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Abstract: Ceramics and ceramic-reinforced metal matrix composites (CMMCs) demonstrate high
wear resistance, excellent chemical inertness, and exceptional properties at elevated temperatures.
These characteristics are suitable for their utilization in biomedical, aerospace, electronics, and
other high-end engineering industries. The aforementioned performances make them difficult to
fabricate via conventional manufacturing methods, requiring high costs and energy consumption.
To overcome these issues, laser additive manufacturing (LAM) techniques, with high-power laser
beams, were developed and extensively employed for processing ceramics and ceramic-reinforced
CMMCs-based coatings. In respect to other LAM processes, laser melting deposition (LMD) excels in
several aspects, such as high coating efficiency and lower labor cost. Nevertheless, difficulties such as
poor bonding between coating and substrate, cracking, and reduced toughness are still encountered
in some LMD coatings. In this article, we review recent developments in the LMD of ceramics and
CMMCs-based coatings. Issues and solutions, along with development trends, are discussed and
summarized in support of implementing this technology for current industrial use.

Keywords: 3D printing; laser melting deposition; ceramic-based coatings; ceramic-reinforced metal
matrix composite-based coatings; properties of coatings; potential problems and their solutions for
coatings by laser melting deposition

1. Introduction

Ceramics and ceramic-reinforced metal matrix composites (CMMCs)-based coatings
exhibit enhanced properties, including wear resistance, modulus and strength, chemical
inertness, and properties at high operating temperatures [1–4]. Owing to these benefits,
these coatings have been widely used in extreme working conditions, such as high load,
wear, and temperature [5,6]. There are several commercialized applications of the afore-
mentioned coatings in biomedical [7,8], aerospace [9], electronic [10], and other high-end
engineering [11–13].

Because of the high hardness and elevated melting point, ceramics and CMMCs-based
coatings are too difficult to process by conventional manufacturing processes [14–17]. A
study [15] was conducted on diamond grinding of hot pressed Si3N4 and Al2O3, slip
casted ZrO2, and sintered SiC ceramics. It was found that hot-pressing, slip casting and
sintering processes resulted in high cost and energy utilizations, while microcracks were
observed due to grinding process. Recently, additive manufacturing (AM) has gained
great attention and is still under continuous investigations in the case of ceramics and
ceramic-reinforced MMCs-based coatings [18]. AM, as defined by the American Society for
Testing and Materials (ASTM), is “a technique, opposite to the subtractive manufacturing
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processes, of joining materials to make a 3D object using a CAD model, generally layer
upon layer” [19]. In comparison to conventional coating processes, AM can produce
coatings with reduced lead time, exemption from assembly or molds preparations, and
less energy consumption [20–22].

1.1. Various Additive Manufacturing Processes

Based on the literature survey, AM process can be classified into two methods: (a) in-
direct and (b) direct. Indirect AM methods include fused deposition modeling [23], stere-
olithography [24], direct inkjet printing [25,26], layer-wise slurry deposition [27,28], and
laminated object manufacturing process [29]. Generally, in indirect AM process, the coat-
ings are produced using binding materials. Subsequently, the printed coating is sintered to
eliminate the binding materials. Direct AM methods contain selective laser sintering [30,31],
selective laser melting [32,33], and laser-melting deposition process [34,35]. The later ba-
sically integrates the forming and densification procedures, producing a coating without
the post-sintering requirement. Consequently, the coatings by direct AM method exhibit
relatively higher density and purity, better mechanical characteristics, and require less
time and energy, as compared to indirect AM method [36,37]. Furthermore, in direct AM
methods, a laser beam is used as a heating source having high directionality and energy
intensity, thus delivering a large amount of energy to the target (substrate) [38]. The direct
AM method is also known as laser additive manufacturing (LAM) processes.

1.2. Laser Additive Manufacturing (LAM) Processes: Selective Laser Sintering and Melting

A schematic illustration of selective laser sintering (SLS) and melting (SLM) is pre-
sented in Figure 1. The only difference between SLS and SLM is that SLS involves the
partial melting of powders, while the complete melting of powder debits is involved in
SLM process. As a consequence, the deposited coatings via SLS yield low density and
poor mechanical properties. On the other hand, SLM can produce near fully dense coat-
ings with better mechanical properties [39]. Figure 1 shows that, at first, the substrate is
moved downward by a mounted piston, leaving one layer-thickness space. Following on,
a powder distributor spreads a specific amount of powder, evenly. The laser beam, which
is controlled and directed by XY scanning mirrors and an f -θ lens, melts the powder and
forms the first layer. Afterwards, the substrate moves downward to another layer thickness
for the formation of the next layer. The designed component is fabricated by repeating the
aforementioned steps [40].

Figure 1. Schematic diagram of selective laser sintering and melting.

1.3. Laser Additive Manufacturing (LAM) Process: Laser Melting Deposition (LMD)

Figure 2 presents the schematic of the LMD process. Primarily, the substrate is melted
by heat from laser radiation, generating a melt pool that captures and melts the powder
provided by a powder nozzle. The powder particles are carried and mixed by a jet of gases,
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such as argon and helium. As the laser source departs, the molten pool solidifies as a result
of heat dissipation. The deposition head moves along the designated path, provided by a
3D CAD file, resulting in a layer deposition on the substrate. Afterwards, the deposition
head moves upward by one-layer thickness for the deposition of the next coating. The
previously deposited layer is partially melted, serving as a substrate for the formation
of the next one. The aforementioned steps are repeated several times, until the designed
3D component is built layer after layer [37]. The LMD process mainly comprises laser
engineered net shaping (LENS) and direct metal deposition (DMD) processes.

Figure 2. Schematic of laser melting deposition (LMD) process.

Among the developed LAM techniques, LMD has been widely used efficiently for the
coating of a surface with a layer of ceramics and/or CMMCs. This process is usually carried
out on the surfaces of bulk (new/worn-out) materials with the emphasis on enhancing the
surface characteristics or obtaining the desired biological, frictional, or chemical characteris-
tics for a given material [18]. Equipped with high energy density laser beams, LMD setups
have demonstrated their capabilities to process materials with high hardness and elevated
melting points. In comparison to SLS and SLM processes, LMD procedure presents the
advantages of low effort intensity and high fabrication efficiency [41–43]. Besides the
benefits mentioned above, difficulties such as poor bonding, cracking, or lower toughness
exist, however, in ceramics and CMMCs-based coatings [44]. The solutions to these issues
require major dedication from scientists and researchers. The possible solutions include
process optimization, adding a buffer layer and/or functionally gradient composite (FGC)
layers, integrating the ultrasonic vibration, pre/post-substrate heating, adding additive
materials, and tailoring the novel microstructure [45–49]. This review paper compiles the
developments in the LMD based coatings of ceramics and CMMCs. Further, the properties
of such coatings, existing main issues, and their solutions are discussed.

2. Methodology

A review of literature 2000–2021 was carried out using Scopus and other databases,
focusing on the keywords “selective melting/sintering” and “laser-melting deposition”.
Special care was paid to originality and elimination of any repetition, incomplete, or hardly
accessible (language) reports. The articles were screened for ceramic and ceramic-reinforced
metal matrix composites coated by LMD only. The results were evaluated and compiled in
the review. A scheme of applied procedure is available in Figure 3.
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Figure 3. Review content according to PRISMA guidelines.

3. Coatings by LMD

There are two major types of near-net shape LMD coatings identified through the
literature survey: (a) ceramics and (b) CMMCs-based coatings.

3.1. Ceramics-Based Coatings: Compositions and Properties

The LMD process has the capability to process ceramics having high hardness and
a melting point up to 3000 ◦C. The following coatings have been identified based on the
literature survey.

3.1.1. Alumina-Based Coatings

Alumina (Al2O3) is a white or nearly colorless crystalline substance that is used
as a preliminary material for the smelting of aluminum metal. It also serves as a raw
material for a broad range of advanced ceramic products and as an active agent in chemical
processing [50]. The properties of pure alumina are given in Table 1.

Table 1. Properties of alumina [51].

Composition Al2O3 + MgO

Properties (Units)

Porosity (%) <0.10
Purity (%) 99.9

Density (g/cm3) 3.0–4.0
Young’s modulus (GPa) 350–380
Bending strength (MPa) 7500

Poisson’s ratio 0.23
Hardness (HV 0.1) 2100–2200

Coefficient of thermal expansion (×10−6/K) 8.0

Various studies have been carried on the coatings of Al2O3. Recently, fully dense bulk
Al2O3 structures were deposited via LMD with a 0.5 kW continuous wave Nd: YAG laser
on a 3-mm-thick Al2O3 substrate. It was found that the deposited layers show anisotropy
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in mechanical properties with a high compressive strength perpendicular to the build
direction and columnar grains parallel to the deposition direction. Heat treatment did
not change the strength and anisotropy, but the grain size increased from 6 to 200 mm. In
addition, the hardness increased from 1550 to 1700 HV [35]. In another study, the effects of
input deposition variables, including laser power, deposition head scanning speed, and
powder feeding rate on deposition quality were analyzed. The laser power improves the
length, width, surface roughness, flatness, powder efficiency, and microhardness of the
deposited clad, but an inverse relation has been found between laser power and clad height.
An increment in laser scanning speed causes a decrease in length, width, height, powder
efficiency, surface roughness, and microhardness, but with a positive impact on flatness.
However, a random behavior was found with regard to the powder feeding rate [36].

Pure alumina coatings (black/white) were deposited by LENS on Ti6Al4V sub-
strates [52]. The coatings showed many evenly distributed surface cracks. The formation
process effects both the volatility degree of oxide impurities in the particles, as well as the
chemical elements and phase compositions in the samples. The development of the second
phase is a major source for obtaining the black coatings and promoting the formation
and propagation of surface cracks in the coating. An analytical model was developed
to avoid a huge number of experiments for finding the optimal deposition parameters.
The analytical formulae were presented, which could reveal the relationship between the
operating parameters and physical properties of the Al2O3 parts to be fabricated [53].

The effects of laser scanning speed on the typical defects, microstructure, and me-
chanical properties of prepared samples were investigated, resulting in optimized process
parameters [54]. The results showed that the laser scanning speed has a substantial influ-
ence on the macroscopic defects, microstructure characteristics, and mechanical properties.
Slow laser scanning speed resulted in longer retaining time of the molten pool, which was
beneficial to pore suppression. A fast scanning reduced the temperature gradient at the
bottom of the melt pool to achieve crack-free depositions. The fracture toughness of the
coatings gradually increased as the scanning speed increased, while a parabolic behavior
was observed in the case of flexural strength. The optimal deposition was achieved at a
scanning speed of 300−500 mm/m. The deposited material had up to 98% densification at
this scanning speed, resulting in 1640 HV hardness, 3.75 MPa·m1/2 fracture toughness, and
212 MPa flexural strength. Figure 4 shows the SEM images of the typical microstructure of
alumina + aluminum titanate composite ceramics. All samples contain dark and bright
phases. The dark α-Al2O3 phase accounts for the main volume fraction, while the Al6Ti2O13
one is distributed in a network. For low and medium scanning speeds (Figure 4a–d), the
Al2O3 grains’ length along the deposition height is slightly longer than that perpendicular
to the deposition direction. When using high-scanning speeds (Figure 4e,f), the preferential
growth of Al2O3 grains along the deposition direction is significantly weakened.

Figure 4. Microstructure of alumina + aluminum titanate composite ceramics for a scanning speed of
50 (a), 100 (b), 300 (c), 500 (d), 700 (e), and 900 (f) mm/min [54]; with permission from Elsevier.
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3.1.2. Hydroxyapatite-Based Coatings

Hydroxyapatite (HAP) materials have gained interest from researchers because of
outstanding biocompatibility, osteoconductive characteristics, and similarity to the inor-
ganic component of human bones. They are widely used in biomedical materials [55,56],
bone tissue engineering scaffolds [57], bioactive coatings [58], soft tissue repairs [59–62],
drug delivery systems [63–68], and column chromatography for rapid fractionation of
biomolecules [69,70]. HAP materials are also probable aspirants for usage in cell targeting,
fluorescence labeling, and imaging and diagnosis materials [71,72]. The properties of HAP
are given in Table 2 [73].

Table 2. Properties of hydroxyapatite [73].

Formula Ca5(PO4)3(OH)

Composition Ca + P
Theoretical density 3.156 (g/cm3)

Hardness 500–800 (HV)
Tensile strength 40–100 (MPa)
Bend strength 20–80 (MPa)

Compressive strength 100–900 (MPa)
Fracture toughness 1.0 (MPam1/2)
Young’s modulus 70–120 (GPa)

HAP was coated on Ti6Al4V using the LMD process [74]. One can obtain coatings
with decent metallurgical bonding and slight dilution. The microstructural and mechanical
properties, chemical composition, and bio-activities of the produced coatings were studied.
The results showed that the laser power has a great impact on microstructure evolution,
mechanical characteristics, and retainment of HAP coatings. Laser power equivalent
to 750 W yielded no dilution. The microhardness results (1100 HV) inferred a strong
intermetallic–ceramic bonding, which means that the coating at 750 W can last a long
time during service. The hardness increases from the top to the bottom of the coatings or
near to the heat-affected zone. The soak tests revealed that the surface of the coating had
un-melted HAP crystals. Figure 5 shows the SEM images of the HAP coatings.

Figure 5. SEM images of hydroxyapatite (HAP) coatings after etching at 750 W (a), cross-section
(b), cross-section clad and heat-affected zone (c), and cross-section heat-affected zone and Ti6Al4V
substrate (d) [74]; published under open-access license by Elsevier.

HAP + yttria-stabilized zirconia (YZS) composite coatings were cladded by LMD
on a titanium alloy substrate. The effects of zirconia on the microstructure, mechanical
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properties, and the formation of tricalcium phosphate from the HAP + YSZ composite
coatings were evaluated. The experimental results showed that adding YSZ in coatings
was favorable to the composition and stability of HAP, which leads to the improvement of
adhesion strength, microhardness, and micro-toughness [75]. Two types of porous HAP
coatings were produced and tested with regard to their reprecipitation in a semi dynamic
simulated physiological solution. Coatings having higher porosity were produced using a
355 nm laser wavelength, exhibited substantial reprecipitation more quickly than those
deposited by a 266 nm laser wavelength. The dissolution of the non-HAP phases played a
key role in the reprecipitation of HAP-like material. The Ca/P ratio of the coatings became
nearer to the hypothetical value of HAP. The reprecipitation resulted in a very condensed
morphology, suggesting a mechanically robust structure after reprecipitation. Despite
dissolution and reprecipitation, the coatings showed sufficient stability in the solution and
no significant loss of the coatings were found. Such results prove that HAP coatings can be
used in clinical applications [76].

HAP coatings were deposited onto mild steel substrates under several laser power
and stand-off distance conditions. The results indicated that microhardness and deposition
efficiency increased with increasing power and stand-off distance. Porosity and surface
roughness decreased as the Ca/P ratio steadily decreased [77], as shown in Figure 6.

Figure 6. Effect of laser power/standoff distance on porosity, deposition efficiency, microhardness,
and surface roughness; based on the data given in Reprinted from permission from [77]. Copyright
year Copyright owner’s name [77].

3.1.3. Zirconia-Based Coatings

Zirconium dioxide (ZrO2), also known as zirconia, is a white crystalline oxide of
zirconium. The most natural form of ZrO2, with a monoclinic crystalline structure, is the
mineral baddeleyite [78]. The properties of pure zirconia are given in Table 3.

Table 3. Properties of pure zirconia [51].

Properties (Units) Zirconia

Chemical composition ZrO2 + Y2O3 + MgO
Porosity (%) <0.10
Purity (%) 95.0–97.0

Density (g/cm3) 5.0–6.0
Young’s modulus (GPa) 200–220
Bending strength (MPa) 500–1000

Poisson’s ratio 0.30
Hardness (HV 0.1) 1200–1250

Coefficient of thermal expansion (×10−6/k) 11.0
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ZrO2 (95 vol.%) + Al2O3 (5.0 vol.%) present improved toughness, outstanding corro-
sion and thermal resistances, decent biocompatibility, and reasonable mechanical properties
via altering ZrO2 content and powder preparation parameters [79–81]. It is widely used in
several commercial applications, including orthopedic parts [79], dentistry [82], valve seats
and tubes [80], manufacturing tools [12], and bearing parts [11]. An Al2O3 15-mm-thick
plate was coated with a mixture of ZrO2 and Al2O3 (without any binding material) via
the LMD process, with a eutectic ratio of 41.5 and 58.5 (wt.%), respectively. The aver-
age microhardness of the deposited Al2O3 + ZrO2 eutectic ceramic was 17.15 GPa, and
the fracture toughness was 4.79 MPa·m1/2. In addition, as a consequence of rapid melt-
ing/solidification, the microstructure (fine-grained) with an eutectic spacing of 100 nm
was achieved [1]. Figure 7 shows the microstructure of the deposited coating, which is
comprised of light and dark phases. The tetragonal light phase is ZrO2, while the dark one
is Al2O3. The two phases contain a columnar colony microstructure of faceted alumina
grains growing along the (0 0 0 1) sapphire c-axis. The lamellar microstructure is the
primary element of the Al2O3 + ZrO2 eutectic ceramic, and a key aspect in defining the
mechanical properties of the specimens.

Figure 7. Microstructure of the deposited alumina + zirconium dioxide ceramic [1]; with permission
from Elsevier.

These microstructures were further refined and uniformized, equivalent to 60.29 nm
eutectic spacing, by integrating an ultrasonic vibration in the LMD process [83].

The integration of ultrasonic vibration with the LMD step-up plays a significant role
in improving the mechanical properties and microstructure of the deposited coatings. In
this context, ZrO2 (10 wt.%) and Al2O3 (90 wt.%) coatings were deposited on a titanium
substrate [2]. Figure 8 shows the effects of ultrasonic vibrations. It was found that the
hardness (1670–1760 HV) and stress-bearing capacity (280–450 MPa)) of the deposited
coatings are improved, while the wear rate decreased (20 × 10−5–8 × 10−5 mm3/Nm)
significantly. This can be attributed to the fact that with the integration of ultrasonic
vibrations in the LMD process, the grain refinement and homogenized material dispersion
occur, thus improving the properties of deposited materials.
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Figure 8. Stress, wear rate, and microhardness of the deposited ZrO2 + Al2O3 coatings on titanium
substrate: with and without ultrasonic vibrations; based on the data from [2].

LMD has been proposed and utilized to fabricate customized zirconia-toughened
alumina (ZTA) coatings in a shorter cycle time at a lower cost. Investigations have been
reported on the effects of laser power on ZTA depositions with regard to microstructures
and mechanical properties. Experimental results exhibit that at lower levels of zirconia
contents (5, 10 and 20 wt.%), a novel three-dimensional quasi-continuous network (3DQCN)
microstructure is tailored. In contrast, for higher zirconia contents (30, 35 and 41.5 wt.%),
the eutectic microstructure dominates the whole deposition. Both microstructures are,
however, beneficial for toughening the ZTA coatings. Moreover, the 3DQCN microstructure
contributes to the hardening of ZTA depositions [84].

3.1.4. Silicon Carbide-Based Coatings

Silicon carbide (SiC) is a solid mineral crystal, which is used as a semiconductor and a
ceramic, commonly referred to as carborundum. It appears as colorless and transparent
crystals. When impurities are added, SiC crystals change to green or blue depending on the
level of impurity. SiC possesses excellent hardness and strength, which makes it a potential
candidate for the manufacturing of fast, high-voltage and high-temperature devices [85].
SiC properties are given in Table 4 [85,86].

Table 4. Properties of silicon carbide [85,86].

Properties (Units) Silicon Carbide

Chemical composition SiC + FC + Fe2O3
Max. service temperature (◦C) 1380

Density (g/cm3) 3.02
Bending strength (MPa) 280 (1200 ◦C)
Elastic modulus (GPa) 300 (1200 ◦C)

Thermal conductivity (W/mk) 45 (1200 ◦C)
Thermal expansion coefficient (×10−6/k) 4.5

Mohs hardness 13

There are several studies carried out on the coatings of SiC using the LMD technique.
A detailed investigation has been carried out on the optimization of the SiC laser coating
on titanium alloy. The microstructure, phase composition, and microhardness of the
coatings were studied. Crack-free coatings with a significant increase in hardness from
245.5 to 1923.5 HV were obtained [87]. In another study, an attempt was made to coat a
compositionally graded SiC dispersed phase on the surface of mild steel substrate by the
LMD technique. A continuous wave CO2 laser was used, with the simultaneous feeding of
SiC particulates, assisted by argon gas. Within the coatings, SiC particles were found to be
partially dissociated, with a higher degree of dissociation at the bottom as compared to
the top area. The microhardness of the surface was improved from the 190 to 600 HV, and
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decreased gradually from the top to the bottom of the coating. The cumulative depth of
wear also decreased from 16 to 3 µm [88]. Silicon infiltrated silicon carbide (substrate) was
coated with SiC + SiO2 and SiC + Si particles by LMD. An Nd: YAG laser source delivering
an average power of 920 W (pulse rate = 10 Hz, pulse width = 1 ms) was used to apply such
coatings using the powder blowing technique. The results demonstrated that the use of the
SiC + SiO2 powder mixture produces a severe damage of the substrate, whereas the use of
the SiC + Si mixture leads to the formation of sound coatings without substrate damage [89].
Table 5 summarizes the morphologies of the ceramic powder mentioned above.

Table 5. Various ceramic powders and their morphologies.

Powder Type Manufacturer Particle Size Images References

Alumina VAW aluminium AG 3–6 (µm)
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Ceramic coatings have been proved to enhance wear resistance of a given material.
CaF2 + Al2O3 ceramics’ coatings were deposited on an Al2O3 substrate by the LMD
process [90]. Scanning electron microscope analyses showed that the CaF2 particles were
homogeneously dispersed in the matrix of Al2O3. CaF2 presented a noticeably low friction
coefficient, resulting in significantly improved self-lubricating and wear resistant coatings.

Biomedical industries demand not only an enhanced wear resistance but also biocom-
patibility. Si3N4 + tricalcium phosphate (TCP) bio-ceramic coatings were deposited on
a Ti6Al4V substrate [91]. Within the coatings, Si3N4 was found to be non-cytotoxic and
can protect the Ti6Al4V substrate from wear and tear. In addition, the bioresorbability of
TCP enabled fast bone development and contributed to its incorporation with the bone
tissue [92].
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Ceramics are also characterized by excellent chemical stability. To protect heat ex-
changer tubes from fireside erosion and corrosion, a coating of WC + Co on a low carbon
steel substrate was carried out by the LMD process [93]. Results indicate that the deposited
coatings gave excellent hardness and adequate wear resistance in comparison to pure
material (low carbon steel substrate).

The rise in the abrasive resistance could be due to the WC + Co addition and explains
also the increase in the coefficient of friction, and therefore the decrease in the wear volume.
It, in return, increases the hardness value. These results are illustrated in Figure 9.

Figure 9. Comparison of the (a) hardness and (b) friction coefficient, with and without coatings;
based on the data from [93].

3.2. Ceramics Reinforced Metal Matrix Composites (CMMCs)-Based Coatings: Compositions
and Properties

Ceramic reinforced metal matrix composites (CMMCs) are usually composed of two
types of materials: (a) ceramics + non-metals and (b) ceramics + metal/metal alloys.
However, in the LMD process, option (b) is commonly used. For deposition, they are
premixed or mixed coaxially using powder feeders. Through literature survey three
types of CMMCs have been identified: (a) nickel-based, (b) Inconel and invar-based, and
(c) titanium-based.

3.2.1. Nickel-Based CMMCs

Nickel (Ni) matrices reinforced by ceramics (NCMMCs) are promising materials with a
vast range of applications, including aerospace, chemical, and petrochemical industries [94].
They present high corrosion, fatigue, and wear resistances, as well as high hardness due to
ceramic reinforcement. Titanium carbide (TiC) reinforced NCMMCs were coated on a Ni
substrate via LMD [95]. The NCMMCs exhibited a high microhardness value of 370 HV
in comparison to 165 HV for pure Ni. The high-volume fraction of TiC is reflected in the
higher microhardness. In addition, tribo-studies were carried out for both compositions.
From Figure 10, it is clear that the TiC phases were beneficial in reducing the friction
coefficient (~0.20) in comparison to the pure Ni sample (~0.75).

Ni + Ti + C coatings were deposited on low carbon steel by the LMD process [96]. A
total of three compositions, including 20, 40 and 60 (vol.%), were deposited. The influence
of TiC vol.% on phase transformation, microstructure evolution, hardness, and wear
resistance was analyzed. The analyses exhibited that the composites consisted of TiC + Ni
phases. TiC particulate size increased from 3 to 10 µm, when the TiC (vol.%) was increased
from 20% to 60%. In addition, the hardness was improved from 365.6 to 1897.6 HV, while
the value of wear resistance changed from 20 to 6 × 10−3 g. Figure 11a–c are SEM images
of Ni + TiC cross-sections. When the TiC volume fraction is 20 vol.%, the size of the in situ
forming TiC particles is smaller, and the average size is less than 3 µm. If the TiC volume
fraction in the Ni-Ti-C system is 60 vol.%, one clearly observes that the in situ fabricated
TiC particles are spherical and bigger, with an average size of about 10 µm.



Coatings 2021, 11, 296 12 of 23

Figure 10. Hardness and friction coefficient of Nickel (Ni) matrix reinforced by ceramics (NCMMCs);
based on the data from [95].

Figure 11. SEM images of Ni + Ti + C microstructures by LMD: 20 (a), 40 (b), and 60 (c) vol.% TiC [96];
with permission from Elsevier.

3.2.2. Inconel and Invar-Based CMMCs

Recently, Inconel and invar-based CMMCs have been explored with regard to their
applicability in different industries. For this purpose, the effects of laser energy input per
unit length (LEIPUL) on microstructure and mechanical characteristics were analyzed in the
case of TiC-reinforced Inconel 625 coated on a C45 carbon steel substrate [97]. The results
show that high energy input led to an efficient Marangoni convection within the molten
pool, resulting in a refined (from 34.1 to 27.2 µm) and homogenized dispersion of TiC
reinforcements. A proper increase in the applied LEIPUL to 100 kJ/m led to a considerably
low average friction coefficient of 0.30 and reduced wear rate of 1.3 × 10−4 mm3/N m
for the LMD-processed coatings. These values are explained by the formation of the
adherent and strain-hardened tribo-layer on the worn surface during sliding wear tests.
The formation of the refined columnar dendrites of the Ni–Cr γ matrix combined with
the homogeneously distributed ultra-fine reinforcing particles and contributed to the
enhancement of wear performance. The significant coarsening of columnar dendrites of
the matrix at an excessive LEIPUL of 160 kJ/m lowered the tribological property. These
results are shown in Figure 12.
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Figure 12. Friction coefficient and wear rate of TiC-reinforced Inconel 625 coated on a C45 carbon
steel substrate; based on the data from [97].

The rapid heating and solidification involved in the LMD process generate a high
temperature gradient and thermal stress within the fabricated parts. This introduces
defects, including cracks, warpage, and delamination. Invar has been proved beneficial
to decrease the coefficient of thermal expansion (CTE). Invar is basically a combination
of 64 wt.% Fe + 36 wt.% Ni. TiC-reinforced Invar coatings were manufactured via the
LMD process [98]. Experimental results, in Figure 13, show that composites showed high
hardness, yield strength, and thermal expansion coefficient, while elongation decreased
exponentially. This can be explained by noting that the interfacial bonding between the
matrix and reinforcement is mandatory to achieve better elongation. A weak adhesion
between the two phases restricts the load transfer from the matrix to reinforcement, thus
inducing a declination of elongation.

Figure 13. Effect of vol.% of TiC in invar: hardness, yield strength, elongation, and thermal expansion
coefficient; based on the data from [97].

3.2.3. Titanium-Based CMMCs

Ceramic reinforced titanium (Ti) matrix composites (TCMMCs) have been widely used
in aeronautical and biomedical industries due to their high strength-to-weight ratio and
exceptional biocompatibility. TiC [99,100], TiN [33] and TiB [3] are identified as most com-
monly used reinforcements for titanium matrices. TiC-reinforced TCMMCs were coated
on TA15 substrate via LMD process and the effects of TiC content on microstructure and
tensile properties were studied [99]. TMC with 5 vol.% TiC exhibited better ultimate tensile
strength (UTS) but worse ductility in comparison to titanium alloys. While increasing the
TiC from 5 to 15 vol.%, both UTS and ductility of TCMMCs depreciated dramatically. These
results are shown in Figure 14.
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Figure 14. Effect of vol.% of TiC on: yield strength, ultimate tensile strength, and elongation; based
on the data from [99].

Among all types of ceramic materials, TiB is considered one of the most suitable for
reinforcement [34] for the following reasons: (i) small quantity of TiB hugely improves
the mechanical properties of TCMMCs, (ii) thermal stress at the interfaces of TiB + Ti are
diminished due to their similar densities and CTEs, (iii) TiB is a steady phase and no
intermediate phase occurs between TiB and Ti, and (iv) a strong metallurgical bonding
occurs between TiB and Ti [101]. TiC + Ti6Al4V TCMMCs were produced with 10, 20 and
30 vol.% reinforcing ceramic. The analysis revealed the presence of partially melted TiC
particles embedded in the Ti matrix, along with fine dendrites of re-solidified ceramic. The
dendritic structures in the Ti-based composites were confirmed as TiC. TCMMCs showed
an increase in microhardness with increasing ceramic (carbide) content, reaching a peak of
550 HV in the Ti-based TCMMCs [102]. These results are presented in Figure 15.

Figure 15. Effect of vol.% of TiC on hardness; based on the data from [102].

3.2.4. Applications of Ceramics Reinforced Metal Matrix Composites (CMMCs)-Based
Coatings: Wear, Biomedical, Chemical, and Electrochemical

One of the common issues of ceramic coatings is the delamination which occurred
between the substrate and coatings. Delamination usually occurs due to poor bonding be-
tween the substrate and coating to be deposited. Recently, CMMCs have gained the interest
of researchers and scientists as they have proved beneficial in solving the aforementioned
issue. In CMMCs, hard ceramic reinforcements in the matrix act as load-bearing elements,
which can restrain plastic deformation and prevent matrix material from wear and tear.
It makes them a potential candidate for wear and load-bearing applications. In situ TiB
+ TiN-reinforced TCMMCs were deposited on a Ti substrate by the LMD process using a
premixed Boron nitride and Ti6Al4V powder particulates [103]. The fine dispersion of TiB
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and TiN reinforcements within the Ti matrix remarkably improved the wear resistance of
the Ti substrate. Nickel-based matrix reinforced with WC + W2C carbides were coated by a
CO2 laser via LMD on a low carbon steel substrate [104]. Different coatings were made
with three different particle sizes of the carbides and volume fractions ranging from 0%
to 50%. It was evidenced that an increase in vol.% WC + W2C carbides and a decrease in
carbide size favored the enhancement of hardness (from 200 to 350 HB) and wear resistance
(200 times larger than without carbides). In addition, a small amount of carbides was
sufficient to significantly improve wear resistance.

CMMCs have proved their capabilities for implants with minimized wear-induced
osteolysis and aseptic loosening [105]. TCMMCs, including reinforced TiN [106] and
SiC [107], possess high biocompatibility, thus, they are widely used on metallic substrates
to improve the applicability of metallic substrates for biomedical applications. These
coatings exhibited in vitro excellent cell–material interaction and no toxicity, proving their
high potentiality for load-bearing implants, e.g., hip, knee, and shoulder.

Ni2Si + NiSi composites were fabricated on a 0.2% carbon steel substrate by the
LMD process [4]. The coatings established outstanding chemical and electrochemical
corrosion resistance properties. Novel composite coatings, including TiC + Stellite-6,
WC-reinforced cobalt matrix, MoSi2-reinforced Stellite-6 matrix, and MoSi2-reinforced
steel matrix composites, were deposited on an AISI 1018 steel substrate to improve the
slurry erosion wear rate [5]. The deposited coatings exhibited an enhanced erosion rate as
compared to pure materials.

4. Modelling Approaches

One of the productive ways to understand the coating process by LMD is to simulate
it before performing the actual experiment. Numerous studies have been conducted to
classify the relation between process parameters and deposited coating. Acharya et al. [108]
combined computational fluid dynamics and phase-field models to simulate grain for-
mation based on the primary operating parameters, including laser power and scanning
speed. Fergani et al. [109] presented a mathematical model to analyze the residual stress
distribution within the coated layers, while Chen et al. [110] developed a finite element
(FE) analysis model to examine melt-pool dimensions and the deposited layer profile.
Yu et al. [111] developed a FE model to simulate residual stresses based on primary op-
erating parameters. FE modelling is usually time consuming and requires a dedicated
computing setup and specialized skills to generate a solution. Further, FE model solution
accuracy depends on meshing accuracy: a fine mesh requires higher computation time.

To solve this mystery, various efforts have been carried out to develop time-efficient
analytical models. Mahmood et al. [112] developed an analytical model to simulate the
dimensions for all deposited layers and corresponding residual stresses. The model was
able to provide an answer within an accuracy of 10–15% mean absolute deviations. In
another study by Mahmood et al. [113], an analytical model was presented to simulate
powder flow from a 3-jet powder nozzle and its interaction with a laser beam. This model
was computationally efficient and was able to estimate results with an accuracy up to
10% mean absolute deviations. A model to estimate average grain size and mechanical
properties, based on primary operating parameters, was presented [114]. This model
was able to predict results with 8% mean absolute deviations. Various analytical models
have been presented to estimate temperature distribution within deposited coating using
non-Fourier and two-temperature model techniques [115–119]. These models can be used
for process optimization by linking them with optimization software or an artificial neural
network before performing actual experiments [120].

5. Coatings by LMD: Existing Difficulties, Solutions, and Future Trends

One of the major difficulties in coating ceramics over metallic substrates is the lack of
bonding between the two, which can be described in terms of poor compatibility due to
differences in thermal, mechanical, and physical properties [44]. Low wettability, defined
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as the ability of liquid to preserve an interaction with a solid surface between the deposited
coating and substrate, also accounts for such phenomenon, causing a metallurgical bonding
failure [121]. Due to poor bonding, the coated layers will simply peel off from the substrate.
There are several methods available to improve the bonding between the coated layers and
substrate, compiled in Table 6, Figure 16.

Table 6. Different techniques to optimize the bonding between substrate and coatings.

Technique Illustration References

Integrating the ultrasonic
technology with LMD

process

With periodical positive–negative
pressure, ultrasonic vibration
produces two non-linear actions of
acoustic streaming and transient
cavitation. The absorption of acoustic
oscillations in liquid materials
generates a stable flow, also known as
acoustic streaming. Transient
cavitation assists the formation,
growth, pulsation, and collapse of the
micro-sized bubbles. These two
non-linear actions facilitate material
movement within the liquid, which is
beneficial for regulating material
dispersion. This in return reduces the
thermal gradient, stresses, or cracks,
and refines grain formation in the
deposited coating.

[122–126]

Adding a buffer or
functionally graded layer

Adding a buffer layer proved efficient
for enhancing the compatibility
between the deposited ceramic
coatings and metallic substrate, thus
rendering a firm bonding between
them, as shown in Figure 16.

[47,48]

Figure 16. Inclusion of buffer or functionally graded material layer. This technique is commonly
used in the medical industry.

Further, it is essential to optimize process parameters to melt down completely the
material to be coated on the substrate and obtain an optimum bonding. In the LMD process,
there are three primary operating parameters: laser power, scanning speed, and powder
feeding rate. An optimum set of parameters is necessary to obtain well-balanced coating
over a substrate [45,46]. This procedure is commonly known as “process optimization.”
Due to rapid heating and cooling involved in the LMD process, cracks are usually induced
due to a huge thermal gradient inherent to the LMD process [18]. The advent of cracks leads
to poor mechanical properties and a shorter life span of the deposited coating. Moreover,
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the presence of cracks can cause the failure of coating under cyclic loading [127]. It is
therefore essential to eliminate cracks to fabricate fully dense coatings. This will ultimately
improve the mechanical characteristics of the coated material. A few techniques have been
compiled in Table 7.

Table 7. Different techniques to optimize the bonding between substrate and coatings.

Technique Illustration References

Addition of rare earth oxides

Rare earth oxides can change the
dynamics of melt pool and are
capable of preventing crack
initiation and propagation via
preventing dislocation movements.

[128]

Pre-/post-heating of substrate

The main purpose is to decrease the
thermal gradient between the
deposited coating and substrate.
This process has been proved to
successfully suppress the cracks in
the LMD process. However, such
treatments are time- and
cost-consuming, requiring
supplementary procedures and
equipment. Further, this technique
may even alter the required
properties of the coated material.

[105,129]

As mentioned earlier, process optimization is an effective method to reduce crack
formation; however, the process parameter window to manufacture crack-free parts is
very tough to find. It may lead to large number of experimentations before finding an
optimal set of parameters [53,130]. Despite reinforcing effects induced by the presence of
rigid ceramic phases, CMMCs still exhibit severe issues resulting from reduced toughness
and ductility [131]. A pressing problem that needs to be addressed is how to strengthen
matrix materials without losing too much resilience and ductility. To avoid this, a three-
dimensional quasi-continuous network (3DQCN) microstructure using TiB-reinforced
TCMMCs was tailored using LMD process [64]. In 3DQCN, bright and dark regions
were recognized as TiB reinforcement and Ti matrix, respectively. TiB was valuable for
strengthening the composites, while Ti regions were able to increase the toughness and
ductility of TCMMCs [132].

6. Conclusions

The investigation of ceramics and ceramic-reinforced metal matrix composites (CMMCs)
by LMD has been explored and summarized herewith. The main conclusions are the following:

• Selective laser sintering (SLS), selective laser melting (SLM), and laser melting de-
position (LMD) are commonly used laser additive manufacturing techniques. LMD
has demonstrated capabilities to process materials with high hardness and elevated
melting points due to the use of high intensity laser beams. In comparison to SLS
and SLM, the LMD process presents the advantages of low work intensity and high
fabrication efficiency.

• For LMD coatings, the proper selection of process parameters results in increasing the
melting degree and in the uniformization of deposited coating properties. In addition,
the side effects of high thermal stress and part distortion can be reduced or even
eliminated by process optimization.

• LMD demonstrated viability to process ceramics and CMMCs. The coatings growing
on surfaces of bulk materials improve their characteristics and bring biological and/or
chemical attributes to the materials. Fabricated samples can be utilized in aerospace,
biomedical, chemical, and electrochemical industries.
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• In LMD, the good adherence of the deposited ceramics or CMMCs layers to the
substrate is of great importance for obtaining high quality coatings. To achieve the
desired adherence strength, one should optimize correspondingly the processing
parameters. Whenever the process optimization fails, a buffer layer can be introduced
in between coating and substrate, possibly in combination with ultrasonic vibrations.

• LMD CMMCs coatings exhibit remarkable features, including high strength at elevated
temperatures, improved hardness, better fatigue resistance, and creep characteristics,
which makes them appropriate for advanced technological applications. Opposite
behavior of the elongation had been observed, while UTS and YS showed random
behaviors. The interfacial bonding between the matrix and reinforcement is there-
fore mandatory to obtain better UTS and YS. The weak adhesion between phases
limits the load transfer from matrix to reinforcement, thus decreasing UTS and YS.
Consequently, a careful selection of reinforcement and their fraction (wt.%) in combi-
nation with the metal matrix is necessary to achieve optimum physical, thermal, and
mechanical properties.

• In LMD, cracks are usually initiated by the large thermal gradient, resulting in coatings
with weak mechanical properties and a short life span. Their number and size can
be reduced by process optimization, pre-/post-heating of the substrate, additive
materials, and/or the LMD integration with ultrasonic vibrations.

• In the case of CMMCs, LMD coating meets with major difficulties due to lowered
toughness and ductility. These issues can be solved by tailoring suitable microstruc-
tures within the deposited coating.

• Any kind of post-processing would require special tools and high energy, thus in-
creasing the fabrication cost, which limits the availability of CMMCs to niche ap-
plications. One should therefore identify the best balance between appropriate
thermo-mechanical properties and low production cost in order to effectively promote
the MMCs.

• New materials with improved properties could be fabricated by the optimum addition
of matrix and reinforcement in powder form. Moreover, coatings with complex
architecture such as multilayered structures or gradient composition can be easily
obtained via in situ CMMCs. One should also explore the manufacturing of the
precise composition of CMMCs using different laser sources by properly modifying
the microstructure and mechanical, thermal, and electrical properties.

• LMD is expected to allow for sub-mm resolution and hence for an increased accuracy
of the MMCs printed via LMD.

• The latest technique is to utilize an enhanced topology design. The coatings dimen-
sions, restrictions, and the acting forces are specified in this case by the CAD/CAM
user. The software calculates based upon the maximum resistance to stress and the
most appropriate shape, in accordance with user requirements. The resulting shape is,
however, in most cases unconventional and convoluted. 3D printing proved suitable
to fabricate such coatings. LMD can further push forward the field by using CMMCs.
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