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ABSTRACT

Additive manufacturing (AM) has provided huge versatility in geometry and materials, allowing new
products and processes in several areas to be created. Laser Engineered Net Shaping (LENS) is an additive
manufacturing process created in 1995 that allows building high-density metals and ceramics parts with no
need for further operation. This manuscript aims to study the scientific literature about the process of Laser
Engineered Net Shaping related to ceramics. After a systematic review, the articles were grouped into three
categories: ceramic coating and AM of ceramics and AM of composites with ceramic reinforcement. Raw
materials, substrates, applications, process parameters, and the obtained properties were analyzed and
summarized for each group. Most of the additive manufacturing of ceramic parts are related to alumina,
which present similar properties when compared to the traditionally manufactured ones. Recent works have
the aid of an ultrasonic vibration to homogenize the in-process material, reduce cracks and improve
mechanical properties. The additive manufacturing of composites with ceramic reinforcement has been used
to create functionally graded composites materials with increased hardness, while the ceramic coating has
been employed to manufacture biocompatible coating with increased hardness and low wear rate. Moreover,
an additive manufacturing timeline including Laser Engineered Net Shaping landmarks is presented.
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RESUMO

A manufatura aditiva (AM) tem proporcionado grande versatilidade na geometria e em materiais, permitindo
que novos produtos e processos sejam criados em diversas areas. Deposicdo Direta de Energia (DED) é um
processo de manufatura aditiva criado em 1995 que permite a fabricacdo de componentes metalicos e cera-
micos com alta densidade sem a necessidade de etapas posteriores, a exemplo de sinterizacdo ou infiltragao.
Este artigo objetiva o estudo do estado da arte do processo DED relacionado a cerdmica. Partindo da geracao
de uma linha do tempo da manufatura aditiva, que inclui os marcos relacionados & Deposicéo Direta de Ener-
gia, foi realizada uma revisdo sistematica em que os artigos foram agrupados em 3 categorias: revestimento
ceramico, AM de cerdmica e AM de compdsitos com refor¢os ceramicos. Para cada categoria foram analisa-
dos, classificados e resumidos aspectos referentes as matérias primas, substratos de deposicdo, principais
aplicacdes, pardmetros de processo e propriedades. A maior parte dos trabalhos referente a categoria da ma-
nufatura aditiva ceramica esta relacionada com a fabricacdo da alumina, sendo que propriedades ja sdo simi-
lares as produzidas por processos convencionais de manufatura. Trabalhos recentes utilizaram a vibracao
ultrassbnica para homogeneizar o material em processo, reduzindo trincas e melhorando as propriedades
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mecanicas. A categoria AM de compositos com reforgos ceramicos tem sido empregada para criar materiais
compdsitos com gradiente funcional de elevada dureza, enquanto que a categoria de revestimentos ceramicos
tem sido majoritariamente utilizada para fabricacdo de revestimentos biocompativeis com elevada dureza e
baixa taxa de desgaste. De modo geral, é certo que o advento dessa tecnologia vai ocupar fatia importante da
manufatura ceramica.

Palavras-chave: Manufatura Aditiva, Ceramica, Deposicdo Direta de Energia.

1. INTRODUCTION

In the last four decades, scientific and industrial researches have enabled considerable advances in additive
manufacturing, allowing the manufacture of several products to be made of polymers, metals, ceramics, and
composites with unviable or even impossible geometries by other processes [1-4]. The development of new
AM techniques, materials and software have provided continuous advances in several areas [2,5,6]. The main
benefits of AM are the ability to manufacture complex parts, fast prototypes, freedom of design, mass cus-
tomization and waste minimization. On the other hand, there are still some major challenges for AM, i.e.,
void formation, anisotropic behavior, limitation of computer design, and layer-by-layer appearance [1].

The additive manufacturing allows fabricating complex ceramic products in small quantities, without
the costs of preparing new tools each time. Such a process has been used mainly in biomedical, aerospace,
automotive and chemical industries to manufacture scaffolds, filters, and lightweight structures. Challenges
for AM of ceramics include dimensional inaccuracy, poor surface finish, the possible need for sintering, and
the limited availability of proper feedstock, which enables the fabrication of ceramic parts with similar prop-
erties to the ones produced by conventional processing [1,7].

There are two categories for AM of ceramics: the direct and indirect methods. The direct methods, in
which pure ceramic powder is directly melted and solidified to create parts, include Laser Engineered Net
Shaping (LENS) and Selective Laser Sintering (SLS). On the other hand, the indirect methods, in which a
green body (a mixture of ceramic powder with additives as binders) is created and then sintered, include
several processes (stereolithography, fused deposition, slurry-based selective laser sintering method, selective
laser gelling, binder jetting and freeze-form extrusion fabrication) because of their lower dependence on high
energy sources. The ceramics parts fabricated by direct AM methods can reach high values of density, purity,
and mechanical properties. Moreover, it does not rely on a time-consuming binder removing step. However,
the direct fabrication aided by laser is very challenging due to the intrinsic brittleness of ceramics and the
high thermal gradients of the process, making it still not able to produce a wide variety of ceramics in the
same way as indirect methods [8-11].

The Laser Engineered Net Shaping is a widely used term employed in the USA referring to a trade-
mark of Sandia National Laboratories. It has several synonyms such as Direct Energy Deposition (DED),
Direct Light Fabrication, Direct Laser Deposition, Direct Laser Fabrication, Laser Rapid Forming, and Laser
Solid Forming [1,12].

According to ISO/ASTM 52900:2015 [13], Direct Energy Deposition is defined as “an additive manu-
facturing process in which focused thermal energy is used to fuse materials by melting as they are being
deposited”. In addition, “Focused thermal energy means that an energy source (e.g. laser, electron beam, or
plasma arc) is focused to melt the materials being deposited”. Direct Energy Deposition differs from the SLS
(another direct method) because it does not use a power bed. The raw material is melted before the deposi-
tion, which occurs layer-by-layer, similar to the Fused Deposition Modeling (FDM), but requiring a much
higher energy to fuse materials, such as ceramics (Figure 1). The DED method has limitation to build com-
plex parts, and both low accuracy and surface quality. Therefore, this method is used to manufacture low-
complexity large parts, where the main differential it that DED can print on pre-fabricated parts, pointing out
to the repair of them, such as turbines. Furthermore, the method provides great mechanical properties and it
allows the fabrication of graded compositional parts [1,14].
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Figure 1: Schematic diagram of the Direct Energy Deposition process. The powder particles flow through the nozzle
(blue) and it is melted by the focused laser (red) as it is being deposited to create a part, layer-by-layer, on the top of a
substrate (beige).

The Sandia Corporation published the first articles related to Laser engineered net shaping around
1995 [15,16], while its patent was filled in 1996 [17] and it was licensed to Optomec Inc. in 1997 [18]. Even
though this technique was first created to fabricate metal parts, studies indicate that some laboratories were
studying the use of LENS applied to ceramics already in 1999 [19]. Figure 2 shows a timeline that includes
landmarks in AM and LENS development, summarizing events portrayed in other works [2,14,25-
27,15,17,19-24].

(1984 (1987) (1991)=(1992)=(1993)
1% 3D printer 1%t commercial 1t FDM 1s'SLS 1% ceramic
patents filled 3D printer 3D printer 3D printer 3D printer
2003) (1999; (1996)=(1995)
1% graded 1%t studies of LENS 1 LENS 1 LENS
ceramic by LENS using ceramics patent  manuscript
(2008) 2010 2018
Bioactive PZT with dielectric Alumina with
coating by  properties by LENS conventional
LENS properties by LENS

Figure 2: Additive manufacturing timeline including LENS landmarks.

2. MATERIALS AND METHODS

A systematic review about LENS of ceramics was performed based on SCOPUS and Web of Science
databases. The terms included on the search were “Laser Engineered Net Shaping” and “Ceramics”,
excluding articles when LENS was not the main topic. Manuscripts published in English until August 15,
2018 were analyzed and divided into three major groups: coating of ceramics, AM of ceramics and of
composites with ceramic reinforcement. For each category, we examined the literature on applications, raw
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materials specifications, process parameters, and obtained properties.

3. RESULTS

During our investigation, the number of articles found in Web of Science and Scopus was 37 and 48, respec-
tively. By eliminating the duplicated papers, the manuscripts not written in English and the ones in which
LENS were not the main topic, 31 articles were selected for the analysis. Figure 3 shows the number of man-
uscripts published over the years, where more than 50% of the papers have been published in the last 3 years.
It is clear that the number of manuscripts published has increased mainly in the newest category: AM of
ceramics.
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Figure 3: Articles related to LENS of ceramics published between 2003 and 2018 regarding coating, AM of composites
reinforced with ceramic and AM of ceramics. A growth in the number of published articles in such topic is evident.

3.1 Additive Manufacturing of Ceramics

3.1.1 Raw materials and substrate:

Alumina was used as the raw material in 15 of the 16 employed articles related to AM of ceramics. It was
employed to deposit Al,O; [8-10, 27-30], Al,05/ZrO, [29-37], AlL,Os/YAG (yttrium aluminum garnet)
[30,38] and Al,O4/SiC [29]. These manuscripts utilized powders with a particle size of about 40-90 um. The
only exception is a recent paper [31] in which the fused yttria-stabilized ZrO, had a particle size of about 1-5
pm. The authors state that different particle size ranges between Al,O; and ZrO, powders could ensure an
interactive mixture between them. In addition, several recent articles have used spherical powders [32—
35,38]. It was shown by Durejko et al. [39] that spherical powders have a smooth and problem-free feeding
process during LENS fabrication. Moreover, some studies [8,27-30,37,38] indicate that the powder should
be dried to eliminate moisture. According to Niu et al. [38], such a process increases the flowability of the
powder. Figure 4 presents a confocal image of a spherical alumina powder, similar to the raw material uti-
lized in the already mentioned articles.
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Figure 4: Confocal image of spherical Alumina powder.

The most used substrates in these processes were alumina [8-10,27,28,37] and the titanium alloy Ti-
6Al-4V [29,30,32,34,38]. The thickness of alumina substrate varied between 3 and 50 mm, while substrates
of Ti-6Al-4V with a thickness between 6 and 9 mm were employed. The use of Ti-6Al-4V is due to its good
compatibility and high laser absorptivity [29].

Lead zirconate titanate (PZT) was the raw material adopted by the only article that did not use alumi-
na [26], where the particle size was approximately 1 um. A heat treatment was made to create agglomerates
between 50 and 150 um and to remove moisture, suiting the powder for the LENS process in a 316L stainless
steel substrate (thickness of 3 mm).

3.1.2 Process parameters:

All the papers utilized continuous wave of Nd:YAG laser in the process. The laser power adopted in the
articles related to AM of ceramics varied between 150 and 530 W. The scan speed varied between 100 and
1500 mm/min, but most manuscripts used a speed between 300 and 400 mm/min [8,27,30,32,33,35-38]. The
powder feed rate varied from 0.2 to 3.0 g/min, but most papers employed a power feed rate between 1.6 and
2.4 g/min [27,31-38]. Some articles did not provide the z-increment, which is equivalent to the layer thick-
ness. All the manuscripts that specified this parameter [10,27,28,30-33,35,37,38] adopted an increment range
between 0.18 and 0.51 mm.

The use of ultrasonic vibration to assist LENS is also reported in a few papers [31-33,35]. According
to Hu et al. [31], this emerging technique reduces the initiation and propagation of cracks and improves me-
chanical properties such as microhardness or wear resistance, for example. An ultrasonic vibration unit pro-
vides vertical ultrasonic vibration, which is transmitted to the surface of the substrate homogenizing the ma-
terial dispersion. The ultrasonic power used was up to 160 W [32,33,35] and should increase as the parts
became higher, in order to ensure an equivalent effect. The ultrasonic frequency and amplitude adopted by
Hu et al. [31] was 41 kHz and 5 pum, respectively.

3.1.3 Properties and samples:

Recent articles related to LENS of alumina have presented samples with properties on the same level as the
conventional fabricated ones. Niu et al. [27] produced samples with a relative density of 99.5%, the average
flexural strength of 210 MPa, and average compressive strength of 395 MPa. However, the parts had non-
uniform defects size and, as a consequence, great dispersion of these properties. Li et al. [9] produced by
LENS samples with microhardness as high as 2400 HV overcoming the one provided by other processes due
to its unique melting solidification process. A major problem in the samples is the presence of cracks and, in
order to reduce it, dopings such as yttria, zirconia, and silicon carbide were used.
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On one hand, Silicon Carbide (SiC) suppresses cracks by dispersion strengthening mechanism, since it
has higher binding strength and melting point, and so its dispersion in the alumina matrix demands more
propagation energy. On the other hand, yttria and zirconia suppress cracks by grain refinement strengthening
[29,30]. Niu et al. [38] produced Alumina/YAG eutectic ceramic with a relative density of 98.6% and micro-
hardness and fracture similar to those achieved by traditional methods.

Eutectic Zirconia/Alumina was produced by several manuscripts, where crack-free single-bead wall
parts were made [29] and low porosity (0.45%) reached [33]. Finer microstructures provided higher proper-
ties than traditional Eutectic Zirconia/Alumina. For instance, eutectic spacing about 60-70 nm provided frac-
ture toughness of 7.67 MPa.m"?[32,35]

Moreover, PZT ceramic with reasonable dielectric properties was manufactured on a metallic
substrate using LENS pointing out the direct fabrication of embedded sensors, which is not possible by any
other AM or conventional process. There was a loss of the dielectric properties of the PZT during the LENS
process that is explained by the formation of a different phase during the process. Such a loss in the dielectric
properties can be mitigated by increasing the quantity of oxygen in the glove box and the amount of PbO in
the raw material. However, rapid cooling is intrinsic to the process and it should lead to some loss of the
dielectric properties [26].

3.2 Coating of Ceramics

3.2.1 Raw materials, substrate, and application:

Bandyopadhyay et al. [40] created compositionally graded alumina coatings on a 3.16 mm thick 316 stainless
steel substrate. The pure alumina powder particle size was between 44-74 um and the bond coat utilized was
Ni-20 wt% Cr powder (45-106 um). Zheng et al. [41] deposited IN625 (particle size from 45 to 125 um) Ni-
based metal matrix composites with TiC ceramics (particles with size up to 45 um) on a 316 stainless steel
substrate.

Balla et al. [42] coated compositionally graded TiO, ceramic on a titanium substrate in order to study
possible improvements in load-bearing implants. In this case, it was used pure titanium (particle size between
50 and 150 um) and TiO, powder (from 45 to 106 um). Roy et al. [25] produced a tricalcium phosphate
(particle size from 45 to 150 pm) coating on a 0.89 mm thick titanium substrate, also aiming the application
in load-bearing implants. Don et al. [43] reviewed the application of LENS in the fabrication of biomedical
implants. Also, he presented LENS as a potential technique for manufacturing unitized mono-block prosthe-
sis (one part with different compositions and functionality) with ceramic reinforced metal matrix composites
coatings with graded composition and functional gradation porosity. Some related works took place after this
review and are presented afterward.

Ti-Si-N was employed to create a coating with high hardness and wear resistance on the pure titanium
substrate. Pure Ti powder (size range from 44 to 149 pm) and silicon powder (particle size up to 44 pm) were
mixed in a dry ball mill. This research also has potential on biomedical implants [44].

SiC powder (particle size from 50 to 150 pm) was used to create a reinforced titanium matrix compo-
site (TMC) on a titanium surface. Titanium matrix composite coatings enhanced corrosion resistance and
increased the wear resistance of titanium by about 100 times. Moreover, such coating is not toxic and it has
reduced metal ion release, being suitable for implants [45].

Gualtieri et al. [46] deposited a compositionally gradient coating of vanadium carbide (VC) and 304
stainless steel on a stainless steel substrate. It can be employed to improve the functionality of the surface or
even to produce net shape repair parts.

3.2.2 Process parameters:
The laser power utilized in the manuscripts related to the coating of ceramics varied between 280 and 650 W.

Also, the scan speed varied between 560 and 2400 mm/min. Yet, the powder feed rate varied from 9.0 to 27.6
g/min

3.2.3 Properties and samples:

Bandyopadhyay et al. [40] created crack-free alumina coatings with hardness more than 50% higher than
plasma sprayed alumina coatings ones and it also had better bonding strength between the coating and the
substrate.
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The IN625 metal matrix composites components with Ni-coated particles TiC were fabricated using
LENS [41]. On one hand, the samples with 20 wt% of TiC/Ni presented a yield strength of 690 MPa (almost
40% higher than conventional IN625), but in the other hand, it has a relatively low ductility (3.5%).

Pointing out to the application of LENS in biomedical applications, biocompatible coatings were cov-
ered in a few articles. Non-toxic coatings with increased wettability, cell-material interactions, lubrication
ability, and hardness were manufactured [42]. Tricalcium phosphate coating was produced with a hardness
greater than 1000 HV (more than 5x higher than the substrate hardness) [25].

The SiC reinforced titanium matrix composite coatings produced by LENS are biocompatible and
more bioinert than titanium substrate. Furthermore, the coating has a wear rate 100 times lower than the em-
ployed substrate [45]. In addition, other studies indicate a wear reduction, such as a vanadium carbide coating
which decreased the wear rate of stainless steel by 95% [46].

3.3 Additive manufacturing of composites with a ceramic reinforcement

3.3.1 Raw materials and substrate:

Liu and Dupont [14] fabricated Ti/TiC functionally graded composites on Ti-6Al-4V substrates (3.175 mm
thick) by continuously varying the proportions of the components. The powders (particle size between 45 and
150 um) were placed in separate feeders and mixed in situ while feeding from the powder feeders to the
nozzles. On the other hand, the same authors deposited Ti-48Al-2Cr-2Nb and TiC (20 vol%) powder (parti-
cle diameters also between 45 and 150 um) on the same substrate [47]. In this case, the powders could pre
mixed and placed in a single powder feeder since the proportion in this case was not variable.

Most subsequent investigations used ceramic particles to reinforce TiAl-based alloys. For instance,
Zheng et al. [49] and Ochonogor et al. [50] used composites based on Ti-6Al-4V (spherical powder with
particle size from 45 to 106 pm) and substrates of the same material (around 6.5 mm). On one hand, 10 and
20 wt% Ni-coated TiC (10-80 um) were pre-mixed with the metal matrix by a v-blender [49]. On the other
hand, irregularly shaped TiC (45-125 um) and Zirconium (32-125 um) were used for matrix reinforcement
(10, 20 and 30 vol%) with the use of independent feeders and mixing occurring during the deposition process
[50].

Moreover, two works used alumina-reinforced metal alloys. Zhang e Bandyopadhyay [48] fabricated
compositionally graded structures from pure Ti6Al4V to pure Al,Os. This change in composition during
manufacturing again required independent feeders (in situ mixing). The powders varied from 44 to 74 pm
and a 3 mm thick Ti-6Al-4V substrate was used. Lastly, Lazinska et al. [51] pre-mixed 2 vol% of nanomet-
ric alumina powder (with particle size of 35 nm) and FeAl alloy powder (particle size from 44 to 150 pm) in
a planetary mill to obtain an uniform distribution of the ceramic on the surface of the base powder particles.
In this case, it was used an 11 mm thick sand-blasted Armco iron substrate.

3.3.2 Process parameters:

The laser power used in the articles related to AM of composites with ceramic reinforcement varied between
170 and 750 W, while the scan speed varied from 234 to 1014 mm/min. The powder feed rate of the works
that used Ti-6Al-4V as matrix [48-50] varied from 10 to 33 g/min, contrasting with works that used Ti [14]
and Ti-48Al-2Cr-2Nb [47] whose rate varied from 1 to 3.5 g/min. The lowest power feed rate, 0.16 g/min,
was used in the deposition of FeAl alloy reinforced by nanometric alumina [51]. Thus a large variation in the
parameters used is seen. The optimization of one of the parameters depends on not only in the others parame-
ters but also in several factors, such as physical properties of deposited material, the ambient conditions, etc
(8]

It is interesting to note that compositionally graded structures may require adjusted processing param-
eters. Zhang e Bandyopadhyay [48] used higher laser power and lower scan speed for pure metal layers than
for composites or pure ceramic layers.

3.3.3 Properties and samples:

A functionally graded composite material was fabricated varying the composition from pure Ti (0 vol% of
TiC) to 95 vol% of TiC (5 vol% of Ti). The hardness reached 2300 HV with a high content of ceramics,
which is more than 11x the hardness of pure Ti [14]. Also, Liu et al. [47] found that pre-heating the substrate
is an effective method for eliminating cracks during the LENS process. Crack-free deposits were obtained
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with a substrate pre-heated between 450 and 500°C, laser power of 300 W and scan speed less than 762
mm/min.

Zhang et al. [48] fabricated Ti-Al,O; compositionally graded structures and a Ti-6Al-4V/Al,O; sec-
tion overcame 1000 HV while a pure Al,O5 section reached 2365 HV. In another research, [49] and Ti-6Al-
4V with 30 vol% of TiC presented 550 HV. Yet, nanometric alumina reduced the porosity (from 5% to 1%)
and the oxidation in FeAl alloys [51].

4. CONCLUSIONS

The LENS is an AM process that can build dense ceramic parts with no need for further operation and this
method was initially created to manufacture metal parts in 1995. However, in 1999 some laboratories already
studied this method applied to ceramics. A systematic review about LENS of ceramics was made based on
articles written in English published until August 2018 available in SCOPUS and Web of Science databases,
where an analysis was made and divided into three major groups: AM of ceramics, AM of composites with
ceramic reinforcement and coating of ceramics. The increase in the number of publications is evident, mainly
in the most recent area defined as additive manufacturing of ceramics. However, some potentials of LENS
applied to ceramic remain unexplored, such as the repair of pre-fabricated parts, which is a technique already
well-known for metals. Considering AM of ceramics, all articles, with the exception of one, used alumina
(pure or doped). Such usage can be explained not only by the great mechanical properties but mainly because
there is a shortage of other ceramic raw materials suitable to the process (spherical powder with proper parti-
cle size distribution). Recent works provided samples with similar properties to the ones reached by conven-
tional manufacture processes. Furthermore, one article used PZT obtaining reasonable dielectric properties
and pointing out the direct fabrication of embedded sensors.

Considering AM of composites with ceramic reinforcement, it allows the production of compositionally
graded structures with increased hardness and compressive yield strength and reduced oxidation. Most
coatings of ceramics are related to biocompatible implants aiming at better properties, such as increased
hardness and lower wear rates. To sum up, a review was made in order to contextualize the LENS of
ceramics in the history of AM and to provide information for future research about it.

Therefore, the process showed to be able to coat and produce by additive manufacturing ceramic and
composites with ceramic reinforcement. It is also capable of producing functionally graded composites. For
this purpose, independent feeders are needed and the process may require adjusted processing parameters.

Although there are several works that intend to optimize the process parameters, they point to quite
different results, depending on the case analyzed. Parameters such as powder feed rate varied over 200 times
in works related to AM of composites. Such heterogeneous works did not allow them to be gathered in a
meta-analysis.
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