depending upon
part geometry to achieve the minimum surface roughness [17]. Originally, the solid
model is sliced by CAD software before transferring the STL data to FDM machine.
The slicing of the CAD model is carried out either directly on a solid model or after

Fig. 1 Classification of surface finishing techniques adopted for FDM parts (Source: Manufactur-
ing Research Lab, GNDEC Ludhiana)
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tessellation. In slicing, the set of horizontal planes divide the CAD model in closed
curves or polygons and the space between two successive horizontal planes is called
as a slice [18].

1.2 Post-processing Techniques of Surface Finishing

Generally, the post-processing is required for every part regardless of additive
manufacturing technique used for fabrication. The support structure flakes and
extra plastic particles are needed to be removed, cleaned and washed before using
parts for further applications. Also, the pre-processing techniques cannot improve
the surface finish beyond certain limits and thus, there is utmost requirement of post-
processing for rapid tooling and casting applications.

The mechanical finishing comprises traditional surface finishing techniques
which require direct contact between tool and work piece such as abrasive flow
machining, abrasive milling, barrel finishing, vibratory bowl finishing, ball burnish-
ing and hot cutter machining [19–24]. The mechanical methods exhibit several
challenges to finish the complex and intricate shapes. The abrasive action of media
rounds the sharp edges and corners and distorts the part geometry and dimensional
stability. Moreover, deeper lying surfaces within grooves, notches or other indenta-
tions are more difficult for the abrasives to reach.

The major precedence of chemical finishing over mechanical finishing techniques
is that there is no contact of tools with work surface which ensure better dimensional
and geometrical stabilities. Many authors used acetone both in liquid and vapour
form to improve the surface finish of FDM parts [25–27]. The exposure of parts to
the acetone environment enhanced compressive strength, flexural strength water
tightness, humidity and wear resistance but slightly reduced the tensile strength
[28, 29]. Moreover, parts undergone chemical treatment showed less dimensional
changes as compared to mechanically brushed parts. Still, there is a risk of eroding
and dissolving of small features of parts for longer durations using undiluted acetone
while use of dilute solution would extend the immersion time. Also, the use of
concentrated laser beam for surface finishing of FDM parts resulted in high temper-
ature at small area which led to evaporation of plastic material [30].

An advanced finishing technique has been developed where FDM parts are
exposed to chemical vapours in controlled environmental conditions to ensure
uniform finishing, retain part intricacy and avoid overheating [31]. The Vapour
Smoothing (VS) apparatus has been developed by Stratasys where ABS parts are
alternatively cooled, heated and again cooled in dedicated chambers at constant
temperature as shown in Fig. 2. Initially, the parts are allowed to cool for few
minutes in cooling chamber (pre-cooling) at 0 �C and then placed in smoothing
chamber (smoothing). The fixed amount of solvent (smoothing fluid) is heated in
smoothing chamber for 10–30 s as suggested by manufacturer. The smoothing
chamber is equipped with heater at bottom and maintained at 65 �C. Afterwards,
the parts are again cooled in cooling chamber (post-cooling) and the whole cycle is
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repeated until desired finish is achieved. The preliminary studies on vapour smooth-
ing technique showed good surface finish and dimensional stability of standard test
parts. But, the surface characteristics of complex parts must be ascertained. Thus,
next section would investigate the impact of various process parameters of coupled
FDM and VS operations on surface finish, surface hardness and dimensional accu-
racy of replicas of biomedical implants. This analysis would act as base for the
development of mathematical models so as to predict the surface properties of ABS
replicas well before production phase.

2 Optimization Study of Process Parameters of FDM
and Vs Processes

The ABS-P400 was used as model material along with P400SR as support material
to manufacture hip joint replicas (Fig. 3) through commercial “u-Print SE” FDM
apparatus. The previous literature and operation manuals of vapour smoothing
apparatus were carefully analyzed to chalk out most prominent process parameters
who would define the surface properties of ABS parts. Consequently, the impact of
input parameters of combined FDM and VS processes on surface roughness, surface
hardness and dimensional accuracy of hip implant replicas was ascertained. Since
the orientation angle (α) has maximum influence on surface finish, it was considered
as pre-processing input parameter. Although density (ρ) does not affects the surface

Fig. 2 Cooling and smoothing chambers of vapour smoothing apparatus (Source: Manufacturing
Research Lab, GNDEC Ludhiana)
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roughness of parts but it may influence the hardness of ABS replicas which play
critical role during investment casting. The uPrint FDM apparatus has tendency to
fabricate parts with different density (interior fill) settings which could significantly
affect the mechanical properties, weight and manufacturing time.

Thus, two levels of orientation angle i.e. 0� and 90� along with three levels of
density (i.e. low, high and solid) were selected as pre-processing parameters for
investigation.

Similarly, four input parameters of VS apparatus i.e. pre-cooling time (TPC),
smoothing time (TS) post-cooling time (TPT) and number of cycles (N) were
selected. The smoothing fluid used for experimentation comprises 30%
decafluoropentane and 70% dichloroethylene. The volatile fluid vapourises at very
low temperature which penetrates the part surface and is later exhausted by fan
provided in the cooling chamber. The average surface roughness was measured
before (Rai) and after vapour smoothing (Raf) using Mitutoyo Surface Roughness
Tester “SJ-210” as per ISO 4287 regulations [32]. Similarly, the surface hardness
was measured with Durometer before (Hdi) and after vapour smoothing (Hdf) on
shore D scale (unit less) using ASTM D 2240 standards [33]. For mathematical
equations, the hardness was suitably converted into spring force as one shore D unit
is equal to 0.4445 N. The thickness of stem section (Do ¼ 6.6200 mm) at
pre-specified location i.e. 74 mm above the tip was measured before (Db) and after
vapour smoothing (Da) operations using Mitutoyo Crysta Apex C 163012
co-ordinate measuring machine adopting ISO 10360-2 standards [34]. Similarly,
the Head diameter (Do ¼ 12.0524 mm) located at 1.5 mm from top and Neck

Fig. 3 Benchmark component of hip joint (Source: Manufacturing Research Lab, GNDEC
Ludhiana)
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thickness (Do ¼ 7.7458 mm) at mid-section of neck have been specified as locations
to evaluate dimensional accuracy of intricate part features. Finally, the percent error
in dimensions before vapour smoothing (%ΔDb) and after vapour smoothing (%Δ
Da) was compared with original CAD dimensions.

Taguchi L18 design of experimentation (DOE) technique was used to execute the
experiments (Table 1). The results were obtained in terms of percentage change in
surface roughness and hardness and displayed in Table 2. The dimensional accuracy
of head diameter, neck thickness and stem thickness has been measured before and
after smoothing process. The measurements of part features are compared with
original CAD dimensions to calculate %ΔDb and %ΔDa (Table 3). The initial data
observation reveals significant reduction in average surface roughness of FDM
replicas after vapour smoothing. Also, the hardness of ABS replicas has been
enhanced as compared to unfinished parts. The response of vapour smoothing
process on dimensional accuracy of each part feature is distinct from each other.
The dimensional deviation of neck thickness and stem thickness has been signifi-
cantly reduced while an increase in deviation has been noticed in head diameter.

The SN ratio plots have been acquired to evaluate the effect of individual
parameter on response based on experimental data. The SN ratio plot in Fig. 4a
indicates that smoothing time and number of cycles are most significant parameters
which affect surface roughness.

Moreover, the increase in smoothing time and number of cycles has direct impact
on percentage change in surface roughness. On the other hand, surface hardness is

Table 1 Taguchi L18 based control log of experimentation

Exp. No. α (�) ρ � 10�3 (g/cm3) TPC (mins.) TS (s) TPT (mins.) N

1 0 614.77 10 10 10 1

2 0 614.77 15 15 15 2

3 0 614.77 20 20 20 3

4 0 820.52 10 10 15 2

5 0 820.52 15 15 20 3

6 0 820.52 20 20 10 1

7 0 945.78 10 15 10 3

8 0 945.78 15 20 15 1

9 0 945.78 20 10 20 2

10 90 614.77 10 20 20 2

11 90 614.77 15 10 10 3

12 90 614.77 20 15 15 1

13 90 820.52 10 15 20 1

14 90 820.52 15 20 10 2

15 90 820.52 20 10 15 3

16 90 945.78 10 20 15 3

17 90 945.78 15 10 20 1

18 90 945.78 20 15 10 2

Source: Manufacturing Research Lab, GNDEC Ludhiana
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Table 2 Results obtained from control log of experimentation for surface roughness and hardness

Exp. No. Rai (μm) Raf (μm) %ΔRa Hdi(N) Hdf (N) %ΔHd

1 3.0125 0.8995 70.14 71.5 76 6.29

2 3.1070 0.5356 82.76 72 77.5 7.63

3 3.0685 0.2154 92.98 70.5 77 9.22

4 3.3932 0.8455 75.08 76.5 82.5 7.84

5 3.3895 0.4450 86.87 77 83.5 8.44

6 3.4956 0.4527 87.05 77.5 82.5 6.45

7 3.7897 0.4665 87.69 81.5 87.5 7.36

8 3.8975 0.5277 86.46 82 88 7.32

9 3.8195 0.9021 76.38 83 90 8.43

10 8.6807 0.9262 89.33 46.5 51 9.67

11 8.8012 1.5226 82.70 46.5 50 7.53

12 8.9575 2.2689 74.67 46.5 50.5 8.60

13 8.8059 2.130 75.81 52 57.5 10.57

14 8.4515 0.7640 90.96 52.5 57 8.57

15 8.4822 0.9381 88.94 52.5 57.5 9.52

16 8.5215 0.5411 93.65 58.5 63 7.69

17 8.6525 2.5023 71.08 58.5 64 10.25

18 8.5827 1.4136 83.53 60.5 66 9.09

Source: Manufacturing Research Lab, GNDEC Ludhiana

Table 3 Results obtained from control log of experimentation for dimensional accuracy of
different part features

Exp. No.

Head diameter Neck thickness Stem thickness

%ΔDb %ΔDa %ΔDb %ΔDa %ΔDb %ΔDa

1 0.33 0.45 1.57 1.10 3.68 3.34

2 0.33 0.76 1.54 0.63 3.68 1.16

3 0.33 1.28 1.56 0.21 3.68 0.19

4 0.33 0.62 1.53 0.94 3.68 2.58

5 0.33 1.30 1.53 0.52 3.68 0.62

6 0.33 1.54 1.58 0.26 3.68 0.95

7 0.33 0.85 1.55 0.52 3.68 0.63

8 0.33 1.39 1.56 0.25 3.68 1.62

9 0.33 0.38 1.58 0.88 3.68 2.58

10 0.16 0.94 0.25 0.12 1.55 0.05

11 0.16 0.21 0.25 0.19 1.55 0.31

12 0.16 0.25 0.25 0.21 1.55 0.24

13 0.16 0.28 0.25 0.15 1.55 0.27

14 0.16 0.75 0.25 0.11 1.55 0.17

15 0.16 0.38 0.25 0.18 1.55 0.88

16 0.16 0.82 0.25 0.05 1.55 0.03

17 0.16 0.26 0.25 0.22 1.55 1.12

18 0.16 0.36 0.25 0.17 1.55 0.77

Source: Manufacturing Research Lab, GNDEC Ludhiana
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highly enhanced by increase in orientation angle and post-cooling time (Fig. 4b).
Similar inferences can be made regarding other response parameters i.e. dimensional
accuracy of different part features (Fig. 5). The Analysis of variance (ANOVA)
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technique helped to estimate the percentage contribution of each parameter (Table 4)
which further would lead to formulation of mathematical equations.

The dimensional accuracy is highly influenced by smoothing time and orientation
angle while post-cooling time has maximum influence on surface hardness of hip
replicas.

The response on surface finish is directly proportional to smoothing time and
number of cycles which are most significant parameters. This indicates that the
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Fig. 5 SN ratio plots for dimensional accuracy (a) Head diameter (b) Neck thickness (c) Stem
Thickness (Source: Manufacturing Research Lab, GNDEC Ludhiana)
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finishing process is highly affected by time of exposure between chemical vapours
and plastic material. The larger exposure duration ensures complete contact between
vapours with plastic surface. The vapours get sufficient time to penetrate the upper
surface and cause localised melting of thin upper plastic layers. The layers of ABS
thermoplastic undergo viscous mass transportation as semi-molten plastic flows
from peaks into the valleys (Fig. 8). After cooling, the viscous material settles as
smooth surface under the effect of surface tension. The surface tension forces tend to
attain minimum surface area which is only possible with smooth surface i.e. absence
of peaks and valleys [35]. The upper and transverse view of surface has been viewed
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Fig. 5 (continued)

Table 4 Percentage contribution of each input parameter on response

Parameters
Surface
roughness

Surface
hardness

Dimensional accuracy

Head
diameter

Neck
thickness

Stem
thickness

α (�) 0.13% 34.69% 34.58% 59.78% 34.93%

ρ (g/cm3) 1.42% 0.764% 2.8% 0.98% 3.81%

TPC (mins.) 1.61% 1.71% 0.85% 0.14% 4.65%

TS (s) 51.07% 2.90% 51.74% 32.57% 37.28%

TPT (mins.) 1.14% 44.46% 0.21% 0.28% 2.43%

N 40.08% 2.32% 3.2% 4.5% 12.34%

Residual
error

4.55% 13.15% 6.62% 1.75% 4.56%

Source: Manufacturing Research Lab, GNDEC Ludhiana
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under Scanning Electron Microscope (SEM) are shown in Figs. 6 and 7 respectively.
The peaks and valleys are clearly visible and distinct lines can be noticed where two
roads join to make valleys. The overlapping of plastic layers can be seen before VS
as parts are manufactured with zero air gap by FDM. The disappearance of peaks
after vapour smoothing process also resulted in decrease in peak height and thus
shrink age is noticed during dimensional measurements.

Fig. 6 SEM micrograph top view (a) before VS (b) after VS (Source: Manufacturing Research
Lab, GNDEC Ludhiana)

Fig. 7 SEM micrograph transverse view (a) before VS (b) after VS (Source: Manufacturing
Research Lab, GNDEC Ludhiana)
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After vapour smoothing, the smooth surfaces is achieved with glossy finish due to
uniform re-settlement of plastic layers after cooling. The over-lapping is also absent
in SEM images photographed after vapour smoothing process. Also, the small traces
of plastic reflow can be visualized in Fig. 7b after VS which is not visible in image
before finishing.

The percentage deviation before and after smoothing in head diameter, neck
thickness and stem thickness has been shown in Table 3. The FDM apparatus caused
over-sizing in linear dimensions (neck and stem sections) while radial features (head
diameter) are found to be under-sized which has also been reported in previous
studies [36, 37]. This can be attributed to intricacy of part features which led to
approximation errors. Moreover, the deviation is higher in case of replicas fabricated
at 0� and thus, it is recommended to fabricate the hip replicas at vertical positioning
(orientation angle 90�) to attain better dimensional stability. After vapour smoothing,
partial melt-down of layers induced shrinkage in parts as layers get re-arranged as
smooth surface. The downward movement of upper plastic layers tend to reduce the
overall dimensions of replicas as experienced by previous researchers [35, 36]. This
shrinkage induces dimensional changes in different part features after vapour
smoothing. Also, the dimensional accuracy after vapour smoothing (%ΔDa) is
highly influenced by accuracy before smoothing (%ΔDb). The head diameter mea-
surements after vapour smoothing indicated further shrinkage because it was orig-
inally produced under-sized.

On the other hand, over-sizing was observed in stem section due to approxima-
tion error in sloping profiles. In present case, the shrinkage of parts led to an
improvement in dimensional accuracy of stem thickness and stem thickness but
deteriorated the accuracy of head diameter. The comparison between original CAD
dimension (Do) and actual rough surface before vapour smoothing (Db) has been
conceptualized in Fig. 8a. After fabrication under FDM (before vapour smoothing),
the significant deviation between CAD and actual surface is visible.

There is shrinkage in part dimensions as surface becomes smoother after vapour
smoothing process (see Fig. 8b). As the smoothing time is increased, the material
reflowing rate increases which increase the shrinkage and resulted in smoother
surface. The SEM micrographs of stair-step have been acquired to validate the

Fig. 8 Dimensional accuracy and surface finish (a) before VS (b) after VS
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smoothing phenomenon and dimensional changes occurring during finishing pro-
cess (Fig. 9). The difference between magnitude of stair-step before and after
smoothing can be clearly differentiated.

The importance of post-cooling has been highlighted after analysis of surface
hardness ofABS replicas. The surface hardness is enhanced by increase in post-cooling
timewhichmost significant parameter. Secondmost influential parameter is orientation
angle which affects distribution of internal layer deposition based on part geometry.

After exposure to hot vapours, the immediate cooling is required for resettlement
and hardening of surface. As the FDMparts are cooled for longer duration, the surface
becomes harder. Also, the overall impact of vapour smoothing process is to increase
the surface hardness of hip replicas. The indenter enters more easily when surface
layers are uneven and can be easily pierced. After VS process, the smooth roughness
profiles were achieved which efficiently restricted the piercing of indenter.

As concluding remarks to this section, the optimum level of parameters for each
response have been tabulated which can be used to achieve desired effect during
vapour smoothing (Table 5).

Fig. 9 SEM micrograph of stair-step (a) before VS (b) after VS (Source: Manufacturing Research
Lab, GNDEC Ludhiana)

Table 5 Optimum parameter settings for different response terms

Parameters
Surface
roughness

Surface
hardness

Dimensional accuracy

Head
diameter

Neck
thickness

Stem
thickness

α (�) 90� 90� 90� 90� 90�

ρ (g/cm3) High High Low Solid Low

TPC (mins) 20 min 20 min 20 min 20 min 10 min

TS (s) 20 s 15 s 10 s 20 s 20 s

TPT (mins) 10 min 20 min 10 min 15 min 20 min

N 3 2 1 3 3

Source: Manufacturing Research Lab, GNDEC Ludhiana
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3 Mathematical Modeling of Surface Properties Using
Buckingham Pi Theorem

This sections aims to develop the mathematical equations which could precisely
predict the response based on given conditions. These equations can be
recommended to biomedical manufacturing industry to achieve desired results
without performing further experiments. The inferences made through Taguchi
and ANOVA results were used to develop a mathematical relationship between
input parameters and response. The Buckingham π theorem of dimensional analysis
was applied in present context for mathematical modelling. The Dimensional anal-
ysis has proved to be an effective tool for generating the dimensionally homogenous
and analytical equations with large number of variables [38].

Although, the most significant parameters govern the result but all the input
parameters with fundamental units (MLT) were included during calculations. The
input parameters selected based on optimization experiments along with fundamen-
tal dimensions are written as:

(i) Initial Roughness (Rai) in μm M0 L1 T0

(ii) Final Roughness (Raf) in μm M0 L1 T0

(iii) Surface Hardness Hd in N M1 L1 T�2

(iv) Initial deviation ΔDb in mm M0 L1 T0

(v) Final deviation ΔDa in mm M0 L1 T0

(vi) Density (ρ) in g/mm3 M1 L�3 T0

(vii) Pre-cooling Time (TPC) in minutes M0 L0 T1

(viii) Smoothing Time (TS) in seconds M0 L0 T1

(ix) Post-cooling Time (TPT) in minutes M0 L0 T1

The generalised mathematical models for prediction of response can be generated
using process parameters of FDM and VS processes through Buckingham Pi
theorem. After generating generalised equation, further experiments were conducted
with by varying significant parameters in case of each response to complete the
individual equation.

3.1 Mathematical Model of Surface Roughness

The general equation for percentage change in surface roughness has been derived
as:

%ΔRa ¼ 100:KN:Tpc

TPT2 ð1Þ

Where KN is constant of proportionality which depends upon smoothing time (TS)
for given number of cycles i.e. N ¼ 1, 2, 3 since these are most significant

240 J. S. Chohan et al.



parameters. The values of constant of proportionality have been calculated experi-
mentally by varying smoothing time as 0, 5, 10, 15, 20, 25 and 30 s. The individual
value of KN has been calculated from best fitted curve equations of trend lines for
each cycle and given as:

KN ¼ �0.071 (TS
2) + 4.175 TS + 30.38 if, N ¼ 1

KN ¼ �0.075 (TS
2) + 4.164 TS + 37.63 if, N ¼ 2

KN ¼ �0.079 (TS
2) + 4.101 TS + 46.27 if, N ¼ 3

The mathematical equations were formulated and finally, the validity of equation
was confirmed assuming following conditions:

α ¼ 90�, TPC ¼ 1 min, TPT ¼ 10 min, TS ¼ 15 s, N ¼ 1.
Since for N ¼ 1, value of KN is given as �0.071 (TS

2) + 4.175 TS + 30.38. Thus
Eq. 1 can be re-written as:

%ΔRa¼ 100: �0:071 TSð Þ2þ4:175 TSð Þþ30:38½ �:TPC

TPT
2

Inserting values:

%ΔRa¼ 100� �0:071 15ð Þ2þ4:175 15ð Þþ30:38½ ��1

102:

Solving the equation the predicted value of %ΔRa was 77.03%, whereas at same
conditions, the experimental results yielded 76.48% improvement. A little deviation
was noticed between predicted and experimental results which confirmed the effi-
cacy and reliability of mathematical model.

3.2 Mathematical Model of Surface Hardness

The equation for surface hardness can be written as:

Hd¼
KN: TPC: TPT:ρ: Raið Þ2

Ts
4 ð2Þ

Here, the value of KN is given as:
KN ¼ �0.004(TPC)

2 + 0.505(TPC) + 21.68
After inserting the values of KN in Eq. 2, the final equation can be written as:

Hd ¼
�0:004 TPTð Þ2 þ 0:505 TPTð Þ þ 21:68
h i

: TPC:ρ: Raið Þ2

TS
4 ð3Þ

The performance of mathematical Eq. (3) was evaluated by comparing the
experimental values with predicted data. The example has been shown below to
demonstrate the calculations at post-cooling for 10 min. The other conditions are:

ρ ¼ 0.82092 g/cm3, TPC ¼ 20 min., TPT ¼ 10 min., Rai ¼ 7.2115 μm, TS ¼ 15 s

Inserting vales in Eq. 3, Hd ¼ �0:004 10ð Þ2þ0:505 10ð Þþ21:68½ ��20�60�0:82092� 7:2115ð Þ2
15ð Þ4
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After solving the hardness comes out to be 26.62 N which is predicted by model
while experimental data shows 27.34 N in terms of spring force. Thus, the negligible
error (2.63%) was found between modelled and experimental data.

3.3 Mathematical Model of Dimensional Accuracy

The generalised equation to predict the dimensional accuracy (percentage change) of
FDM parts after vapour smoothing is given as:

%ΔDa ¼ %ΔDb: KN:TS: TPT

TPC
2

� �
ð4Þ

The value of constant of proportionality KN are given as:

KN ¼ 0.054 (Ts)
2
–0.243 (Ts) + 5.364 for head diameter

KN ¼ �0.003 (Ts)
2
–0.081 (Ts) + 6.238 for neck thickness

KN ¼ 0.003 (Ts)
2
–0.269 (Ts) + 5.341 for stem thickness

The mathematical equation for prediction of percentage deviation in measure-
ment of stem thickness after vapour smoothing has been given as:

%ΔDa ¼ %ΔDb: 0:003 Ts2 � 0:269 Tsþ 5:341
� �

:
TS: TPT

TPC
2

" #
ð5Þ

The above equation was used to confirm the performance of mathematical model
to calculate the percentage deviation in stem thickness at different conditions. The
calculations were made assuming following data:

%ΔDb ¼ 1.5, TPC ¼ 15 min., TS ¼ 10 s, TPT ¼ 5 min.
Inserting value in Eq. 5, we get

%ΔDa ¼ %ΔDb: 0:003 Ts2�0:269 Tsþ5:341ð Þ
:
TS: TPT

TPC
2

� �

%ΔDa¼ 1:5: 0:003 102�0:269:10þ5:341ð Þ
:
10: 5

152

� �

%ΔDa ¼ 1.5 � 2.951 � 10 � 5/225 ¼ 0.983
The percentage change after vapour smoothing has been calculated as 0.983%

while experiments showed 0.95% error in dimensions. The very minute variation in
dimensional accuracy results proved efficient applicability of mathematical model
for manufacturing industry.
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4 Multi-response Optimization

The multi-response optimization is performed to achieve single set of optimum
parameters to achieve maximum surface finish, hardness and dimensional accuracy.
The data of SN ratios during 18 experiments performed in previous section has
been used.

The SN ratios of all the response terms along with experimental orthogonal array
(OA) have been shown in Table 6 which were given as input data for multi-response
optimization.

The increase in SN ratios would lead to robust design and eliminate effect of noise
factors in addition to improvement in surface finish, hardness and dimensional
accuracy. The details of goals of individual response along with constraints and
range have been shown in Table 6. The equal importance and weight has been given
to achieve equal and uniform enhancement in surface finish, hardness and dimen-
sional accuracy.

The optimum set of parameters suggested by multi-response optimization tool has
been displayed in Table 7. Along with levels of input parameters, the SN ratios at
suggested input parameters have been predicted for each response.

The 90� orientation angle has been recommended with low density settings which
would save manufacturing time and cost. The low density settings would consume

Table 6 Constraints and goals set for multi-response optimization

Parameters Goal
Lower
limit

Upper
limit Weight Importance

α (�) Constraint to
region

0� 90� 1 1

ρ (g/cm3) Constraint to
region

Low Solid 1 1

TPC (mins) Constraint to
region

10 min 20 min 1 1

TS (s) Constraint to
region

10 s 20 s 1 1

TPT (mins) Constraint to
region

10 min 20 min 1 1

N Constraint to
region

1 3 1 1

SN Ratio (%ΔRa) Maximize 36.9193 39.4302 1 1

SN Ratio (%ΔHd) Maximize 15.9730 20.4815 1 1

SN Ratio (%ΔDa Head
diameter)

Maximize �3.7504 13.5556 1 1

SN Ratio (%ΔDa Neck
diameter)

Maximize �0.8279 26.0206 1 1

SN Ratio (%ΔDa Stem
thickness)

Maximize �10.4749 30.4576 1 1

Effect of Process Parameters of Fused Deposition Modeling and Vapour. . . 243



minimum material and minimum fabrication time as experienced from previous
experiments. On the other hand, replicas with 90� orientation angle would yield
maximum enhancement in surface finish, hardness and accuracy. The overall desir-
ability of optimization calculations comes out to be 0.7891. The relation between
input parameters and each response has been plotted as a consequence of multi-
response optimization analysis (Fig. 10). The high, medium and low levels of each
parameter are shown whereas levels with red colour line indicate optimum (current)
level. The vertical red lines indicate optimum level of each parameter and black dots
represent response. The point of co-incidence of blue line and red line can be used to
calculate SN ratio for respective response. Thus, it can be concluded that multi-
response optimization module has successfully optimized the analytical parameters
of combined FDM-VS operations. The predicted optimum set of parameters for
combined FDM-VS process can be further used to finish the patterns for investment
casting.

5 Differential Scanning Calorimetry

The Differential Scanning Calorimetry (DSC) tests were performed on samples
extracted from hip replicas to explore the thermal modifications appeared after
VS. The DSC is most commonly used technique for thermal analysis of plastic
components.

It is used to study the material characteristics and response of heat on polymers as
a function of temperature and time. In DSC analysis, the samples undergo physical
transformation or phase transitions when heated at controlled conditions. The tests
were performed using Mettler Toledo-DSC1 apparatus and comparison was made
between samples before vapour smoothing and after smoothing. Figure 11a illus-
trates the temperature scans and it is evident that the green shaded area is smaller for

Table 7 Optimum settings of
parameters and predicted SN
ratios

Parameter Value

Orientation angle (A) 90�

Density (B) Low

Pre-cooling time (C) 20 min.

Smoothing time (D) 20 s

Post-cooling time (E) 20 min.

Number of cycles (F) 3

SN Ratio (%ΔRa) 39.5784

SN Ratio (%ΔHd) 19.9472

SN Ratio (%ΔDa Head diameter) 3.04608

SN Ratio (%ΔDa Neck thickness) 23.7073

SN Ratio (%ΔDa Stem thickness) 29.1218

Desirability 0.7891
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sample extracted before VS. The green shaded depicts the melting enthalpy of ABS
material which is larger for samples after VS (Fig. 11b) as compared to before
smoothing. The initial minute depression in the curve signifies glass transition
temperature where mechanical properties of material change significantly due to
heating. This is followed by the significant depression in curve along with a distinct
peak which calculates the melting enthalpy. The vapour smoothing increases the
glass transition temperature and melting enthalpy which indicates the there is an
increase in heat bearing capacity of samples. Thus, the parts exposed to vapours are
able to withstand higher temperature as compared to unexposed.

Fig. 10 Multi-response optimization plot for combined FDM-VS (Source: Manufacturing
Research Lab, GNDEC Ludhiana)
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6 Summary

The VS technique leads to an improvement in surface finish, surface hardness of
FDM parts as layers settle as smooth surface after re-melting. This phenomenon
induced shrinkage which caused dimensional instability in parts. Thus, parts must be
manufactured slightly over-sized to compensate the shrinkage due to vapour
smoothing. Based on significant process parameters, the mathematical models for
each response i.e. surface roughness, surface hardness and dimensional accuracy
were formulated using Buckingham Pi theorem of dimensional modelling. These
outcomes could prove beneficial for the production of patient specific implants via
FDM-VS-IC route which could significantly reduce the production time and cost.
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Fig. 11 DSC thermal scans (a) before VS (b) after VS (Source: Manufacturing Research Lab,
GNDEC Ludhiana)
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Development of Rapid Tooling Using
Fused Deposition Modeling

Kamaljit Singh Boparai and Rupinder Singh

1 Introduction

Fused deposition modeling (FDM) process has been emerged as a revolution in the
field of additive manufacturing (AM)) where complex 3D structures can fabricate in
less time without the assistance of conventional tooling. FDM can be commonly
used for modeling, prototyping, and batch production applications. Among applica-
tions, it include concept modelling, functional prototypes, manufacturing tooling
and end use parts. From the identification of component, prototypes of acrylonitrile
butadiene styrene (ABS) plastic material were prepared for commercial end user
applications in vacuum molding, vacuum casting, investment casting etc. [1] Gen-
erally, the fabricated parts are used for design verification, functional testing,
medical applications and patterns for casting process [2].

2 Development of Low Cost Composite Material Feedstock
Filament

The detailed experimental study has been conducted at Manufacturing Research Lab
(MRL), Guru Nanak Dev Engineering College (GNDEC), Ludhiana, Punjab to
develop feed stock filament of composite material for FDM process in order to
increase the application range of FDM parts. The various steps for the development
of feed stock filaments are shown in Fig. 1.
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In this study Nylon 6 E-35 grade was selected as a binder material. This is due to
its outstanding properties as compared to other grades of nylon and having much
suitability for extrusion applications.

The material was supplied by Gujrat state fertilizer limited in granular form
having average particle size 4–5 mm and crushed to powder size (500–800 μm)
with cryogenic grinding process. Pure Aluminum metal (Al) and aluminum oxide
(Al2O3) were selected as a filler materials, having average particle size 4–5 mm and
crushed to powder size (500–800 μm). The various important properties of Al and
Al2O3 are listed below in Table 1.

The material flow properties are greatly influenced with the reinforcement of
fillers and additives and it is necessary to investigate the flow of the composite
material in liquefier head of FDM [4]. Ten observations were taken for each
composition and the average value is shown in Table 2. This is generally a

Material Selection Material Processing Fabrication of filament

Inspection and TestingParts Production on FDM

Fig. 1 Flow chart of feedstock filament development [3]

Table 1 Properties of filler materials

S No. Property Al Al2O3

1 Melting point 660.32 �C 2075

2 Density 2.7 gm/cm3 3.95–4.1 gm/cm3

3 Electrical resistivity At 20 �C 28.2nΩ-m ------

4 Thermal conductivity 237 W-m�1 k�1 30 W-m�1 k�1

5 Thermal expansion At 25 �C 23.1 μm-m�1 k�1 -------

6 Young’s modulus 70 GPa -------

Table 2 MFI of compositions

S No

Composition (weight %)

MFI (gm/10 min)ABS Nylon 6 Al Al2O3

1 100 – – – 2.415

2 – 100 – – 10.61

3 – 70 30 – 6.825

4 – 60 40 – 3.975

5 – 50 50 2.375a

6 – 80 – 20 6.995

7 – 70 – 30 6.53

8 – 60 – 40 2.44a

9 – 50 – 50 1.855
aIndicates MFI value of composite prepared near to standard ABS
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comparative study of flow rate under similar processing conditions and limits the
practical levels at which they can be incorporated into the thermoplastic polymers.

Depending upon the application, the various properties can be tailor made by
varying the loading of the filler material and binder material. From MFI test the
index value of pure ABS is 2.415 gm/10 min and pure nylon6 is 10.61 gm/10 min.
Nylon 6 can be loaded up to such limit that it’s MFI should commensurate with pure
ABS material. The MFI value of 40% loading of aluminum powder is 3.975 gm/
10 min and 50% loading is 2.375 gm/10 min. So, approximately 45% loading is
possible in nylon6 in order to obtain same flow rate and flexibility as the ABS
material has during the processing of in FDM process. Similarly for Al2O3, less than
40% loading is possible.

For this experiment, up to 40% reinforcement of filler materials in nylon 6 was
selected.

The various ingredients of composite material was heated in vacuum oven up to
50 �C for 10 h at absolute zero pressure in order to remove moisture and oil traces
from the material.

The ingredients were mixed in tumbler mixture by rotating at the speed of
200 rpm for 2 h. No surfactants or plasticizers were added in the mixture, due to
the self-lubricating property of Al and good binding properties of Nylon 6 material.

2.1 Fabrication of Filament on Single Screw Extruder

2.1.1 Rheological Behavior

The successful processing of new filament material in FDM process depends upon
fabrication of a strong and spool-able feed stock filament, having required consistent
diameter, by careful selection of proportions of binder materials and fillers materials
[5]. It is necessary to investigate the rheological behavior of composite material with
respect to temperature, velocity and pressure drop during processing in liquefier
head of FDM [4]. The reinforcement of filler in Nylon6 modified its structure and
properties and it is necessary to investigate the effect, particularly for the analysis
and design of processing operations [6]. Shenoy et al. [7] conducted melt flow test of
polymer composites to generate curves showing the relationship between viscosity,
temperature and shear rate. Ramanath et al. [8]; Bellini and Bertoldi [9]; Zhang and
Chou [10]; Nikzad et al. [4] studied the thermal and flow behavior of biopolymers by
modelling with finite element analysis. MFI is an alternative measure of viscosity for
comparative purpose and defined as the amount of polymer in ‘gm’ extruded in ‘10’
min through a capillary of standard dimensions (Diameter 2.0955 � 0.0051 mm and
length 8.0 � 0.025 mm), as per ASTM D1238–73 standard. The apparatus consists
of heated cylinder, piston, weight and capillary die as shown in Fig. 2a. MFI is an
assessment of average molecular mass and is an inverse measure of the melt
viscosity. In other words, higher the MFI, the more polymers flows under the
processing conditions. The test was conducted by maintaining cylinder temperature
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of melt flow tester (Fig. 2b) at 230 �C and weight 3.8 Kg as specified in ASTM D
1238–73 standard. The average value of ‘10’ observations was recorded for each
composition. Figure 3 shows loading weight percentage of Al and Al2O3 in Nylon6
material. This is a comparative study of flow rate under similar processing conditions
and limits the practical level, up to which filler materials may be incorporated into
the thermoplastic polymers.

Depending upon the application, the tailor made properties may be inculcated by
varying the loading of the filler and binder materials. From MFI test, the indices of
pure ABS, pure Nylon6 are 2.415 gm/10 min and 10.61 gm/10 min respectively.
Nylon6 may be loaded up to a limit that its MFI should commensurate with pure
ABS material under similar processing conditions. The MFI value of 40% loading of
Al powder is 3.975 gm/10 min and 50% loading is 2.375 gm/10 min. So approxi-
mately 45% loading of Al is possible in Nylon 6 in order to obtain same flow rate and
flexibility as the ABS material have during the processing of in FDM process.
Similarly for Al2O3, less than 40% loading is possible.

For this experiment, up to 40% loading of filler materials in Nylon 6 was selected.
Table 3 summarized the weight proportions of compositions and their respective

Fig. 2 Melt flow test (a) Schematic of melt flow test; (b) Melt flow Tester

Fig. 3 MFI of Al and Al2O3
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MFI values are shown in Fig. 4. With the increase of Al2O3 content and decrease of
Al in composition, MFI value decreases. This is due to increase in the proportion of
large particle size in the matrix.

2.2 Fabrication of Filament on Single Screw Extruder

The 3D view, various specifications of single screw extruder are shown in Fig. 5 and
Table 4 respectively. The variable parameters of extrusion process are barrel tem-
perature, screw speed, die temperature, take up unit speed, water tank temperature
and die nozzle diameter. The die nozzle diameter is 4 mm and the diameter of
extruded filament was controlled by adjusting take up unit speed and water tank
temperature. The barrel was hard tempered in order to reduce the friction and wear
during the processing of composite materials. The screw and die nozzle was
chromed plated so that material flows continuously without sticking with screw
and nozzle surface.

Initially, number of trails were conducted and one set of parameters is selected
which gives the favorable responses such as uniform distribution of filler materials,
desired filament diameter with minimum deviation and strength. Table 5 shows the
value of selected combination of single screw extruder parameters.

Table 3 Weight proportion
of compositions

Composition Nylon 6 Al Al2O3

A 60 26 14

B 60 28 12

C 60 30 10

Fig. 4 MFI values of compositions
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2.2.1 Inspection and Testing

The suitability of composite material feedstock for FDM process is dependent upon
various factors such as processing conditions of material, during fabrication of
filament, homogenous particle dispersion of filler materials and binder material,
rheological and adhesion behavior of constituents. It is necessary to mention here
that the fabricated wire (Fig. 6a) was kept in dry place, due to hygroscopic nature of

Fig. 5 Screw extrusion
process

Table 4 Specifications of single screw extruder

Screw diameter
(mm)

L/D
ratio

No of heaters Screw speed
(rpm)

Take up unit speed
(rpm)Barrel Die

25 26 3 1 0–40 0–40

Table 5 Process parameters

Water tank
temperature

Barrel temp.
(�C)

Die temp.
(�C)

Screw speed
(rpm)

Take up speed
(rpm)

Material
composition

Room
temperature

170 205 35 27 A/B/C
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material. The inspection of filament diameter was done with digital micrometer
having range 0–25 mm and the least count 0.001 mm as shown in Fig. 6b. During
the fabrication of filament, it was found that the diameter remained within the range
of 1.75 � 0.03 mm.

2.2.2 Mechanical Testing

The tensile properties of composite material feedstock filaments were tested
according to ASTM-638 standard. Specimen sample for tensile testing is shown in
Fig. 7a and were tested on universal testing machine. The specimen, before and after
the testing is shown in Fig. 7b, c respectively. Five samples of each specimen were
taken and average of five measurements is summarized in Table 6.

Fig. 6 Inspection of Filament (a) Filament spool; (b) Inspection with micrometer

Fig. 7 Tensile testing of filament (a) specimen sample; (b and c) testing on universal tensile testing
machine
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2.2.3 Fabrication of Parts On FDM

After inspection, the composite material feedstock filament was spooled and then
loaded directly into the commercial FDM setup (u-PrintSE, Stratasys, USA). The
filaments of above selected three compositions were run without any interruption.
No buckling of material took place at the entrance of liquefier head, which shows
that the material has enough required strength and stiffness to force the material
through nozzle. This is because of its consistency, accurate diameter and uniform
distribution of filler materials. Sometimes it was observed that nozzle chocking has
taken place during the fabrication of parts as shown in Fig. 8. It should be noted that

Table 6 Tensile properties of various compositions

Composition/material
Tensile strength
(MPa)

% Elongation
@ break

Young’s modulus
(MPa)

A 21.40 18.62 582

B 21.53 12.74 760

C 21.65 8.56 1165

ABSa 22 6.0 1627

Note: asupplier’s data

Fig. 8 Parts fabrication on commercial FDM setup
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with the increase in proportion of abrasive material (Al2O3) content and particle size,
there will be effect on the life of liquefier head nozzle, the same has been controlled
by gradually selecting the smaller size abrasive particles so that material easily flow
through the passage of nozzle (Ø0.425 mm approx.) without chocking and eroding
its walls. During pilot run, it has been noticed that FDM nozzle chocked with the
increase of content and particle size of Al2O3. For the present case, the particle size
of Al and Al2O3 were 325 mesh (AFS No.) and 125 mesh (AFS No.) respectively
and the content of Al2O3 were limited up to 14% by weight. The Al metal has self-
lubricating property and produced no abrasion effect on nozzle. The nozzle designed
for FDM system was used to fabricate parts and there is no requirement of specially
designed nozzle for this work. The available FDM system can run Ø1.75 mm
filament only. For Ø 3 mm filament, the content of Al2O3 will increase and may
affect the life of nozzle. Further there are more chances of nozzle chocking with the
decrease of its diameter and only Nano scale filler materials may be accomplished for
un-interrupted flow of material through nozzle. Figure 9 shows fabricated parts.

2.2.4 Dynamic Mechanical Analysis

The DMA provides the information of polymeric material in dynamic state and
generally used to determine the stiffness and damping behavior of the material. The
tanδ, which is the ratio of storage modulus and loss modulus can be used as a
comparative estimate of the damping property of the composite material [11]. The
specimens for DMA analysis were fabricated with developed alternative material
feedstock filaments on FDM system without any modification in its hardware and
software. The rectangular shaped samples having specification
20 mm � 9.5 mm � 1.75 mm were for DMA analysis were prepared with solid
density mode having raster angle 45�/45� as shown in Fig. 10.

The measurements for viscoelastic properties of developed composite materials
and ABS material test specimens have been carried out in three point bending mode
on Netzesh DMA (model 242e, Germany) under air atmosphere with a temperature
range of 25–150 �C. The tests were performed at a fixed frequency of 1 Hz and

Fig. 9 Fabricated parts on FDM
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heating rate was 2 �C/min with a maximum dynamic force of 10 N. The specimens
were initially dried in a vacuum oven at a temperature of 50 �C for 8 h. The
characterization includes storage modulus, loss modulus and tanδ for qualitatively
and quantitatively investigating the effect of fillers (Al and Al2O3) in Nylon6 matrix.
Additionally, study highlights the shift of glass transition temperature and stiffness
of composite materials.

3 Results and Discussion

3.1 Rheological Properties

The rheological study of different compositions of Nylon6-Al-Al2O3 were carried
out according to ASTM D1238–73 standard in order to investigate the flow rate at
processing temperature in liquefier head of FDM system. It has been observed that
the incorporation of filler material in the matrix of Nylon 6 increases its viscosity as
compare to neat Nylon 6. Moreover it also increases with increase the particle size of
filler material. The MFI value of Al and Al2O3 was plotted on weight percentage
loading scale as shown in Fig. 3. The curve depicts that, for Al metal up to 45%
loading and for Al2O3 up to 40% loading in Nylon 6 matrix is possible. This is a
comparative result in order to predict the flow behavior, as ABS material has during
the processing in FDM system. It was observed from Fig. 4 that composition ‘C’
have high MFI value (2.31) and composition A has least (2.19). The flow behavior of
composition ‘C’ is almost same as the ABS material has, under same temperature
and pressure conditions according to ASTM D1238-73 standard. When flow rate
increase then desired value it causes improper building of part model and decreases
surface finish.

Fig. 10 FDM printed
samples for DMA
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3.2 Mechanical Properties

It has been established that as the proportion and size of filler material in polymeric
material increases, mechanical strength decreases [11–13]. The effect of reinforce-
ment of filler material on Young’s modulus is shown in Table 6. The Young’s
modulus and tensile strength of composite material is less than ABS material but
percentage elongation is more. This is due to the weak interaction of metallic
material with polymeric materials and formation of voids around metal particles
inside the structure. The Young’s modulus strongly and tensile strength slightly
decrease from the ABS material to those of composite materials and it increases with
increase in Al content. Moreover it should be noted that Al2O3 particle size is larger
than Al metal. The elongation at break shows significant change and increase with
filler content and particle size. It was realized from the test that tensile strength of
alternative material (composition ‘C’) filament has slightly lesser value than ABS
filament but no buckling of filament took place at the entrance of liquefier head of
FDM system during the fabrication of parts. The tensile strength decreases with the
increase of weight proportions of Al2O3. The reason is the poor compatibility of
Al2O3 material with binder material due to its abrasive nature. The filaments of
composition ‘A’ and ‘B’ frequently buckled due to poor mechanical properties and
causes nozzle chocking. So tensile testing of filament successfully determined the
compatibility of alternative material filament with FDM system.

3.3 Dynamic Mechanical Analysis

3.3.1 Viscoelastic Behavior of Composite Materials

The viscoelastic behavior of three different compositions of Nylon6-Al-Al2O3 were
studied in order to investigate the change in glass transition temperature and stiffness
of material at processing temperature in liquefier head of FDM system. The param-
eters such as storage modulus characterize the stiffness, loss modulus highlights the
energy dissipated in one loading cycle and loss factor (tan δ) represents the internal
resistance or mechanical damping of the polymeric based materials.

Storage Modulus (E0)

The reinforcement of filler material in Nylon 6 matrix increases its viscosity as
compare to neat Nylon 6. Moreover it also affected with the increase of filler material
particle size. The variation of storage modulus with temperature for composition A,
B and C are shown in Fig. 11. The higher value of storage modulus for composition
C is due to the increase in intermolecular bonding resulting from the presence of
large weight % proportion of Al than Al2O3 in Nylon 6 matrix. As already
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mentioned that the composition C contains 30% Al and 10% Al2O3 particles.
Moreover average particle size of Al and Al2O3 are 50 μm and 150 μm respectively.
Due to large particle size of Al2O3, the increase of its weight % proportions in Nylon
6 matrix causes poor interfacial bonding as in the case of composition A and B. In
addition to above Al metal have self-lubricating property and high thermal conduc-
tivity than Al2O3. The higher reinforcement of Al cause better heat and stress transfer
and retains better matrix adhesion. The higher value of storage modulus exhibits
high stiffness which shows that composition C has high stiffness as compared to
composition A and B. It is noteworthy that the increase in storage modulus due to
filler reinforcement is more noticeable in the rubbery region than glassy region as
compare to ABS material.

As the storage modulus indicates the capacity of material to store the input
mechanical energy, it decrease with the increase of temperature [14]. The storage
modulus is generally used for determining elastic properties of a polymeric based
materials. The curves shows that, initially at low temperature, the storage modulus
has high value and with the increase of temperature its value decreases gradually. In
the intermediate region of the curves, the transition from the glassy state or energy
elastic state to rubbery state or entropy elastic state occurs. This region indicates the
onset of chain mobility [14]. This trend remains the same for all the compositions
and is due to reinforcement of filler materials in the matrix. At elevated temperature,
the storage modulus drops which exhibits loss of stiffness. Among various compo-
sitions, composition C have maximum value of storage modulus in rubbery region
than other composites.
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Fig. 11 Schematic diagram of typical storage modulus curves vs. temperature
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Loss Modulus (E00)

The loss modulus highlights the viscous properties of a polymeric based materials
and represents energy lost as heat or dissipated during one cyclic load. Typical loss
modulus curves of above said three compositions as a function of temperature are
illustrated in Fig. 12. It should be noted that loss modulus was approximately steady
at low temperature and rises to peak value at the onset temperature, which indicates
the maximum heat dissipated per unit deformation [15]. The loss modulus of
composition A is higher followed by composition B and C. There are two explana-
tions for the change in peaks of loss modulus with the variation in weight pro-
portions of fillers. First the spherical shape of filler materials can enhance the energy
dissipation under the influence of dynamic load [16]. Secondly the polymer metal
slippage or filler particle- particle slippage are resisted at low temperature due to the
difference of coefficient of thermal expansion of polymer and fillers. The particle-
particle slippage dissipated more heat. As the amount Al2O3 in Nylon6 matrix
increases, the peak values of loss modulus increases. The high peak value of loss
modulus indicates that the intermolecular bonding is destroyed [15]. As
Figure shows that the effect of type of filler and amount of filler are found to
influence more on the value of loss modulus above the temperature of high peak
value [17]. The curve become broaden after peak value which indicates that differ-
ence in physical state of matrix surrounding the filler materials (Al and Al2O3). The
trend remains same for all the compositions.
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Fig. 12 Schematic diagram of typical loss modulus curves vs. temperature
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Loss Factor or tan δ (E00/E0)

The tan δ which is a ratio of loss modulus and storage modulus (ISO 6721-1) is
plotted as a function of temperature for the specimens prepared with three different
compositions (Fig. 13). A high value of loss factor of a polymeric material is
significative of non-elastic strain component, while low value reveals one that is
more elastic. The DMA determines not only damping or modulus but also for
suitable for glass transition temperature (Tg) measurements. As the change in
modulus under the influence of temperature is much more noticeable in DMA than
other techniques such as differential scanning calorimeter (DSC), so it is more
suitable for Tg measurements. Although Tg can be evaluated from the peaks of
loss factor and loss modulus but it is easy to measure from the peak of loss factor
(ASTM D 4065-2001). The maximum peak points of damping factor (tan δ)
highlights the glass transition temperature (Tg), which was found to be 82.5 �C,
87.6 �C and 93.5 �C of composition A, B and C respectively. Although the tan δ
results highlight that the composition C material has high stiffness followed by
composition B and A, but all these compositions have adequate stiffness to force the
material through liquefier head of FDM system. It was observed during the fabrica-
tion of samples for DMA analysis that feedstock filaments prepared by composition
C and B, runs successfully without buckling and chocking in liquefier head of FDM
system. However in case of composition A sometime material buckled during the
processing on FDM system. The reason is due to large particle size and amount of
Al2O3 filler particles in matrix. The reinforcement of filler material reduces the tan δ
curve peak by restricting the movement of polymer molecules [5]. With the filler
loading in Nylon 6 matrix, tan δ value decreases and Tg shows a shifting toward
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Fig. 13 Schematic diagram of typical tan δ curves vs. temperature
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higher value. The shifting of Tg, toward higher temperatures indicates the decreased
mobility of the chains with the reinforcement of fillers. The lowering of tan δ value
indicates the improvement in interfacial bonding within the alternative material
matrix [18]. Additionally, Tg, is considered as a measure of interfacial interaction
among the molecules. The composites with poor interface bonding tend to dissipate
more energy than those with good interfacial bonding [19]. Thus poor interface
bonding results in high tan δ value. So, it can be concluded that the alternative
material having composition C have more stiffness and glass transition temperature
than the rest compositions which indicates that good interfacial adhesion between
filler and matrix and is more suitable for FDM system.

3.3.2 Viscoelastic Behavior of ABS Material

The variation of the storage modulus, loss modulus and loss factor as a function of
temperature for ABS material is shown in Fig. 14. As explained above, in low
temperature region, the material is in glassy state. However, in this region ABS
material have storage modulus value less than alternative composite materials and
this difference remains throughout the experimentation. In the transition region,
curve shows a rapidly decrease in storage modulus to a constant value with the
increase of temperature but composite materials shows gradually decrease in its
value. This result indicates that ABS material have less stiffness than composite
materials. The loss modulus and loss factor curves of ABS material exhibited higher
peak value compared to those of composite materials. At temperature below glass
transition, ABS material have low loss modulus than those of composite materials
and the intensity of corresponding peak is also lower. For ABS, the glass transition
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Fig. 14 Schematic diagram of typical DMA curves of ABS material
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temperature corresponding to tan δ peak is 108 �C and its peak value is 0.228 which
is higher than composite materials. This is another reason that highlights low
stiffness due to higher molecular mobility in ABS material.

It had been established that the amount and size of filler materials in polymeric
material affects the dynamic mechanical properties. From the above discussion it is
realized that the composite materials possess good dynamic mechanical properties
than standard ABS material.

4 Design of Experiments

During pilot experimentation, a number of trails were conducted by some hit and
trail method and output of all these trails, gives a working range with in which
critical parameters such as composition, barrel temperature and die temperature can
be varied for the processing of alternative material on single screw extruder. Table 7
shows the levels of selected single screw extruder parameters. During the trial
experiment, it was worked out that, variation of parameters within these limits
produces a strong spool able filament suitable for FDM system and outside these
limits causes interrupted flow of material through screw extruder which causes
defects such as inconsistent diameter, ovality and poor strength of filament. However
in actual working conditions, the behavior of particular parameter is affected by the
level of other parameters due to their mutual interaction. Therefore, in order to
visualize the effect of variation of all factors, it is necessary to opt design of
experiments (DOEs) techniques. The DOEs techniques provide the simultaneous
variation of all the influencing factors and systematically evaluate the significance of
each factor. In full factorial design approach, large number of experiments are
required, which results in wastage of time, material and efforts [20]. The minimum
number of experiment required for the parametric optimization are calculated as:

L� 1ð Þ � P½ � þ 1 ¼ 7 � 9Experiment runs

Where L ¼ levels, P ¼ parameters

Table 7 Process parameters

Level
Material
composition (P1) Barrel temp. (P2) Die temp. (P3)

1 A 160 185

2 B 170 195

3 C 180 205
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4.1 Taguchi’s Approach

In this work, Taguchi’s approach was applied for design and analysis of experi-
ments. It is a most important statistical tool for designing effective systems at low
cost by optimizing the process parameters [21]. Taguchi’s L9 orthogonal array
(L9 OA) experiment design was considered for optimizing the screw extruder
parameters. This method provides a set of well-balanced minimum number of
experiments and optimum results are predicted by analyzing Signal to Noise ratios
(S/N). Three parameters such as material composition, barrel temperature and die
temperature were selected. The water tank temperature was kept at room temperature
(35 �C). Screw speed and take up unit speed was adjusted according to the diameter
of filament so that diameter should be remains within the specified limits
(1.75 � 0.03 mm).

As mentioned earlier, three factors each have three levels were used in the
investigation. The orthogonal array corresponding to three factors and three levels
is L9 as shown in Table 8. Each column represents a test parameters and test
condition is represented by each row, which is formed by the combination of
different levels of the selected parameters.

The inspection of filament diameter was done with digital micrometer having
range 0–25 mm and least count 0.001 mm as shown in Fig. 7b. During fabrication of
filament, it was found that diameter remains within the range of 1.75 � 0.03 mm.

4.2 Data Analysis Using ANOVA

ANOVA generally considered for the statistical validation of results [21]. It accounts
the variation of all sources as well as error sources. The experimental errors are due
to the replication of experiments. The ANOVA analysis was done on MINITAB
17 software. The signal to noise measures the sensitivity of quality characteristics
from desired value. Signals highlight the effect on average responses and noises
measures the deviations from output [22]. Based upon criterion, smaller is best for

Table 8 L9 OA experiment design

Experiment runs Composition/MFI Barrel temperature �C Die temperature �C
1 A/2.19 160 185

2 A/2.19 170 195

3 A/2.19 180 205

4 B/2.25 160 195

5 B/2.25 170 205

6 B/2.25 180 185

7 C/2.31 160 205

8 C/2.31 170 185

9 C/2.31 180 195
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performance characteristics were selected in this work. Table 9 shows the observed
values of filament diameter deviation after conducting three trails of nine experi-
mental runs.

Smaller is best minimizeð ÞS=N ¼ �10 log 1=n
X

y2
� �h i

Where ‘y’ is the output responses (diameter deviation), ‘n’ is the observations.

4.3 Analysis of Variance for SN ratios

The ANOVA with all the effects are shown in Table 10. The experimental error or
residual error have contribution 1.12% and as per thumb rule it should be <15%.
This shows that no important parameter have been excluded from the experiment.
Material composition (P1) have highest contribution followed by die temperature
(P3) and barrel temperature (P2).

Table 9 Experiment outputs

Experiment no.

Responses diameter deviation (mm)

Mean S/N ratioR1 R2 R3

1 0.048 0.049 0.049 0.0486667 26.2550

2 0.049 0.048 0.049 0.0486667 26.2550

3 0.050 0.049 0.049 0.0493333 26.1368

4 0.050 0.050 0.049 0.0496667 26.0783

5 0.050 0.050 0.050 0.0500000 26.0206

6 0.050 0.049 0.050 0.0496667 26.0783

7 0.050 0.050 0.050 0.0500000 26.0206

8 0.049 0.050 0.050 0.0496667 26.0783

9 0.050 0.050 0.050 0.0500000 26.0206

Note: R1, R2 and R3 are the three repetitions of experiments in order to reduce the experimental
error

Table 10 ANNOVA for SN ratios

Source DF Seg SS Adj SS Adj MS F P % Contribution

P1 2 0.055745 0.055745 0.027873 71.74 0.014 80.2

P2 2 0.003103 0.003103 0.001551 3.99 0.200 4.48

P3 2 0.009869 0.009869 0.004935 12.70 0.073 14.2

Residual error 2 0.000777 0.000777 0.0003888 1.12

Total 8 0.069494
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4.4 Significance of Process Parameters

As already mentioned earlier, the considered screw extruder parameters have three
levels. The main effects plot for SN ratios shows that two parameters such as barrel
temperature and die temperature shows relatively less changes as compare to
material composition with the variation from level 1 to level 3 as shown in
Fig. 15. In other words, it can be said that material composition is a significant
parameter in terms of its influence on response, whereas, barrel temperature and die
temperature are insignificant. The same trend is endorsed by ANNOVA for SN value
results (Table 10). The analysis was carried out with 95% confidence level. The F0.05
(2, 2) value from the standard table (critical values of F-distribution at 5%) is ‘19’.
Material composition has F value more than table value and remaining parameters
have less than table value. Therefore parameter having F value more than table value
is significant and remaining are insignificant. Additionally, P value of material
composition is <0.05, while barrel temperature and die temperature have >0.05.

4.5 Optimum Parameters

As the objective is to minimize the response, the optimum conditions were selected
based on lowest means of SN ratio value of each factor. The main effects plot for SN
ratios was used to determine the optimum combination of single screw extruder
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parameters. The plot (Fig. 15) shows the influence of single screw extruder param-
eters on the tensile strength of filament. The optimum parameters are 1st level of
composition (P11), 2nd level of barrel temperature (P22) and 1st level of die temper-
ature (P31) i.e. composition ‘A’ with barrel temperature 170 �C and die temperature
185 �C. The optimal levels of factors are selected to minimize the response value.
The optimum process parameters combination is P11 P22 P31 and it is predicted that
this combination have to give lowest diameter deviation of alternative material
filament. Since this combination was not included in the 9 experimental runs, so
diameter deviation in this case can be predicted by using following equation.

Predicted deviation ¼ �Tþ �
�P11 � �T

�þ �
�P22 � �T

�þ �
�P31 � �T

�

Where �T is the mean deviation, �P11, �P22 and �P31 represent mean deviation value as
shown in Table 11. Substituting the values in above equation, then Predicted
deviation is

¼ 0:04951778þ 0:04889� 0:04951778ð Þ þ 0:04944� 0:04951778ð Þ
þ 0:04933� 0:04951778ð Þ

¼ 0:04862mm

The response table for mean summarized the mean deviation value at different
parameters levels. The delta shows the difference between highest and lowest mean
value of parameters at different levels. The rank of parameters signifies relative
importance of parameters in terms of their influence on response i.e. higher the delta
value, higher is the influence of parameter on response. So parameter P1 is the
highest influencing parameter followed by P3 and P2 respectively.

4.6 Empirical Relationship

The above ANNOVA analysis realized that only material composition is significant
parameter and remaining two (barrel temperature and die temperature) are insignif-
icant. Thus the filament diameter deviation in the current investigation is a function
of parameter P1, P2 and P3 and it can be expressed as

Table 11 Response table for
mean

Level P1 P2 P3
1 0.04889 0.04944 0.04933

2 0.04978 0.04944 0.04944

3 0.04989 0.04967 0.04978

Delta 0.00100 0.00022 0.00044

Rank 1 3 2
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Tensile strength ¼ f P1; P2; P3ð Þ
By conducting linear regression analysis on MINITAB 17 software at 95%

confidence level, the regression equation is expressed as

Diameter deviation ¼ C1 þ C2P1 þ C3P2 þ C4P3
¼ 0:02455þ 0:00833P1 þ 0:000011P2 þ 0:000022P3

Where C1, C2, C3 and C4 are constants and their value depends upon the interaction
effect of main parameters.

The comparison of diameter deviation of alternative material filament between
experimental value and equation fitted value obtained from linear regression model
is shown in Fig. 16. For all experimental runs it can be realized that equation value is
close to the experimental value. The deviation of <1% was observed for nine
different combination of parameters runs. The developed equation accurately predict
the value of diameter deviation with the magnitude of variation <1%. Thus the
proposed equation is statistical suitable and accurately predict the influence of
considered major parameters and their levels on diameter deviation of Nylon6-Al-
Al2O3 alternative material filament.

5 Process Capability Study

Process capability study was conducted to compares the output responses of an
in-control process with the specified limits. This is generally used to realize the
capability of the process by comparing the actual process spread with the allowable
process spread and measured by process σ (standard deviation) levels. Higher is the
σ levels, better is the process performance. In this work, process capability was

Fig. 16 Experimental mean value and equation fitted value
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visualized through the statistical measurements of Cp and Cpk, with the help of
Process Capability Wizard and QI Micros software.

Cp ¼ USL� LSLð Þ=6σ
Cpk ¼ min USL� μð Þ=3σ; μ� LSLð Þ=3σ½ �

Where

USL ¼ Upper specification limit
LSL ¼ Lower specification limit
μ ¼ Mean deviation
σ ¼ Standard deviation
T ¼ Target value

From the above Taguchi based analysis, it was concluded that, the alternative
material filament fabricated on optimum combination of single screw extruder
parameters (P11 P22 and P31), shows minimum deviations in filament diameter. For
the successful loading of this filament in FDM system, it is necessary that, the
diameter should be consistent, with minimum ovality and within specified range.
The filament fabricated on the established optimum combination of parameters
shows consistency in diameter. Ten observations of filament diameter were taken
and analyzed with the help of ‘process capability wizard’ software as shown in
Table 12.

The Cp and Cpk values of the process are 1.43 and 1.354 respectively, which is
>1.33. The Cp and Cpk value >1.33 are generally considered for industry benchmark
[10]. Figure 17 shows process capability histogram to highlight that the process has
minimum variations and it consistently meets the target value. The X chart and R
chart (see Figs. 18 and 19) respectively shows that the process varies within the
range of 0.032 mm, which is less than the predicted value (0.0486 mm). Figure 20
shows normal probability plot with coefficient of determinant (R2) ¼ 0.9771 for
acceptability of process (for batch and mass production).

Table 12 Statistical analysis
of filament diameter

No of observations 10

USL 1.78

Target value, mean 1.75

LSL 1.72

Normality test AD Test Passed

Maximum value 1.769

Average 1.7516

Minimum value 1.737

Range 0.032

Standard deviation 0.010458

Cp 1.430

Cpk 1.354
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6 Conclusions

The significance of this study is to present a frame work for development of filament
for FDM system in terms of both academic research and industrial applications. The
study demonstrates the high potential of alternative material for FDM process with
its compatibility with FDM system and tailor made feature for RT and RM. This
novel methodology helps to produce parts having complex geometry with custom-
ized properties through FDM process. The experimentation outputs are summarized
as follows:

(i). A new alternate material containing Nylon6-Al-Al2O3 composite was
successfully developed for FDM process.

(ii). A comparative study of flow rate under similar processing conditions was
done by MFI and limits the reinforcement of filler content in polymer.
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Loading up to 40% by weight of Al + Al2O3 in Nylon 6 matrix is possible
for uninterrupted processing in FDM system.

(iii). The tensile strength, tensile modulus of composition A, B and C are 64%,
53%, 28% and 2.7%, 2.1%, 1.5% respectively lower than ABS material.
The elongation at break increases with filler content and particle size.

(iv). Dynamic mechanical analysis realized the structural investigations. The
basic evaluated viscoelastic properties were storage modulus, loss modulus
and loss factor.

(v). The storage modulus increases with the increase of filler amount in the
Nylon6 matrix and also causes shift of glass transition temperature toward
higher side. The increase of storage modulus highlights the good interfacial

Fig. 19 R- Chart for filament diameter

Fig. 20 Normal Probability plot for filament diameter
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adhesion between polymer filler particles. Among various compositions,
the composition C have rigid matrix.

(vi). The loss modulus curves which are indicative of the dissipated energy (heat
or stress) under cyclic load were found to be shifted to higher position with
the increase in Al2O3 content in matrix. Due to the abrasive nature of
Al2O3 particles, the internal friction among particles increase with increase
of particle contents. The reinforcement of filler content also causes broad-
ening of the loss modulus curve after peak which causes the suppression of
the relaxation process within the composite material. Higher value of loss
modulus signifies increase in internal friction and enhancement of energy
dissipation. The composition A have high peak value followed by compo-
sition B and C.

(vii). The glass transition temperature shifted toward higher side with reinforce-
ment of filler material in matrix. This is because of constrains imposed on
the mobility of molecules within the matrix. In case of composition C, tan δ
curve shows large shift toward right side in the graph, which indicates the
evidence of good interfacial bonding. Tan δ found to be lowest peak for
composition C compared to composition B and A.

(viii). Optimized process parameters were selected by using Taguchi approach
and ANNOVA method with the help of MINITAB 17 software. The
analysis realized the influence of major process parameters and their levels
on the response (diameter deviation) with the confidence level of 95%.
Composition of alternative filament material found to be most influential
parameter followed by die temperature and barrel temperature. The combi-
nation of optimum parameters is P11 P22 P31.

(ix). Based upon the above criteria of experimental design, a linear regression
equation was developed by the software and found to be valid for predicting
the diameter deviation of alternative feed stock FDM filament. The equation
predict the value of diameter deviation with the deviation of <1% as
compared to experimental value.

(x). The diameter of filament fabricated on optimum parameters of single screw
extruder have Cp and Cpk values 1.43 and 1.354 respectively, which is
>1.33. The process lies within the spread of �4σ and rejects <64 ppm
(parts per million). The process uses <75% specifications. Moreover, the
study highlights that, process has minimum variations and suitable for the
fabrication of alternative material filament.

(xi). The parts fabricated with these composite materials may be used for RT
applications (such as for development of grinding wheel with tailor made
contour in dentistry applications) or RM applications (such as development
of functionally graded material (Ref. Patent filed 2847/DEL/2013) prepared
by Al2O3 reinforced FDM based pattern in investment casting applications).
The Al parts casted by this process, contains Al2O3 particles on their outer
surface and were highly wear resistant than pure Al parts.
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Development of ABS-Graphene Blended
Feedstock Filament for FDM Process

Gurleen Singh Sandhu and Rupinder Singh

1 Evolution of Conducting Polymers

Polymers have been utilized as coating materials for different applications, for
example metal products are coated with plastic for protection against corrosion.
Polymers have been considered as an insulator at most of the times [1]. Since the
discovery of polyacetylene in 1977 by Shirakawa et al. different vital Conductive
polymers (CPs) have been researched continuously, including polypyrrole (PPy),
polyaniline (PANI), polythiophene (PT), and poly(p-phenylenevinylene) (PPV)
[2]. Moreover, polymeric conductive composites have been explored because of
their innumerable advantages over metals in various applicationsbecause they are
lightweight, have better processability, and are shock resistant. Power gadgets,
electric engines, generators, and thermal exchangers are some exemplary applica-
tions of conductive composites.

2 Acrylo Nitrile Butadiene Styrene and Graphene

Thermoplastics, or polymers, are among the least expensive materials that can be
utilized in addictive manufacturing (AM) processes.Some of the commonly used
thermoplastics in AM are: acrylonitile butadiene styrene (ABS), polylactic acid
(PLA), polyvinyl alcohol (PVA) and polycarbonate. The ABSis most widely used
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material for 3D printing, since it is lightweight, has great impact strength, easily
affordable, hard, rigid, has great chemical resistance and highly dimensionally stable
[3]. Further, carbon fillers, which have a high thermal and electrical conductivity,
can be reinforced in ABS polymer to make CP’s [4]. In this chapter, the ABS plastic
has been reinforced with two-dimensional (2D) carbon filler, commonly known
asGr. The Gr is an allotrope of carbon having single layer sp2 hybridization arranged
in a 2D hexagonal lattice. The material has been of intense interest because of its
mechanical, thermal, and electrical properties [5], which have manyfascinating
electronic and optoelectronic properties [6]. Therefore, reinforcement of Gr in
polymer matrices acts as an advantage for enhancing its mechanical, physical,
electrical and its optical properties.

3 Extraction of Gr

The Gr has attracted attention as a promising material to create new polymer nano-
composite due to its excellent properties and readily availability of its precursor,
Graphite [7]. Different techniques have been adopted commercially to achieve a fine
dispersion of Gr and polymer [8, 9].

In order to extract Gr from graphite powder a pilot experimentation has been
conducted. Firstly, chemical exfoliation of graphite powder has been performed with
chemical mixing of graphite with naphthalene powder in N-methyl pyrrolidone
(NMP) arrangement taken after by holding in ultrasonic bath for 90 min at 500 �C,
followed by centrifugation for 30 min at 3000 rpm at room temperature. The
naphthalene serves as a molecular wedge to intercalate into the edge of graphite,
which plays a key role during sonication (see Fig. 1a) and significantly improves the
production yield of Gr (see Fig. 1b, c). Continuous maturing for 24 h was contributed
for detachment of graphene layer from graphite. Pipetting was performed to gather
the disintegrated graphene layer. The graphene so obtained was then dried in hot air

Fig. 1 Extraction of Gr. (a) Sonication of graphite and NMP; (b) Formation of Gr layer; and (c)
Extracted Gr. (Source: Lab Data, Manufacturing Research Lab, Guru Nanak Dev Engineering
College, Ludhiana, India)
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oven at 70 �C for about an hour. Figure 2 shows the scanning electron microscope
(SEM) image of the extracted Gr.As observed from Fig. 2, uniform 2D structures
have been obtained. This means that the functional group of graphene has not been
disturbed. The present study highlights the alternative method for exfoliation of
graphite at the lab scale. In this work, out of 50 g graphite, around 3.7 g Gr was
finally extracted. Further chemical analysis may be conducted for ascertaining
whether the exfoliation is complete or not.This was not conducted in the present
study. Further the literature highlights that very few has been reported on in-house
development of an ABS–Gr feedstock filament (from low cost graphite material) for
FDM [12–14]. The ABS reinforced with Gr shows enhancement of its mechanical,
optical properties and electrical and thermal stability [15].

4 Materials

The commercially-available ABS was procured from local market (Batra Polymers,
Ludhiana, India) having melt flow index (MFI) of 2.9 g/10 min as per the ASTM D
1238-73 standard [10]. The graphite powder (thermal conductivity: 2–90 W/m K)
was supplied by Bharat Graphite Pvt. Ltd. (Ludhiana, India). The NMP and acetone
acted as dissolute and was supplied by Saiteja Chemicals, Hyderabad, India.

5 Twin Screw Extrusion

The compounding of thermoplastic materials on a mechanical scale is essentially
done in co-rotational twin-screw extruders (TSE). It is a machine with two different
single screws with an exceptionally adaptable economic process. The schematic of
TSE is shown in Fig. 3.

The commercially available Thermo Scientific HAAKE Mini CTW (Make:
Karlsruhe, Germany) was used for feedstock filament preparation. The screw

Fig. 2 Scanning electron
microscopy (SEM) image of
extracted Gr. (Source: Lab
Data, Manufacturing
Research Lab, Guru Nanak
Dev Engineering College,
Ludhiana, India)
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rotation speed of 200 RPMs with a load of 10 kg at 180 �C was regulated in order to
obtain a final diameter of the extruded filament of 1.75 � 0.10 mm. In case of
mechanical blending, the Gr and ABS were directly fed into the hopper of the TSE.
Finally, the polymer composite filament was prepared and fed to FDM for fabrica-
tion of functional prototypes [11].

6 Testing Techniques for ABS-Gr Blended Feedstock
Filament

6.1 Lee’s Method for Thermal Conductivity

Lee’s Disk technique was utilized to measure the thermal conductivity ofthe devel-
oped composite material. Experimental setup for Lee’s Disk method (see Fig. 4) has
two metal discs, a steam chamber, the specimen to be measured and two thermom-
eters to gauge the temperature inclination. The specimen is set in the middle of the
two metal discs (the thermometers are embedded into the metal plates) and the steam

Solids
Conveying

Melting Melt Pumping

Fig. 3 Schematic of TSE

Fig. 4 Experimental setup for Lee’s Disc
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chamber is set on top of the top metal circle. During the experiment, water is heated
to create steam, which is then pushed through a steam chamber which is straight-
forwardly over one of the metal circles with a thermometer in it.

This steam makes the metal disc warm up and exchange warmth to the sample
that is being tested, thus, exchanges warmth to the base metal disc, which loses
warmth to convection. After a specific time, each of the two metal discs achieves
consistent temperature. The two temperatures are distinctive and are utilized to
calculate the thermal conductivity.

6.2 Measurement of Electrical Conductivity

The capacity of a material; to convey current is measured in terms of electrical
conductivity. It is a characteristic property of a material, indicated by ‘σ’ while
Siemens per meter (S/m) is its SI unit.

In order to calculate electrical conductivity, the famous Ohms law can be used.
George Ohm found that, at a steady temperature, the current flowing through a
settled straight resistance is specifically corresponding to the voltage, and further-
more inversely proportional to the resistance. This relation between the Voltage,
Current and Resistance forms the basis of Ohms Law and is demonstrated as
follows.

Current Ið Þ ¼ Voltage Vð Þ
Resistance Rð Þ in Amperes Að Þ

The other way to calculate the Resistance (R) of the sample is as follows:

R ¼ ρl

A

Where,

ρ ¼ Resistivity
l ¼ length of the sample
A ¼ Area of cross section of the sample

It is assumed that the current is uniform over the cross-range of the wire, which is
real only for Direct Current.

The reverse of resistivity is called Conductivity. There are settings where the
usage of conductivity is more favourable.

Electrical conductivity, σ ¼ 1
ρ
, in Siemens-metre S-mð Þ

In order to conduct the experiment to measure electrical conductivity, schematic
circuit is shown in Fig. 5.
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6.3 Measurement of Porosity and Hardness

Porosity is essentially an undesirable property which arises when any material while
cooling or getting changed into solid state from fluid or softening stage catches some
air particles into immaculate lattice of material in this way by causing loss of some
imperative mechanical properties. The inverted microscope has been used in this
study for measurement of porosity. Hardness is another important mechanical
property to consider, which measures the material’s resistance to plastic deforma-
tion. For polymeric materials hardness is normally examined at Shore scale. Scale
Shore A is utilized in checking elastomers (like rubbers) and scale Shore D scale is
used to identify the hard elastomers (like thermoplastics and thermosets).

7 Optimisation Study of Process Parameter of FDM

After the preparation of ABS-Gr composite feedstock filament wire on TSE, the
filament wire was fed to FDM. A. STL (sterelithography) file of the disc shaped
sample was prepared and had been fedto the FDM setup for fabricationof discs
(functional prototype, selected as bench mark). Table 1 shows selected FDM process
parameters for part fabrication.

Figure 6 shows pictorial view of designed disc, FDM setup and finally prepared
disc (selected as bench mark/ functional prototype).

Table 2 shows the control log of experimentation as per Taguchi L8 orthogonal
array.

Based upon Table 2, the electrical conductivity, thermal conductivity, Porosity
and Shore D Hardness has been measured. The experiment was repeated three times
in order to reduce the experimentation error.

Fig. 5 Schematic for calculation of electrical conductivity
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Table 1 FDM process
parameter for part fabrication

Process variable Operating conditions

Nozzle diameter 0.3 mm

Filament diameter 1.75 mm

Layer height 0.4 mm

Perimeter 3

Solid layers Top-3, Bottom-3

Fill density 0.8

Fill pattern Honeycomb

Perimeter speed 30 mm/sec

Infill speed 60 mm/sec

Travel speed 130 mm/sec

Extruder temperature 240 �C
Bed temperature 55 �C

Fig. 6 FDM setup and the fabricated disc. (Source: Lab Data, Manufacturing Research Lab, Guru
Nanak Dev Engineering College, Ludhiana, India)

Table 2 Control log of experiment

Blending process Proportion (by weight) Infill density (%)

Chemical 75:25 50

Chemical 75:25 100

Chemical 90:10 50

Chemical 90:10 100

Mechanical 75:25 50

Mechanical 75:25 100

Mechanical 90:10 50

Mechanical 90:10 100
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8 Analysis of Electrical Conductivity Test

The obtained results for electrical conductivity value were calculated for ‘larger is
better’ case using Minitab17. Table 3 gives the utmost value of electrical conduc-
tivity 7.29 S/m obtained at experiment condition number 2 at proportion 75:25 and
density 100%.

Figure 7 shows the main effects plot for SN ratios of electrical conductivity. As
observed from Fig. 7 electrical conductivity value obtained at level 1 of process,
Level 1 of proportion and Level 2 of density give the maximum value. This outcome
may be credited to the chemical dissolute sample with proportion 75:25 and in-fill
density of 100%.

Residual error was obtained as 4.10% (Table 4) with maximum contribution of
Proportion (Table 5) i.e. 41.44% predicts the model for electrical conductivity of
chemically dissolute sample with proportion 75:25 and in-fill density of 100% value
has high accuracy. The results are at 95% confidence level.
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Fig. 7 Main effects plot for SN ratios of electrical conductivity

Table 3 Electrical conductivity of tested sample with SN ratios

Process Proportion Density Electrical conductivity SNRA1

Chemical 75:25 50 4.82 13.6609

Chemical 75:25 100 7.29 17.2546

Chemical 90:10 50 3.50 10.8814

Chemical 90:10 100 5.07 14.1002

Mechanical 75:25 50 4.30 12.6694

Mechanical 75:25 100 4.85 13.7148

Mechanical 90:10 50 2.60 8.2995

Mechanical 90:10 100 3.63 11.1981
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The optimum value for electrical conductivity has been calculated using formula:

ηopt ¼ mþ mA1 �mð Þ þ mB1 �mð Þ þ mC2 �mð Þ

Where, m is overall mean of SN data, mA1is mean of SN data for Process at level 1,
mB1 is mean of SN data for Proportion at level 1, mC2 is mean of SN data for Density
at level 2.

yopt
2 ¼ (1/10)ηopt/10 for properties, lesser is better.

yopt
2 ¼ (10)ηopt / 10 for properties, Larger is better

Overall mean of SN ratio (m) was taken from Minitab17

m ¼ 12:7

Now, signal to noise ratio from response table, mA1 ¼ 13.97, mB1 ¼ 14.32,
mC2 ¼ 14.07.

From here,

ηopt ¼ 16:96

Now, yopt
2 ¼ 10ð Þηopt=10

yopt ¼ 7:05 S

So, optimum electrical conductivity is 7.05 S while the observed value at these
setting is 7.29 S.

Table 4 Analysis of variance for SN ratios of electrical conductivity

Source DF Seq SS Adj SS Adj MS F P

Process 1 12.538 12.538 12.538 24.64 0.008

Proportion 1 20.546 20.546 20.5459 40.37 0.003

Density 1 14.463 14.463 14.4629 28.42 0.006

Residual error 4 2.036 2.036 0.5089

Total 7 49.582

DFDegree of freedom, Seq SS Sequential sums of squares, Adj SSAdjusted sum of squares, Adj MS
Adjustedmean squares

Table 5 SN ratio response
table (larger is better)

Level Process Proportion Density

1 13.97 14.32 11.38

2 11.47 11.12 14.07

Delta 2.50 3.21 2.69

Rank 3 1 2
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9 Analysis of Thermal Conductivity Test

The obtained results for thermal conductivity value were calculated for ‘larger is
better’ case using Minitab17.Table 6 gives the utmost value of thermal conductivity
17.60 W/mK obtained at experiment condition number 2 at proportion 75:25 and
density 100%.

Figure 8 shows the main effects plot for SN ratios of electrical conductivity. As
observed from Fig. 8 the thermal conductivityobtained at level 1 of Process, Level
1 of Proportion and Level 2 of density provides the maximum value of thermal
Conductivity. This outcome may be credited to the chemical dissolute sample with
proportion 75:25 and in-fill density of 100%.

Residual error was obtained as 1.22% (Table 7) with maximum contribution of
process of blending i.e. 20.45% (Table 8) predicts the model for thermal

Table 6 Thermal conductivity of tested sample with SN ratios

Process Proportion Density Thermal conductivity SNRA1

Chemical 75:25 50 8.85 18.9389

Chemical 75:25 100 17.60 24.9103

Chemical 90:10 50 6.36 16.0691

Chemical 90:10 100 12.43 21.8894

Mechanical 75:25 50 2.40 7.6042

Mechanical 75:25 100 4.65 13.3491

Mechanical 90:10 50 2.41 7.6403

Mechanical 90:10 100 3.99 12.0195
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Fig. 8 Main effects plot for SN ratios of thermal conductivity
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conductivity of chemically dissolute sample with proportion 75:25 and in-fill density
of 100% value has high accuracy. The results are at 95% confidence level.

The optimum value for thermal conductivity has been calculated using the
formula:

ηopt ¼ mþ mA1 �mð Þ þ mB1 �mð Þ þ mC2 �mð Þ

where, m is overall mean of SN data, mA1 is mean of SN datafor Process at level
1, mB1 is mean of SN data for Proportion at level 1, mC2 is mean of SN data for
Density at level 2.Overall mean of SN ratio (m) was taken from Minitab17:

m ¼ 15:3

Now, from response table of signal to noise ratio, mA1 ¼ 20.45, mB1 ¼ 16.20,
mC2 ¼ 18.04.

From here,

ηopt ¼ 24:09

And,

yopt ¼ 16:01 W=mK

Hence, Optimum Thermal conductivity is 16.01 W/mK while the observed value
was 17.60 W/mK.

Table 7 Analysis of variance for SN ratios of thermal conductivity

Source DF Seq SS Adj SS Adj MS F P

Process 1 212.124 212.124 212.124 245.14 0.000

Proportion 1 6.451 6.451 6.451 7.46 0.052

Density 1 60.037 60.037 60.037 69.38 0.001

Residual error 4 3.461 3.461 0.865

Total 7 282.074

Table 8 SN ratio response
table (larger is better)

Level Process Proportion Density

1 20.45 16.20 12.56

2 10.15 14.40 18.04

Delta 10.30 1.80 5.48

Rank 1 3 2
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10 Analysis of Porosity

The obtained results for Porosity value were calculated for ‘smaller is better’ case
using Minitab17. Table 9 gives the least value of porosity 12.05 obtained at
experiment condition number 1 at proportion 75:25 and density 50%.

Figure 9 shows the main effects plot for SN ratios of porosity. As observed from
Fig. 9 the porosity obtained at level 1 of Process, Level 1 of Proportion and Level
1 of density provides the most favourable value of Porosity. This outcome may be
credited to the chemical dissolute sample with proportion 75:25 and in-fill density of
50%.

Residual error was obtained as 5.02% (Table 10) with maximum contribution of
process of blending (Table 11) predicts the model for porosity of chemically
dissolute sample with proportion 75:25 and in-fill density of 50% value has high
accuracy. The results are at 95% confidence level.

Table 9 Porosity of tested
sample with SN ratios

Process Proportion Density Porosity SNRA1

Chemical 75:25 50 12.05 �21.6197

Chemical 75:25 100 21.76 �26.7532

Chemical 90:10 50 19.02 �25.5842

Chemical 90:10 100 22.26 �26.9505

Mechanical 75:25 50 22.61 �27.0860

Mechanical 75:25 100 31.78 �30.0431

Mechanical 90:10 50 27.58 �28.8119

Mechanical 90:10 100 44.84 �33.0333
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Fig. 9 Main effects graph for SN ratios of porosity

290 G. S. Sandhu and R. Singh



The optimum value for porosity has been calculated using the formula:

ηopt ¼ mþ mA1 �mð Þ þ mB1 �mð Þ þ mC1 �mð Þ

Where, m is overall mean of SN data, mA1 is mean of SN data for Process at level
1, mB1 is mean of SN data for Proportion at level 1, mC1 is mean of SN data for
Density at level 1.

Overall mean of SN ratio (m) was taken from Minitab17.

m ¼ �27:4866667

Now, from response table of signal to noise ratio, mA1 ¼ � 25.23, mB1¼�26.38,
mC1 ¼ �25.78.

From here,

ηopt ¼ �22:4166666

and, yopt ¼ 13:20

Hence, Optimum Porosity is 13.20 while the observed value is 12.05.

11 Analysis of Shore Hardness

The obtained results for shore hardness value were calculated for ‘larger is better’
case using Minitab17. Table 12 gives the utmost value of shore hardness 67.4 shore
D obtained at experiment condition number 4 at proportion 90:10 and density 100%.

Figure 10 shows the main effects plot for SN ratios ofShore hardness. As
observed from Fig. 10 the shore hardness obtained at level 1 of Process, Level
2 of Proportion and Level 2 of density provides the most favourable value of shore

Table 10 Analysis of variance for SN ratios of porosity

Source DF Seq SS Adj SS Adj MS F P

Process 1 40.800 40.800 40.800 40.36 0.003

Proportion 1 9.852 9.852 9.852 9.75 0.035

Density 1 23.387 23.387 23.387 23.14 0.009

Residual error 4 4.043 4.043 1.011

Total 7 78.083

Table 11 SN ratio response
table (Smaller is better)

Level Process Proportion Density

1 �25.23 �26.38 �25.78

2 �29.74 �28.59 �29.20

Delta 4.52 2.22 3.42

Rank 1 3 2

Development of ABS-Graphene Blended Feedstock Filament for FDM Process 291



hardness. This outcome may be credited to the chemical dissolute sample with
proportion 75:25 and in-fill density of 50%.

Residual error was obtained as 7.4% (Table 13) with maximum contribution of
in-fill density (Table 14) predicts the model for porosity of chemically dissolute

Table 12 Shore hardness of
tested sample with SN ratios

Process Proportion Density Hardness SNRA1

Chemical 75:25 50 53.6 34.5833

Chemical 75:25 100 66.3 36.4303

Chemical 90:10 50 55.7 34.9171

Chemical 90:10 100 67.4 36.5732

Mechanical 75:25 50 52.4 34.3866

Mechanical 75:25 100 63.1 36.0006

Mechanical 90:10 50 59.6 35.5049

Mechanical 90:10 100 66.0 36.3909
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Fig. 10 Main effectsplot for SN ratios of shore hardness

Table 13 Analysis of variance for SN ratios of shore hardness

Source DF Seq SS Adj SS Adj MS F P

Process 1 0.00610 0.00610 0.00610 0.06 0.817

Proportion 1 0.49269 0.49269 0.49269 4.92 0.091

Density 1 4.50448 4.50448 4.50448 44.99 0.003

Residual error 4 0.40049 0.40049 0.10012

Total 7 5.40375
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sample with proportion 90:10 and in-fill density of 100% value has high accuracy.
The results are at 95% confidence level.

The optimum value for shore hardness has been calculated using the taguchi
designed formula as follows:

ηopt ¼ mþ mA1 �mð Þ þ mB2 �mð Þ þ mC2 �mð Þ

Where, m is overall mean of SN data, mA1 is mean of SN data for Process at level
1, mB2 is mean of SN data for Proportion at level 2, mC2 is mean of SN data for
Density at level 2.

Overall mean of SN ratio (m) was taken from Minitab17

m ¼ 35:6

Now, from response table of signal to noise ratio, mA1 ¼ 35.63, mB2 ¼ 35.85,
mC2 ¼ 36.35.

From here,

ηopt ¼ 36:63

And, yopt ¼ 67:84

Hence, Optimum Shore D Hardness is 67.84 while the observed value was 67.4.

12 Optical Micrograph Observations for Porosity

Porosity is essentially an undesirable property which begins when any material while
cooling or getting changed over into strong state from fluid or softening stage
ensnares some air particles into immaculate lattice of material in this way by causing
loss of some imperative mechanical, electrical and thermal properties. So less is the
porosity better will be the mechanical properties of material, better will be the
electrical as well as thermal properties.

The samples prepared were examined for porosity through optical microscope at
100X (see Fig. 11) as per ASTM E2015–04 [16].

Table 14 SN ratio response
table (larger is better)

Level Process Proportion Density

1 35.63 35.35 34.85

2 35.57 35.85 36.35

Delta 0.06 0.50 1.50

Rank 3 2 1
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13 Differential Scanning Calorimeter

For the present study, METTLER TOLEDO model DSC3 with STARe(SW 14.00)
has been used to examine the glass transition temperatures of two different methods
(chemical and mechanical). Two successive cycles – heating and cooling has been
run on DSC. The temperature range was set from 30 �C to 280 �C at an increasing
rate of 10 K/min, in the presence of N2 gas at flow rate 50 ml/min. Figures 12 and 13
shows the DSC graphs for chemically and mechanically blended samples. As shown
in Fig. 12, small drop was observed for glass transition in the first heating cycle
(104.37 �C), while 105.77 �C during the second heating cycle. The glass transition
temperature of virgin ABS is 105 �C. Similarly for mechanically blended sample
with proportion 75:25 and 100% in-fill density, a small drop occurred in the curve
having value 97.76 �C shows glass transition in the first heating cycle, while
98.25 �C during the second heating cycle (see Fig. 13). The glass transition temper-
ature shows that the observed values in chemically blended samples are much closer
to the glass transition temperature of ABS i.e. 105 �C while in case of mechanically
blended samples the temperature range is quite far. However these samples are
thermally stable and can be successfully recycled.

Process: Chemical
Proportion:

75:25
Density: 100%
Porosity: 21.76

Process: Chemical 
Proportion: 75:25

Density: 50%
Porosity: 12.05

Process: Chemical 
Proportion: 90:10

Density: 100%
Porosity: 22.26

Process: Chemical 
Proportion: 90:10

Density: 50%
Porosity: 19.02

Process: Mechanical
Proportion: 75:25

Density: 100%
Porosity: 31.78

Process: Mechanical
Proportion: 75:25

Density: 50%
Porosity: 22.61

Process: 
Mechanical

Proportion: 90:10
Density: 100%
Porosity: 44.84

Process: Mechanical 
Proportion: 90:10 

Density: 50%
Porosity: 27.58

Fig. 11 Optical micrographic views for ABS-Graphene chemically and mechanically blended
samples. (Source: Lab Data, Manufacturing Research Lab, Guru Nanak Dev Engineering College,
Ludhiana, India)
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Fig. 12 DSC graph for chemically blended sample with proportion 75:25 and 100% infill density.
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Fig. 13 DSC graph for mechanically blended sample with proportion 75:25 and 100% infill
density. (Source: Lab Data, Manufacturing Research Lab, Guru Nanak Dev Engineering College,
Ludhiana, India)
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14 Summary

In this research study, ABS-Gr filament of FDM has been successfully prepared.
Further, investigations for electrical conductivity, thermal conductivity, porosity and
shore hardness were made. Following are the conclusions from this study.

1. The best settings for electrical conductivity of ABS-Gr mix are: Chemical
Dissolution with Proportion 75% ABS and 25% Gr by weight having in-fill
Density 100%

The best settings for thermal properties of ABS-Gr blend are: Chemical
Dissolution with Proportion 75% ABS and 25% Gr by weight having in-fill
Density 100%

The best settings for porosity analysis of ABS-Gr blend are: Chemical Disso-
lution with Proportion 75% ABS and 25% Gr by weight having in-fill Density
50%

The best settings for good hardness of ABS-Gr blend are: Chemical Dissolu-
tion with Proportion 90% ABS and 10% Gr having in-fill Density 100%

2. For electrical conductivity, proportion of Gr in ABS matrix (by weight) is the
significant factor. Similarly for thermal conductivity, process of blending is the
significant factor in developing ABS-Gr blend.

3. As regards to porosity, process of blending is the significant factor in developing
ABS-Gr blend. For shore hardness, in-fill density is the significant factor in
developing ABS-Gr blend.

4. Based on optical micrographic views, the best porosity results are obtained in the
chemical dissolute sample with proportion 75:25 and density 50% while the best
porosity results in case of mechanically blended samples was with the proportion
75:25 and density of 50%. As observed, sample 2 has minimum porosity, which
may have contributed for better thermal and electrical properties.

5. The glass transition temperature shows that the observed values in chemically
blended samples are much closer to the glass transition temperature of ABS
i.e. 105 �C, therefore, these samples can be successfully recycled.

6. Finally the functional prototypes so prepared can be used as sensors and actuators
as the thermal and electrical properties have been incorporated in the polymeric
materials.
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ing Research Lab (Dept. of Production Engg., Guru Nanak Dev Engg. College, Ludhiana, India) for
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Investigate the Effects of the Laser Cladding
Parameters on the Microstructure, Phases
Formation, Mechanical and Corrosion
Properties of Metallic Glasses Coatings
for Biomedical Implant Application

Mahmoud Z. Ibrahim, Ahmed A. D. Sarhan, M. O. Shaikh, T. Y. Kuo,
Farazila Yusuf, and M. Hamdi

1 Introduction

Metallic glasses (MG) or amorphous metals are the description of non-crystalline
metals. Conventionally, metals tend to form crystalline structure during transition
from liquid to solid state. For MG, the atoms are randomly arranged in the matrix
showing no crystals or no ordered-arrangement of atoms [3]. In Fig. 1, a scanning
electron microscope (SEM) image showing the difference between the amorphous
and crystalline phases of Zr-based MG sample, and Fig. 2 shows the corresponding
X-ray diffraction pattern (XRD) [4]. The MG systems have superior mechanical
properties and promising tribological and corrosion resistance ability [5]. These
superior properties are owing to the homogeneous single phase structure (amorphous
structure), no grain boundaries, no dislocations and other crystal defects [5–7].
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1.1 Evolution of MG

In 1960, the first MG was proposed. The MG was produced under super cooling
rates (cooling rate reached 106 K/s) to preserve the amorphous structure of liquid
metal. Because of the challenging requirements of the excessive cooling rates, only
thin ribbons (~10 μm) and limited dimensions could be produced [3]. Chen and
Turnbull performed detailed investigations on the crystallization process of MG and
later they succeeded to extend the critical thickness of the MG castings to 1 mm [8].

Further researcher focused on increasing the critical casting thickness of the MG
until Peker and Johnson introduced Vitreloy 1 (Zr41.2Ti13.8Cu12.5Ni10Be22.5)
with high glass forming ability (GFA) at relatively low cooling rates (10 K/s or less)

Fig. 1 SEM image of Zr-based MG (a) full amorphous phase, (b) Combined amorphous phase
(A) with crystalline phases (B,C) [4]
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[9]. Recent researches reported that higher GFA can be achieved (from 0.1 K/s to
100 K/s) by applying the following rules; (1) multicomponent MG system (three or
more elements), (2) significant differences in the atomic sizes of the main elements,
(3) deep eutectics in the phase diagram of the alloys, (4) large difference between the
glass transition temperature (Tg) and crystallization temperature (Tx) [10]. These
rules enabled the fabrication of larger MG objects (up to few centimeters) and
emerged them in structural applications. Figure 3 shows the development of MG
systems in last few decades.

For various applications and different industries, different metal-based MG
systems were proposed. The most common MG systems are the Fe, Zr, Ti, Co, Ni,
Pt, Mg, Pd and Cu-based MG. Figure 4 shows the maximum diameter – which can
represent the GFA – of different MG systems that can be fabricated with the
corresponding discovery year [12].

1.2 Mechanical Properties of MG

As mentioned above, MG exhibits superior mechanical properties and tribological
and corrosion characteristics compared to the conventional known crystalline metal-
lic alloys. Because of the excellent corrosion resistance of MG and proved biocom-
patibility, MG is considered a promising candidate for biomedical application
[13]. The mechanical properties of common MG systems in biomedical applications
are stated in Table 1. It is noted that MG systems exceeds the mechanical properties
of the common metallic alloys. It is worth mentioning that Zr-based MG showed
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Fig. 3 Historic advances in MG systems [11]
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promising GFA which allow fabrication of larger objects, and in the other side,
Ti-based MG has the lowest GFA. This results in high potential to apply Zr-based
and Fe-based in biomedical implants. However, biodegradable MG (Ca- and Mg-
based MG) has lower Young’s modulus close to the cortical bone which reduce the
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Table 1 Mechanical properties of common biomedical MG systems compared to the most popular
biomedical metallic alloys [2, 13, 14]

Material
Critical
diameter, mm

Compressive strength/
(UTS), MPa

Young’s
modulus

Vickers’s hardness,
Hv (HRC)

Ti-alloy (241–896) 40–115 (30–39)

Co-alloy (650–1900) 200–240 (40–47)

Stainless
steel

(490–1700) 200–220 (25–50)

Ti-based
MG

2–5 1200–2640 80–119 530–816

Zr-based
MG

3–20 1450–2158 68–102 411–590

Fe-based
MG

2–16 2500–4200 176–220 845–1253

Ca-based
MG

0.9–6 364–600 19.4–46 0.7–1.42

Mg-based
MG

0.025–6 550–848 35–66 2.16–4 GPa

Cortical
bone

50–150 1–20
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effect of stress shielding, but they exhibit relatively low strength compared to the
other MG systems. This brings such MG to more investigation to ensure durability
and acceptable performance when implanted. Figure 5 shows graphical comparison
between the different metallic alloys and MG used in biomedical applications.

Generally, all MG suffer from brittleness and low toughness compared to crys-
talline alloys. This drawback hinders the application of MG and represent challeng-
ing for fabricating MG. So, great effort was focused on toughening MG through
developing mixed structure (amorphous structure with dendrite crystalline struc-
ture). This mixed structure – usually called dendrite reinforced amorphous compos-
ite – can enhance the Poisson’s ratio and the increase the compressive ductility by
30%, [15]. These advances promote the applications of MG in biomedical implants
products (Fig. 6).

1.3 Biocompatibility of MG Systems

According to D. Williams, biocompatibility is defined as “the ability of a biomaterial
to perform its desired function with respect to a medical therapy, without eliciting
any undesirable local or systemic effects in the recipient or beneficiary of that
therapy, but generating the most appropriate beneficial cellular or tissue response
in that specific situation, and optimizing the clinically relevant performance of that
therapy” [16]. From this definition, a biocompatible material should meet the
following requirements;
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1. High corrosion resistance, the material should exhibit lower ion release within the
hosting body, so reduce the hazardous effect of released ions, and hence, prevent
further side-effects of these ions.

2. Non-toxic, the material is not considered as cytotoxic, in other words, the material
used is not destroying cells and living tissues in contact

3. Allergy-free, the material should be accepted by the hosting body without
irritation or inflammation.

4. Suitable mechanical properties, to be able to withstand the conditions of different
loadings during operation.

5. And acceptable osteointegration, in terms of ability to bond with the living tissue.

Generally, metallic alloys were considered to have acceptable biocompatibility.
However, all the developed metallic alloys failed to show excellent durability in
bone-implants applications. In the other side, MG systems proved to be an excellent
substitute of conventional metallic alloys.

Generally, most of the MG systems exhibit high corrosion resistance due to the
single glassy phase as mentioned above [7]. X. Lan et al. reported the enhanced
tribological properties of Ti-based MG specially after the addition of Sn. The results
showed high hardness values which indicate excellent wear resistance [17].
A cytotoxicity evaluation study revealed the excellent biocompatibility of
Fe-based MG and revealed the promising potential in bone-implants and dental
applications, [18]. Many other studies proved the excellent biocorrosion properties
of MG and their potential in different biomedical applications [19–22] (Fig. 7).
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2 Techniques to Fabricate MG

Different techniques were developed to fabricate metallic glass objects. These
techniques were subjected to exhibit rapid cooling sufficient to form the amorphous
structure. Starting from micron-sized thickness ribbons to cylinders with few

Fig. 7 Ion-release of three different Fe-based MG and 316 L SS in (a) Hank’s solution, (b) artificial
saliva [18]
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centimeters in diameter, researchers succeeded to develop many fabrication tech-
niques to produce MG products. GFA of available MG systems still lack to produce
larger size products. This limitation represents a challenging research area for further
emerging MG in more applications.

In this section, different available MG production techniques are discussed.

2.1 Melt Spinning

Melt spinning is the most common technique to produce high quality amorphous
ribbons. This technique is able to produce continuous thin ribbon (20–30 μm) with
different widths. This technique is based on injecting molten metal through certain
nozzle onto rotating wheel. The wheel is made from copper, so it allows rapid
solidification of the molten metal forming very thin ribbon. This technique can
achieve more than 105 K/s cooling rate [23].

Different parameters affect the quality and thickness of produced ribbons. Wheel
rotating speed, melt temperature, injecting gas pressure, and nozzle-wheel gap are
the main parameters. It was reported that smaller gap results in better surface quality
of ribbons and hence, higher degree of amorphous structure [24] (Fig. 8).

2.2 Casting

Typical casting of MG using water-cooled copper molds is commonly used to
produce MG ingots. The process is based on melting the MG in inert gas atmosphere
– to prevent further oxidations – using electric arc, then inject the melt into copper

Fig. 8 Melt spinning
technique to produce MG
ribbon [25]
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mold through negative gas pressure. The copper mold facilitates high cooling rates
sufficient for glassy phase formation [26]. Figure 9 shows schematic of copper-mold
casting technique.

T. Zhang et al. developed a novel technique for continuous casting of MG. The
authors succeeded to produce Zr-based MG rod with 10 mm diameter rod and
several tens centimeters long. The authors proposed horizontal continuous casting
system equipped with water-cooled mold at the exit as shown in Fig. 10 [27].

2.3 Additive Manufacturing

Additive manufacturing (AM) – or 3D printing – propose fabrication technique
based on adding successive layers to build objects. The process is categorized into
three categories: powder-based, liquid-based and solid-based [28]. The powder and
solid-based process can be used for almost all materials, while the liquid-based is
limited to certain photosensitive polymers. However, powder-based and liquid-

With a pressure of -0.05 MPaIn Ar

Tungsten electrode

Electric arc

Melt drop

Water cooled copper crucible

Graphite tube

Copper mold

Cavity with negative pressure

Gas pumping out

Fig. 9 Copper-mold
injection casting used for
MG production

Fig. 10 Schematic of
continuous casting system
proposed by T. Zhang et al
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based are attracting more attention because of higher accuracy and precision. AM
has become of great interest because of their relatively lower cost – compared to
conventional manufacturing techniques – flexibility, and ability to produce complex
objects in shorter times [29].

In 1980’s, rapid prototyping was introduced as the first form of AM technology.
The proposed technique was developed to produce 3D objects using CAD software.
This technology facilitated the implementation of complex designs with low cost and
in short time. Later, stereolithography was developed employing polymer resin that
solidify under UV laser beam. Recently, the AM is developing and extending to
more advanced applications as aerospace, automotive, biomedical, etc. that requires
materials with higher mechanical properties [30].

Commonly, AM utilizes laser energy to melt and sinter printing material during
building the model. Selective laser melting (SLM), laser engineering net shaping
(LENS) and electron beam melting (EBM) are the common techniques for
AM. These methods can process metals, polymers, ceramics or blend of them.

SLM is based on employing laser beam to melt and sinter powder layer with
specified path spread on a piston. The piston movement – upward – determines the
layer thickness and excessive powder is removed by the end of process [31]. In the
other side, LENS inject material powder into the melting pool, so no removal of
excessive powder is needed, Fig. 11 shows the principle of SLM and LENS process.

In EBMmethod, an electron laser beam powered with high voltage (30–60 kV) in
a vacuumed chamber to avoid oxidation. The process uses two magnetic coils to
focus and deflect the electron beam respectively (Fig. 12).

2.3.1 Laser Cladding Technique for MG Coatings

Laser cladding is another technique of AM where a single or multiple layer of
material is developed on the surface of substrate. The key advantage of laser
cladding is the strong metallurgical bond built between the successive layers. This
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Fig. 11 Principle of (a) Selective Laser Melting (SLM), and (b) Laser Engineering Net Shaping
[32]
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leads to dense structure of the coating with excellent mechanical properties. The
metallurgical bond is built as the laser beam penetrates the layer and the substrate,
allowing dilution take place at the interface [34]. In addition, laser cladding offers
versatile and productive method, besides it can be utilized to repair expensive
metallic parts [35] (Fig. 13).

Fig. 13 Powder-feed laser
cladding technique [34]

Building Table

Vacuum Chamber

Powder Container

Electron Beam

Deflection Coil

Focus Coil

Anode

Grid Cup

Filament
Fig. 12 Schematic showing
the EBM setup and
principle [33]

Investigate the Effects of the Laser Cladding Parameters on the. . . 309



Laser cladding can work with powder-bed or powder-feed technique. The results
proved that both techniques do not affect the resulted coating layer [36].
The parameters affecting the properties of the coating layer are laser power, scanning
speed, laser beam spot size, layer thickness and the overlap percentage [37, 38].

An important factor for the amorphous structure is the cooling rate. A critical
cooling rate is defined for each MG system depending on the composition and the
stability of the MG. As laser cladding offers high cooling rate, but it is important to
control the laser parameters to maintain the amorphous phase. An experiment was
performed to investigate the effect of the laser parameters on the properties of laser
cladded MG.

2.3.2 Experimental Procedures

Sample Preparation

Substrate samples of 30 � 30 mm are prepared from 3 mm ASTM F2229 stainless-
steel sheet. The respective elemental composition is listed in Table 2. The coating
material is Fe-based amorphous powder (Fe-Cr-Mo-B-C) with normally distributed
particle size 20–70 μm. The samples were sand blasted using 40-grit alumina
particles, then cleaned in ultrasonic bath using DI-water then ethanol to remove
dirt and contaminations on the surface.

The powder was preplaced – the dry powder is spread on the surface then ethanol
is added and put the sample in ultrasonic bath to ensure uniform distribution of
powder on the surface, then dried using hair dryer – using 0.22 g/cm2 spread rate,
Fig. 14.

The cladding was done using diode laser machine – LDF 4000–60 maximum
power 4.4 kW, wavelength 978–1025� 10 nm, LaserLine, Germany – under Ar gas
environment to prevent further oxidation of the coating layer following the param-
eters levels in Table 3. Three parameters were selected for the study; laser power,
spot size and scanning speed. Three levels of each parameter were chosen to
investigate the effect of each parameter on the resulted microstructure, phases
formation, hardness and the corrosion resistance of the Fe-based MG coating. The
selected parameters levels are based on the preliminary experiments held.

Table 2 Elemental composition of ASTM F2229 substrate

Material Fe Cr Ni Mo Mn Si Cu N C P S

ASTM
F2229

Balance 20.00 0.10 21.00 1.00 0.75 0.25 0.90 0.08 0.03 0.01
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Characterization and Testing

For X-ray diffraction (XRD) analysis, a sample 15 � 15 mm was cut from each
sample. The surface of the coating layer was flattened using SiC 80-grit sandpaper,
then ground using 150-grit to 4000-grit and polished using 40 nm alumina suspen-
sion until mirror-like surface is obtained. Then, the samples are cleaned in ultrasonic
bath using DI water and ethanol. The analysis was done using Bruker D2 Phaser,
Germany using Cu Kα λ ¼ 0.154060 nm, 2θ range of 0~140� and scanning rate 3�

min�1.
SEM imaging (Hitachi S-3000N, Tokyo, Japan) was used to analyze the micro-

structure at the interface and at the coating layer, with �1.5k magnification. The
hardness measurements were taken along the cross-section at 0.1 mm distance

Fig. 14 Preplaced Fe-based amorphous powder

Table 3 Selected parameters to fabricate Fe-based MG coatings

Sample code Laser power, W Spot size, mm Scanning speed, mm/s

A1 1500 4 � 4 15

A2 1500 4 � 4 20

A3 1500 4 � 4 25

B1 2000 4 � 4 40

B2 2000 4 � 4 45

B3 2000 4 � 4 50

D1 4000 4 � 6 30

D2 4000 4 � 6 35

D3 4000 4 � 6 40

E1 4000 4 � 8 20

E2 4000 4 � 8 25

E3 4000 4 � 8 30
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between each successive point at 100 g testing load and 10 sec. Dwell time using
Vicker’s Hardness tester.

An electrochemical corrosion – Potentiodynamic polarization – test was
performed in Ringer’s solution (pH 7.4) as electrolyte at 37 �C to test the corrosion
resistance of the Fe-based BMG coating and compare it to the bare stainless steel
(Cronidur 30). The selected samples for corrosion resistance evaluation were chosen
based on the best results of surface hardness, which is a measure of amorphous
quality. The samples were prepared in epoxy mold as shown in Fig. 15 so the coating
surface is only exposed during the test. The sample was set as working electrode
(WE), Saturated Calomel Electrode (SCE) as reference electrode (RE) and platinum
strip as counter electrode (CE). The open circuit potential was kept for 40–60 min
until saturation attained. Then linear potential sweep was applied from�1.5 to 1.5 V
with scanning rate 10 mV/s. The corrosion potential and current were obtained by
Tafel extrapolation method.

2.3.3 Results

XRD Analysis

The obtained XRD patterns of the as received materials and samples are shown in
Figs. 16 and 17. The analysis of XRD analysis included the analysis of multiple
phases formed and the crystallinity content percentage. The crystallinity content
percentage was obtained using HighScore Plus [39]. The XRD patterns showed that
all samples exhibited amorphous structure – broad peak at 44� – with existence of

Fig. 15 Prepared sample for electrochemical corrosion test
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crystalline metallic phases as Fe, Cr and ASTM F2229 besides intermetllic com-
pounds as iron boron (B6Fe23), chromium carbide (Cr23C6) and iron chromium
carbide. It is noticed in sample E1, the phase iron nitride (FeN) appeared. All
recognized intermetallic compounds are featured as hard and stable compounds.

It is noticed that the crystallinity content percentage around 15 � 1%, so no
significant difference between the examined samples. However, sample E1 was
found to have the highest crystallinity content (18.11%). Form previous experiment,
it was shown that laser power has the most significant effect on the crystallinity
content. Also, the increase in scanning speed would enhance the amorphous struc-
ture in coating layer, but over-increase of scanning speed results in unsuccessful
coating.

The effect of laser power on the amorphous structure of coating layer can be
explained as the laser power represents the total energy transmitted to the sample per
unit time, which in turn determines the temperature of the melt pool. In the other
side, the scanning speed is a measure of the heating and cooling rate involved during
the laser cladding process. Hence, laser power and scanning speed has an interrela-
tion effect on the formed structure within coating layer.

The spot size is inversely proportional to the transmitted energy to the sample. In
laser cladding applications, increasing spot size would enhance the coverage effi-
ciency, but in the other side requires more power to compensate the decrease in the
energy transmitted. So, power density can describe the interrelation effect between
the laser power and spot size described in Eq. 1.
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Fig. 16 XRD pattern of Fe-based amorphous powder and ASTM F2229
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Fig. 17 XRD pattern (a) samples A1, A2, A3, (b) samples B1, B2, B3, (c) samples D1, D2, D3, (d)
samples E1, E2, E3
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Power density W=mm2
� � ¼ Power Wð Þ

Spot size mm2ð Þ ð1Þ

Based on that, sample E1 and sample B1 have the same power density with
different scanning speed – 20 and 40 respectively. The XRD results revealed that
sample B1 exhibited lower crystallinity (15.71%) content and the recognized phases
are Fe, Cr and ASTM F2229 only, while sample E1 exhibited higher crystallinity
content (18.11%) and the recognized phases are iron-nitride (FeN), Cr23C6 and iron
chromium carbide phases. From these findings, we can conclude that scanning speed
affect the crystalline phases formed, besides the crystallinity content.

It can be concluded that laser power, scanning speed and spot size have signif-
icant effect on the formed phases. In addition, the three parameters have interrelation
effect of the fromed phases in the Fe-based MG coating.

Microstructure Examination

Figure 18 shows the SEM image of the microstructure taken at the interface. As
shown, all the samples showed crystalline phases embedded in amorphous structure
appeared as plain grey surface. Equiaxed grains appeared in all samples which
represents the Cr and Fe phases recognized in XRD. In addition, nano-crystals are
recognized. However, in samples D1 and E1, a dentritic structure becomes dominant
and clear which is referred to Cr23C6 and Fe-Cr-C. A columnar dendritic structure
usually is a result of higher cooling rate of multi-element compounds which is
present at the interface. It is noticed that the dentritic structure layer is decreasing
with the increasing scanning speed [40].

Figure 19 shows the SEM image of the microstructure taken at the coating layer.
The samples showed different microstructure from that obtained at the interface.
Beside the dendritic structure – coarse and equiaxed – bright square-shaped crystals
are existed. As mentioned before, the equiaxed grains appeared represent the soft
crystalline phases (Fe and Cr), while the coarse dendritic crystals appeared in sample
E1 correspond to Cr23C6 and Fe-Cr-C. The bright square-shaped crystals phases are
corresponded to hard intermetallic compounds (B6Fe23, FeN) [41].

As revealed by SEM pictures, coarse dendritic crystals appeared in sample E1
which exhibited high crystallinity content (18.11%) – as shown in XRD. For
samples E2 and E3, the dendritic structure layer becomes smaller and amorphous
content increases as the scanning speed is increasing. The samples D1, D2 and D3
showed the same trend as samples E1, E2 and E3.

Although the power density and scanning speed of sample A2 and sample E1 are
the same, it is found that sample E1 exhibited higher crystallinity content. This
reveals the significance effect of the laser power.
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It is clear from the microstructure analysis that the laser power and scanning
speed affects significantly the types and the shape of formed structure. The multiple
phases formed in the samples exhibited different crystalline structure within the
interface or the coating layer.

Hardness Measurement

The hardness values in HV0. 1 of the surfaces are shown in Fig. 20. The hardness of
the coating exceeded 1300 HV0.1 which is more than 5 times the hardness of the
substrate (the substrate hardness is 230 HV0.1). The high value of hardness is
referred to the amorphous structure at the coating layer. However, the presence of
crystalline phase degrades the hardness depending on the formed phases. For
example, samples B1 and B2 exhibited formation of Cr and Fe phases, and the

Fig. 18 SEM image at the interface of fabricated samples
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hardness value is dropped below 600 HV0.1. While in samples D1 and E1, Cr23C6

and Fe-Cr-C was the dominant phases. So, the measured hardness was about
900 HV0.1. this can be understood as the carbides are harder than the pure metal
phases as Cr and Fe.

For more investigations, a profile hardness value along the cross-section for each
sample is revealed in Fig. 21. From the hardness measurement, four layers are found
along the cross-section; coating layer (CL), transition layer (TL), heat affected zone
(HAZ) and substrate. The CL is featured with high hardness above 1000 HV0.1
which indicates the amorphous structure existence. It is important to mention that all
samples exhibited mixed structure at CL which revealed in the microstructure
images. That explains why the hardness value is fluctuating in the CL.

The hardness value is dropped (below 800 HV0.1) in the transition layer because
of the higher content of crystalline phases. In addition, hard phases – Cr23C6,
B6Fe23, Cr-Fe-C, FeN – are found in CL, while Fe and Cr are found in the

Fig. 19 SEM image at coating layer of fabricated samples
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TL. Hence, the resulting hardness of the TL becomes lower than the hardness of the
CL. After the TL, HAZ layer – which is in the substrate – is found with hardness
value below 500 HV0.1. The HAZ layer depth are variant according to the laser
power density and the scanning speed.

It is noticed that both samples D1 and E1 exhibited almost equal hardness value at
the CL and the TL with noticeable fluctuation. This result conforms with the XRD
and microstructure investigations that showed higher crystallinity content. However,
CL and TL hardness still higher than the hardness of HAZ layer due to the formation
of hard compounds as well as the amorphous structure.

Electrochemical Corrosion Test

The Potentiodynamic polarization curves for the Cronidur 30 substrate and the
amorphous coatings are shown in Fig. 22. Furthermore, the values of corrosion
potential (Ecorr) and corrosion current (icorr) can be estimated from the Tafel slope
and are shown in Table 4.

The comparison of the polarization curves indicates that the Fe-based MG
coatings have a higher corrosion potential as compared to Cronidur 30. Furthermore,
they exhibit a significantly wider passive region. It is noted that samples A2 and D3
exhibited the highest open circuit potential while the sample E2 was the worst
compared to the coated samples.
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These results correspond to the evaluation of corrosion resistance of the tested
samples, i.e. sample A2 exhibited the best corrosion resistance and E2 exhibited the
poorest corrosion resistance while samples B3 and D3 lies in-between. From these
findings, it can be concluded that amorphous structure found in the Fe-based MG
coating affects directly the corrosion resistance level. The excellent corrosion resis-
tance of MGs is referred to the absence of the structure defects as grain boundaries
which are weak and corrode rapidly [42].

As all samples exhibited crystalline phases with different percentages, it is noted
that lower crystalline percentage showed better corrosion resistance. However, the
type of crystalline phases has a significant effect on the corrosion resistance. For
example, sample B3 has lower crystallinity content than sample A2, but sample B3
showed lower corrosion resistance. This can be understood from the XRD findings,
which showed that hard compounds – Cr23C6 and Fe-Cr-C – were dominant in
sample A2 while soft phases – Fe and Cr – were dominant in sample B3 (Table 4).

2.3.4 Conclusion

A successful Fe-based MG layer was developed on stainless-steel substrate using
laser cladding technique. The fabricated samples were investigated using XRD,
SEM, Micro-hardness and electrochemical corrosion test. The samples showed
amorphous structure with different crystallinity content percentages.

The XRD analysis revealed the existence of various compounds as Cr23C6,
B6Fe23, Fe-Cr-C besides pure Fe and Cr crystalline phases. Both the microstructure
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analysis and Micro-hardness measurements confirmed the results obtained from the
XRD analysis. The results showed that the amorphous structure as well as the multi-
phases recognized affect the corrosion resistance and the hardness. So, the crystal-
linity content percentage is not the only factor, but also the type of the crystalline
phases – hard or soft phases.

It is concluded that the laser power has the strongest effect on the properties of the
fabricated coating layer. Also, scanning speed has a significant effect on the crys-
tallinity content percentage. Increasing the scanning speed increases the cooling rate,
hence better amorphous structure.

From the hardness measurement and the electrochemical corrosion test results,
samples A2 (1500 W, 20 mm/s with spot size 4� 4 mm) and D3 (4000 W, 40 mm/s
with spot size 4� 6 mm) exhibited the highest hardness value and the best corrosion
resistance.

Fig. 22 Potentiodynamic curves of the Cronidur 30 substrate and Fe-based MG coatings in Ringers
solution

Table 4 Corrosion potential
and current for coated samples
and uncoated substrate

Sample Ecorr (V) icorr (mA/cm2)

Cronidur30 �0.186 �7.8

A2 �0.942 �6.8

B3 �0.462 �6

D3 �0.846 �6.3

E2 �0.407 �7.2
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Fabrication of PLA-HAp-CS Based
Biocompatible and Biodegradable
Feedstock Filament Using Twin Screw
Extrusion

Nishant Ranjan, Rupinder Singh, I. P. S Ahuja, and Jatenderpal Singh

1 Introduction

FDM deals with additive manufacturing (AM) rule of setting out the material in type
of layers/cuts on a fixtureless stage [1–3]. There are few distinct strategies for 3D
printing; however, the most generally utilized is a procedure known as FDM. The
FDM printers utilize a thermoplastic fiber, which is warmed to its dissolving point
and afterward expelled, layer by layer, to make a three dimensional product
[4]. FDM is one of the AM processes that build a part of any geometry by ordered
deposition of polymeric material in form of feed stock filament on a layer-by-layer
basis. The method uses heated thermoplastic filaments which square measure
extruded from the tip of the nozzle in an exceedingly prescribed manner in an
exceedingly semi-molten state and solidify at chamber temperature. The properties
of engineered elements depend upon the setting of various method parameters
mounted at the time of fabrication [5]. Feedstock filament is one of the mostly
effected input parameters for 3D printing by using FDM [6].

Bone repair or recovery is a typical yet entangled clinical issue in orthopaedic
surgery. Despite the fact that autografts what is more, allografts have been generally
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utilized as a part of clinical treatment and look into, they both have particular issues.
Autografts require auxiliary surgery to get giver bone from the patient’s claim body;
however the measure of contributor bone is constrained [7, 8]. Bone tissue engi-
neering substitutes are another alternative for treating bone imperfections, and have
been proclaimed as an elective system to recover bone [9]. The improvement of
biomimetic materials has for some time been a noteworthy objective in the field of
bone tissue engineering. Natural bone is a complex organic-inorganic nano-com-
posite material, in which HAp nano-crystallites and collagen fibers are efficient in a
various levelled engineering more than a few length scales [10, 11]. Normal poly-
mers and their subordinates have been progressively utilized as a contrasting option
to synthetic polymers due to their biodegradability and organic action [12–15].The
CS, a characteristic biodegradable polymer, is a low acetyl substituted type of chitin.
Inferable from its one of kind properties, including biodegradability, non-poisonous
quality, antibacterial impact and bio-similarity, much consideration has been paid to
CS-based biomedical materials [16–19]. However, the absence of bone-bonding
bioactivity, low mechanical properties and extricating of auxiliary respectability
under wet conditions constrain its utilization in bone tissue building. In this way,
it is attractive to build up a composite material with the positive properties of both
CS and HAp. The outlined composites are relied upon to indicate expanded osteo-
conductivity and biodegradation together with adequate mechanical properties,
which will be of incredible significance for bone renovating [20–22]. It has been
accounted for that Hap and CS composites indicate best biocompatibility and good
holding capacity with encompassing host tissues inalienable from HAp [23, 24]. It
has additionally been demonstrated that HAp and CS composites can additionally
upgrade tissue regenerative adequacy and osteo-conductivity. The methodologies as
of now used to get HAp composite materials depend on mechanical blending,
co-precipitation [25, 26].

PLA is a nontoxic, biodegradable material with high mechanical strength that is
generally utilized as a part of surgery [27–32].With a specific end goal to build the
mechanical quality of CS-HAp composite platforms; in this study effort has been
made to use PLA into the CS-HAp framework. An advantage of PLA-based bio-
materials has been their ability to be fabricated into a variety of structures with the
appropriate mechanical properties, topography, geometry, and architecture as
required for diverse biomedical applications. One of the oldest methods to fabricate
PLA based products has been fiber-spinning from either polymer solution or melt.
As PLA is soluble in a wide array of solvents, solution spinning processes has also
been widely utilized to fabricate fibers for biomedical applications [33]. Historically,
mono and multi filament sutures have been prepared fromPLA-based fibers by
spinning; but due to their longer degradation times, other aliphatic polyesters such
as poly-glycolic acid (PGA) have now replaced PLA [34]. In addition, woven,
knitted, and braided structures produced from spun fibers have found orthopedic
applications in bone, ligament, and cartilage regeneration [35, 36]. Further the HAp
has stoichiometric Ca/P ratio of 1.67, which is identical to bone apatite [37–41],
hence PLA reinforced with Hap can be one of the solution for human implants. But
hitherto very less has been reported for preparation of in-house biocompatible and
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biodegradable feedstock filament comprising of PLA reinforced with CS, HAp for
commercial FDM setup. In this study rheological, tensile, thermal and microscopic
properties have been ascertained and regression model has been developed to
determine the best setting of TSE for drawing the feedstock filament for further
printing of functional prototypes. These functional prototypes will act as osteo-
conductive and osteo-inductive osteo-allograft by providing attractive surface for
new bone cells (osteoblasts).

2 Melt Flow Index

Melt flow index (MFI) of any thermoplastic material is defines as a deposition in
g/10 min through melt flow tester at certain standard temperature i.e. 210 degree
centigrade. The MFI is a determination of glass transition temperature as well as
flow-ability of the thermoplastic materials. This is a well-known melting property of
thermoplastic material checked by equipment called melt flow tester. Figure 1 shows
a schematic of melt flow tester.

The above shown construction (Fig. 1) of melt flow tester is consist of cylindrical
barrel which is wrapped and surrounded by a heater coil, heater have an outer

Weight
e.g.2.16kg

Piston

Piston
head

Test
sample
Die
(8mm long)

Heated
barrel

Fig. 1 Basic construction
of melt flow tester
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periphery of insulation material to restrict the losses of heat and this heater is
controlled automatically by process control box. This set-up is also consisting of a
standard weight applied through the piston, a piston head and dies to deposit the
materials.

2.1 Procedure to Determine Melt Flow Index

• To determine MFI of certain composition, mixture is poured to the cylinder and a
temperature condition is to be set.

• Then left the machine sometime to achieve the predefined temperature.
• After establishing a predefined temperature, pressure is applied with the piston

bar into the cylinder by certain weight (according to ASTM D1238) above to the
piston bar.

• After placement of plunger, melted plastic come out of the barrel.
• When the time cycle on the digital timer completes, the cutter will automatically

cut the sample from the barrel.
• Weigh the melted sample using a digital balance. This weight will be used for

calculating the MFI of the sample.

Formula to calculate MFI:-

MFI ¼ Weight of sample ing=10min:

3 Extrusion

Extrusion is a manufacturing process in which metal or plastic materials are forced/
pushed through a fixed cross-sectional profile or die to produce a continuous ribbon
of the formed product or, Extrusion is a manufacturing process in which raw
materials (plastic/metal) are melted and made into continual profile.

Extrusion process is starting by feeding of material (plastic/metal) in the form of
granules, pellets, powders or flakes from a hopper into the zone of barrel of the
extruder. After that, materials are gradually melting by heat, which was produced by
the mechanical energy (generating by screw turning) and by the heaters which is
positioned along the barrel. The molten materials (plastic/metal) are pushed/forced
into a die, which structure the materials into a pipe hard during cooling process.
Figure 2 shows cross-section view of single and TSE.
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3.1 Twin Screw Extrusion

TSE is used extensively for mixing, compounding or reacting polymeric materials.
The flexibility of TSE equipment allows this operation to be designed specifically for
the formulation being processed. For example, the two screw may be co-rotating or
counter-rotating, intermeshing or non-intermeshing. In addition, the configurations
of the screws themselves may be varied using forward conveying elements, reverse
conveying elements, kneading blocks, and other designs in order to achieve partic-
ular mixing characteristics. In the TSE process, the raw materials may be solids
(granules, powders & flours), slurries, liquids, and possibly gases.

4 Fused Deposition Modeling (FDM)

FDM is an AM technology commonly used for modeling, prototyping, and produc-
tion applications.

4.1 The Technology

The FDM process constructs three-dimensional objects directly from 3D CAD data.
A temperature-controlled head extrudes thermoplastic material layer by layer.

The FDM process starts with importing an STL file of a model into a
pre-processing software. This model is oriented and mathematically sliced into
horizontal layers varying from +/� 0.127 to 0.254 mm thickness. A support structure
is created where needed, based on the part’s position and geometry. After reviewing
the path data and generating the tool-paths, the data is downloaded to the FDM
machine. The system operates in X, Y and Z axes, drawing the model one layer at a
time. This process is similar to how a hot glue gun extrudes melted beads of glue.
The temperature-controlled extrusion head is fed with thermoplastic modeling

Single Screw Extruder

Solids
conveying Solids

conveying

Melt
pumping Melt

pumping
Melt

Melt

Twin Screw Extruder

Fig. 2 Cross-section view of single and twin-screw extruder
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material that is heated to a semi-liquid state. The head extrudes and directs the
material with precision in ultrathin layers onto a fixtureless base. The result of the
solidified material laminating to the preceding layer is a plastic 3D model built up
one strand at a time. Once the part is completed the support columns are removed
and the surface is finished.

4.2 Process

FDM begins with a software process, developed by Stratasys, which processes an
STL file (stereo-lithography file format) in minutes, mathematically slicing and
orienting the model for the build process. If required, support structures are auto-
matically generated. The machine dispenses two materials – one for the model and
one for a disposable support structure. The thermoplastics are liquefied and depos-
ited by an extrusion head, which follows a tool-path defined by the CAD file. The
materials are deposited in layers as fine as 0.04 mm (0.0016”) thick, and the part is
built from the bottom up – one layer at a time. FDMworks on an “additive” principle
by laying down material in layers. A plastic filament or metal wire is unwound from
a coil and supplies material to an extrusion nozzle which can turn the flow on and off.
The nozzle is heated to melt the material and can be moved in both horizontal and
vertical directions by a numerically controlled mechanism, directly controlled by a
computer-aided manufacturing(CAM) software package. The model or part is pro-
duced by extruding small beads of thermoplastic material to form layers as the
material hardens immediately after extrusion from the nozzle. Stepper motors or
servo-motor are typically employed to move the extrusion head. Several materials
are available with different trade-offs between strength and temperature properties.
FDM setup shows in Fig. 3.

A “water-soluble” material can be used for making temporary supports while
manufacturing is in progress, this soluble support material is quickly dissolved with
specialized mechanical agitation equipment utilizing a precisely heated sodium
hydroxide solution.

5 Differential Scanning Calorimetry (DSC)

5.1 Techniqe

DSC is used to measure melting temperature, heat of fusion, latent heat of melting,
reaction energy and temperature, glass transition temperature, crystalline phase
transition temperature and energy, precipitation energy and temperature,
de-naturization temperatures, oxidation induction times, and specific heat or heat
capacity. DSC measures the amount of energy absorbed or released by a sample
when it is heated or cooled, providing quantitative and qualitative data on endother-
mic (heat absorption) and exothermic (heat evolution) processes.
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The sample is placed in a suitable pan and sits upon a constantan disc on a
platform in the DSC cell with a chromel wafer immediately underneath. A chromel-
alumel thermocouple under the constantan disc measures the sample temperature.
An empty reference pan sits on a symmetric platform with its own underlying
chromel wafer and chromel-alumel thermocouple. Heat flow is measured by com-
paring the difference in temperature across the sample and the reference chromel
wafers. Pans of Al, Cu, Au, Pt, alumina, and graphite are available and need to be
chosen to avoid reactions with samples. Figure 4 shows schematic of commercial
METTLER TOLEDO DSC.

Atmospheres Nitrogen, air, oxygen, argon, vacuum, controlled mixed gases.

Liquifier head
(X and Y direction) Z

Y X

Extrusion nozzles

Supports

Foam slab

Build material spool

Support
material
spool

Build platform
(Z-direction)

PART

Fig. 3 Fused deposition
modeling process

Fig. 4 Schematic of METTLER TOLEDO DSC
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6 Materials and It’s Prepration

6.1 Materials

An injection grade of PLA is available from commercial manufacturer, Nature
Works (United State), IngeoTM 3052D, density1.24 g/cm3, melting temperature
173–178 �C, glass transition temperature 55–60 �C, melt flow rate 14 g/10 min
(at 210 �C, 2.16 Kg) has been selected as a polymer matrix [42] was bought from
Nature Works, Chennai. Chitosan (CS, degree of deacetylation>90%), HAp (color-
less& brittle) (Size:- 20–100 μm) available from local manufacturer at Ludhiana
(India) has been used in this study.

6.1.1 Preparation of Materials (PLA, HAp and CS)

PLA pellets were pre-dried at 80 �C in a vacuum oven overnight (8–10 h), while
HAp powder and CS were dried at 40 �C for 2 h [43, 44] in vacuum oven so as to
remove moisture content. The mixtures of various proportions were added with
2–3 ml of coconut oil and mixed using ball mill at 40 rpm for 4 h.

7 Preparation of Feed Stock Filament On TSE for FDM

In pilot experimentation, an effort has been made to prepare the feed stock filament
of biocompatible/biodegradable grade of PLA. The first step was to check the
possibility of preparation of feed stock filament of PLA reinforced with HAp and
CS with varying input parameters. Taking random selection of different composi-
tion/ proportions of polymer materials and fillers first check the flowability after that
thermal, tensile and microscopic test are to be done. Suitable composition of PLA-
HAp-CS for fabrication of feed stock filament on TSE and also making of scaffolds
on FDMare to be selected. The feed stock filament has been prepared as per Taguchi
L9 (3^3) orthogonal array. For this study commercial, make: HAAKE Mini CTW,
Germany has been used.

7.1 Rehological Behavior

The feasibility to ascertain the fabrication of feedstock filament of PLA-HAp-CS of
varying proportion started with pilot experimentation to access Melt Flow Index
(MFI) in accordance with ASTM-D1238. The mixtures of various proportions were
added with 2–3 ml of coconut oil and mixed using ball mill at 40 rpm for 4 h. Table 1
show the different composition of PLA-HAp-CS (by weight %age) MFI (g/10 min).
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As observed from Table 1 the composition/proportion at S. No. 2 (84-4-12),
3 (80-8-12), 5 (91-8-1) and 6 (90-8-2) were selected for further fabrication of feed
stock filament. The remaining compositions were not selected, as the flow was not
continuous. Sample 1 has been not selected because of in this composition no fillers
are to be reinforced. The four compositions/proportions of PLA-HAp-CS as derived
from MFI test were extruded on the TSE.

7.2 Tensile Behavior

Four compositions/proportions of PLA-HAp-CS, which derived fromMFI tester, are
to be drawn by TSE, make: HAAKEMini CTW, Germany has been used. As shown
in Table 2, different combinations of input factors were tried during pilot study. The
successful results arrived from the experimentations are listed in Table 2.

According to Table 2, flow continuity of all four compositions/proportions were
found suitable and it is expected that the filament will not break at the time of part
printing. The experiment was repeated three times in order to reduce the experimen-
tal error. It has been observed that peak strength of 91-8-1 and 90-8-2 are maximum
and very close to each other while remaining compositions/ proportions have lower

Table 1 Melt flow index results

S. No.
Proportions (PLA-HAp-CS)
(by weight %)

Observed MFI
(g/10 min)

Flow from
nozzle Remarks

1 100-0-0 13.52 Continuous Satisfactory

2 84-4-12 10.512 Continuous Satisfactory

3 80-8-12 9.015 Continuous Satisfactory

4 76-12-12 3.125 Discontinuous Not
Satisfactory

5 91-8-1 12.352 Continuous Satisfactory

6 90-8-2 11.575 Continuous Satisfactory

7 89-8-3 7.474 Discontinuous Not
Satisfactory

8 88-8-4 4.465 Discontinuous Not
Satisfactory

Table 2 Results of fabricated feed stock filament on TSE

S. No Composition

Output parameters

Flow
continuity

Average outside diameter
(mm)

Peak strength
(MPa)

1 84-4-12 Yes 1.85 2.10

2 80-8-12 Yes 1.78 2.43

3 91-8-1 Yes 1.86 3.27

4 90-8-2 Yes 1.87 3.23
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peak strength. According to Table 2, it has been concluded that for fabrication of
biocompatible/biodegradable feedstock filament best suitable compositions are
91-8-1 and 90-8-2.

7.3 Thermal Behavior

Thermal behaviour of the material is one of the major constraints for the use of
developed filament in clinical dentistry. For thermal testing of the material in the
present study DSC has been used. DSC comprises of glass transition, melting point,
enthalpy change, and decomposition of the material with respect to the rising of
temperature. Common usage includes investigation, selection, comparison and
end-use performance evaluation of materials in research, quality control and pro-
duction applications.

For thermal analysis METTLER TOLEDO, Model DSC3, Swiss make with
STARe (SW 14.00) software was used in N2 gas environment. The typical DSC
setup determines the behaviour of applied samples by taking references from
standard sample, both enclosed in a metallic crucible (Al or platinum). As shown
in Fig. 5, DSC sensor uses two crucibles for heating and cooling, one for reference
and another for sample.

As shown in Fig. 6, for thermal analysis three heating-cooling cycles are
involved. In first cycle, initially heat the sample with comparison to reference from
30 �C to 220 �C at the rate of 10 K/min, after that in the presence of N2 gas (flow rate
is 50.0 ml/min) cooling process is done in which matter was cooled from 220 �C to
30 �C at the rate of 10 K/min. After that in the second and third cycle, same process
was repeated. The maximum temperature is taken 220 �C because of the material
was burnt near 240 �C and lower temperature is generally taken as near to room
temperature.

The first cycle of the test is generally not considered for assessment as the sample
may contain some foreign substances and may deviate from actual result. The
average of second and third cycle was considered for final results. The same are
tabulated in Table 3.

Based on Table 3, it has been observed that glass transition temperature lies
between 56.5 �C and 57.37 �C, crystallinity of the compositions fall in between 1.20
and 10.50% and the melting point temperature in between 152.46 and 159.87 �C. For
fabrication of feedstock filament on TSE and working on FDM glass transition
temperature and melting temperature are best suitable range, but for biomedical
applications/implants crystallization of material must be low. According to Table 3,
it has been concluded that best composition for fabrication of feedstock filament
based on crystallization are 91-8-1 and 80-8-12 for further experimentation work.
Based on Thermal, Tensile and rheological behaviour it was concluded that two
compositions 91-8-1 and 90-8-2 are SEM view performed for selection of best
composition.
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7.4 Scanning Electron Microscopic Behavior

After successful runs of feed stock filament, all samples were subject to SEM
analysis (Model no. JEOL JSM-6510LV SEM, Japan) Figs. 7 and 8 shows the
cross sectional view of different composition (PLA91-HAp8-CS1 & PLA90-HAp8-
CS2) feedstock filament with �200 magnification, where feedstock filament was
broken during the tensile testing. These images show that lots of cavities are present
in the cross-section, in whole wire.

Fig. 5 Differential scanning calorimetery test
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For better understanding higher magnifications images were taken. Figures 9 and
10 shows that the cross sectional view of composition PLA91-HAp8-CS1 with
�400 magnification and PLA90-HAp8-CS2 with �1600 magnification. As
observed from Figs. 7, 8, 9, and 10, the feedstock filament grain structure is similar
to open porous structure, which is very useful for cell growth.

7.5 Design of Experiment (DOE)

The feed stock filament has been prepared as per Taguchi L9 (3^3) orthogonal array.
Table 4 shows the control log of experimentation based upon Taguchi L9 (3^3)
orthogonal array which was 9 runs of experimentation. A total of 9 sets of specimen

Fig. 6 Thermal analysis (DSC) curve of feed stock filament

Table 3 Thermal properties of the specimens

Compositions
Glass transition temperature
(�C)

Crystallization
(%)

Melting temperature
(�C)

91-8-1 56.50 3.13 153.17

90-8-2 57.19 10.50 159.87

84-4-12 56.90 7.37 152.46

80-8-12 57.37 1.20 153.95
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(feedstock filament) has been prepared by using different controllable parameters
(namely; Temperature, Revolution and Dead weight) and total of 27 (9 � 3) exper-
iments were conducted to reduce the effect of environmental, human variations etc.
According to previous analysis of compositions/ proportion of material it has been
concluded that 91-8-1 (PLA-HAp-CS) are mostly/best suitable for fabrication of
biocompatible/biodegradable feedstock filament also development of scaffolds on
FDM.

Fig. 7 Fabricated feedstock
filament of composition
91-8-1(�200)

Fig. 8 Fabricated feedstock
filament of composition
90-8-2 (�200)
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7.6 Fabrication of Feedstock Filament Based on DOE

Tensile tests measure the force required to break a materials (polymers/metals)
sample specimen and the extent to which the specimen stretches or elongates to
that breaking point. Tensile test is the most adoptable test regarding analyse for

Fig. 9 Fabricated feedstock
filament of composition
91-8-1 (�400)

Fig. 10 Fabricated
feedstock filament of
composition 90-8-2
(�1600)
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strength of feedstock filament. Tensile testing is to be done on Universal Tensile
Tester (UTT) to check the tensile results at break as well as at peak of feedstock
filament. Figure 11 shows the universal tensile tester having capacity up to 5000 N,
used only for the plastics/polymers material. Polymerfeedstock filament, polymers
strip or flat of any size can be measures by this UTT.

According to Table 4 (DOE), 9 sets of biocompatible/biodegradable feedstock
filament wire has been prepared. Further Table 5 shows outputs of tensile test:
Strength at peak (PS), Peak load (PL) and Strength at break (BS) and their Signal

Table 4 Control log for processing of PLA91-HAp8-CS1

Experiment run no.

Input parameters

Temperature (�C) Revolution (rpm) Dead weight (Kg)

1 170 100 8

2 170 140 10

3 170 180 12

4 180 100 10

5 180 140 12

6 180 180 8

7 190 100 12

8 190 140 8

9 190 180 10

Fig. 11 Tensile test using Universal Testing Machine
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to Noise (SN) ratio. Based upon Tables 5, 6 and 7 shows percentage contribution of
input parameters and their rankings.

As shown in Table 6, percentage error was found to be 0.99%. It shows that
model has higher degree of accuracy. Table 7 shows that, dead weight has maximum
impact for contributions in SN ratios whereas temperature has minimum
contributions.

Further based upon Tables 5, 6, and 7, regression equation for strength at peak has
been obtained by using MINITAB software as under:

Table 5 Tensile outputs of composition PLA91-HAp8-CS1

Experiment
run no.

Output parameters

Strength at
peak (MPa)

Peak
load (N)

Strength at
break (MPa)

SNRA
1 (PS)

SNRA2
(PL)

SNRA3
(BS)

1 3.14 6.40 2.83 9.9386 16.1236 9.0357

2 3.64 7.80 3.28 11.2220 17.8419 10.3175

3 4.12 9.00 3.71 12.2979 19.0849 11.3875

4 3.62 7.70 3.22 11.1742 17.7298 10.1571

5 4.25 9.20 3.80 12.5678 19.2758 11.5957

6 3.10 6.30 2.73 9.8272 15.9868 8.7233

7 4.85 10.10 4.38 13.7148 20.0864 12.8295

8 3.76 7.90 3.38 11.5038 17.9525 10.5783

9 4.54 9.50 4.10 13.1411 19.5545 12.2557

Table 6 Analysis of variance for SNRA 1

Source DF Adj SS Adj MS F-value P-value % age contribution

Temperature 2 5.2203 2.61014 36.81 0.026 36.25

Revolution 2 0.0456 0.02280 0.32 0.757 0.32

Dead Weight 2 8.9917 4.49584 63.41 0.016 62.44

Error 2 0.1418 0.07091 0.99

Total 8 14.399

Table 7 Response table for Signal to Noise Ratios larger is better for SNRA 1

Level Temperature (T) Revolution (R) Dead weight (DW)

1 11.15 11.61 10.42

2 11.19 11.76 11.85

3 12.79 11.76 12.86

Delta 1.63 0.16 2.44

Rank 2 3 1

340 N. Ranjan et al.



Regression Equation for Strength at Peak:-

SNRA1 ¼ 11:7097� 0:557∗SNRA T170� 0:52∗SNRA T180
þ1:077∗SNRA T190� 0:101∗SNRA R100þ 0:055∗SNRA R140
þ0:046∗SNRA R180� 1:287∗SNRA DW8þ 0:136∗SNRA DW10
þ1:15∗SNRA DW12

Here, SNRA_T170, SNRA_T180, SNRA_T190, SNRA_R100, SNRA_R140,
SNRA_R180, SNRA_DW8, SNRA_DW10, SNRA_DW12 has been taken from
the Table 7, Obtained from Taguchi analysis. After putting the values form the
Table 7 in Regression equation final maximized value has been obtained.

SNRA1 ¼ 11:7097� 0:557∗11:15ð Þ � 0:520∗11:19ð Þ þ 1:077∗12:79ð Þ�
0:101∗11:61ð Þ þ 0:055∗11:76ð Þ þ 0:046∗11:76ð Þ � 1:287∗10:42ð Þþ
0:136∗11:85ð Þ þ 1:150∗12:86ð Þ ¼ 16:620 Predicted valueð Þ

Similarly, for SN ration of strength at peak, final maximized value of the property
has been predicted with the help of the following relations.

SNratio ¼ �10 logX standard equation for findingSNratioð Þ
16:620 ¼ �10 logX

X ¼ 10�1:6620
ð1Þ

X ¼ 2:1777∗10�2 nowputvalue of thex in next equation
X ¼ 1=n

P
1=y2

2:1777∗10�2 ¼ 1=y2 heren ¼ 1ð Þ
Y2 ¼ 1=2:1777∗10�2

Y ¼ 6:776 maximized value of the StrengthatPeakð Þ

ð2Þ

Where, Y is the value of the property.
Similarly, according to SNRA1 calculate value of SNRA2 and SNRA3.
Regression Equation for Peak Load:-

SNRA2 ¼ 18:182� 0:498∗17:68ð Þ � 0:518∗17:66ð Þ þ 1:016∗19:20ð Þ�
0:202∗17:98ð Þ þ 0:175∗18:36ð Þ þ 0:027∗18:21ð Þ � 1:494∗16:69ð Þþ
0:194∗18:38ð Þ þ 1:301∗19:48ð Þ ¼ 23:780 Predicted valueð Þ

Y ¼ 15.432 (maximized value of the Peak Load).
Regression Equation for Strength at Break:-

SNRA3 ¼ 10:764� 0:518∗10:247ð Þ � 0:606∗10:159ð Þþ
1:123∗11:888ð Þ � 0:090∗10:674ð Þ þ 0:066∗10:830ð Þ þ 0:024∗10:789ð Þ
� 1:319∗9:446ð Þ þ 0:146∗10:910ð Þ þ 1:173∗11:938ð Þ ¼ 15:80 Predicted valueð Þ
Y ¼ 6.166 (maximized value of the Strength at Break)

Based upon Tables 5, 6, 7, 8, and 9 respectively shows the response optimization
and best settings predicted from multi factor optimization point of view. The same
has been reflected in Fig. 12 as optimization plot, which clearly states that temper-
ature at 190 �C, RPM 140 and dead weight 12 kg are the optimized settings.
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8 Summary

In this study, PLA, HAp and CS based composite material has been used for
fabrication of biocompatible and biodegradable feedstock filament. Following are
the conclusions from the present study:

Table 8 Response optimization: SNRA3, SNRA2, and SNRA1

Response Goal Lower Target Upper weight Importance

SNRA3 Maximum 8.7233 12.8295 1 1

SNRA2 Maximum 15.9868 20.0864 1 1

SNRA1 Maximum 9.8272 13.7148 1 1

Table 9 Best setting obtained with best Signal to Noise Ratios

Solution Temperature Revolution
Dead
weight

SNRA3
fit

SNRA2
fit

SNRA1
fit

Composite
desirability

1 190 140 12 13.1269 20.6733 13.9918 1

Fig. 12 Optimization plot of tensile test using UTT
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(a) In MFI testing (according to Table 1) of different compositions it was found that
only four composition (84%–4%–12%, 80%–8%–12%, 91%–8%–1%, 90%–

8%–2%) flow rate is continuous which is suitable for drawing the feedstock
filament.

(b) The peak strength according to Table 2, two compositions/proportion (91%–

8%–1%, 90%–8%–2%) is high which is highly suitable to work on FDM for
preparation of scaffolds.

(c) In thermal analysis it was concluded that; according to Fig. 6 and Table 3 two
compositions (91%–8%–1% and 80%–8%–12%) are less crystallization, which
is best suitable for using biomedical applications/implants other compositions
are more crystalline.

(d) Based upon SEM analysis (Figs. 7, 8, 9, and 10) concluded that both the
compositions/ proportions (91%–8%–1% & 90%–8%–2%) of feedstock fila-
ment grain structure is similar to open porous structure. Hence can be gainfully
employed for cell growth.

(e) Overall, based on rheological, Thermal and Tensile experimentation it has to
conclude that best composition for working on TSE, FDM and for biomedical
applications/ implants is “PLA91%-HAp8%-CS1%” because it has continuous
and good flowablity, high tensile strength (Peak strength), suitable glass transi-
tion and melting temperature and also low crystalline; which has suitable for
biomedical applications.

(f) Finally based upon Taguchi analysis and regression model for PLA91%-
HAp8%-CS1% based feed stock filament, temperature at 190 �C, RPM
140 and dead weight 12 kg are the recommended optimized settings on TSE.
The functional prototypes developed at proposed settings will have better scaf-
folding which will provides attractive surfaces for new bone cells.
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time, 232
post-cooling, 239

Surface roughness
mathematical model, 240, 241

Surface tension, 76, 78

T
Tafel extrapolation method, 312
Tafel slope, 318
Taguchi approach, 275
Taguchi L18 design of experimentation (DOE),

232, 240
Temperature-controlled extrusion head, 329
Tensile test, 338, 342
Thermal analysis (DSC) curve, 336
Thermal behaviour, 334
Thermal conductivity, 288
Thermal properties, 336
Thermo Scientific HAAKE Mini CTW, 281
Thermoplastic materials, 281
Thermoplastics, 279, 330
Three-dimensional printing, 1
Ti matrix nano-composites (TMnCs), 75, 76
Ti-alloy matrix, 14

Ti-B and Ti64-BN, 14–16
Titanium (Ti), 55, 61, 71, 81, 87, 93, 95

TiC reinforced, 133
TMCs, 116–117

Titanium alloy (Ti6Al4V)
aerospace and biomedical industries, 32
properties, 38
work piece, 30

Titanium alloys (Ti-alloy), 184–192
AM biomedical

EBM, 190–192
mechanical properties, 186
non-toxic property, 185
properties, 184
SLM, 185, 187–189
Ti-6Al-4V, 184
TiNb-based alloys, 185
β phase, 185

composites, 25
conventional, 179
in situ nitridation, 22
machining, 33
manufacturing methods, 179
mechanical properties, 179
and oxygen, 179
toughness and damage resistance, 22
tribological properties, 18
work piece, 40

Titanium carbide (TiC), 9
Titanium-matrix composites (TMCs), 116–117,

123, 134, 140, 146, 150, 151, 155,
156, 160

Ti-TiB composites, 14
Tool wear rate (TWR), 30, 39, 40, 44, 51, 52
Twin screw extrusion (TSE), 281, 329

U
Universal tensile tester (UTT), 339

V
Vapour smoothing (VS), 230–233, 235, 238

ABS thermoplastic layers, 236
cooling chamber, 229, 230
dimensional accuracy

control log of experimentation, 233
head diameter and neck thickness, 232
shrinkage, 238
smoothing time and orientation

angle, 235
and surface finish, 238

hip implant
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benchmark component, 231
dimensional accuracy, 230
surface hardness, 230
surface roughness, 230

input parameters, 231
mathematical models, 230
optimum parameter settings, 239
over-lapping, 238
post-cooling, 239
SEM micrograph view, 237
shrinkage, 238
smooth roughness, 239
smoothing chamber, 229, 230
SN ratio plots, 232, 234, 235
surface hardness

control log of experimentation, 233
Durometer, 231
orientation angle and post-cooling time,

232, 235
surface roughness

control log of experimentation, 233
Taguchi L18 DOE, 232
uPrint FDM apparatus, 231

Vicker’s Hardness tester, 312

Vickers microhardness values, 11
Volume fraction, 80, 85–87, 94, 95

W
Water-soluble material, 330
Wear

behavior, AM, 165
coefficient of friction (COF), 165
extrinsic factors, 165
inter-particle spacing (λ), 166
Pin-on-Disc, 165
resistance, AM, 166, 167
volume fraction, reinforcements, 165

Working electrode (WE), 312

X
X-ray diffraction (XRD) analysis, 299, 311

Y
Young’s modulus, 252, 261
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