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Abstract: Additive manufacturing (AM) is considered to be an essential ingredient for the latest industrial
revolution due to its ability to produce complex and functional parts with some limited restrictions. The
paper analyzes the powder-based AM technologies such as selective laser sintering (SLS) and selective
laser melting (SLM). This study describes SLS and S M processing methods, materials used by each
technique and different applications developed in automotive, industry, aerospace and medicine (cranio-
maxillofacial surgery, orthopedics, dental, regenerative medicine). It summarizes the recent research
focused on SLSand SLM manufacturing, and provides an overview on the progressin thisfield.
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1. INTRODUCTION

Currently, digital photonic productions
which use lasers are incorporated in various
equipments for cutting, welding, drilling (even
glass drilling), ablation, Additive
Manufacturing (AM), polishing and surface
investigations. AM technologies are also
known as 3D Printing or Rapid Prototyping.
These technologies can manufacture parts by
powder bed fusion processes which use high
intensity lasers as an energy source to sinter or
melt and fuse selective regions of powder, layer
by layer, according to computer aided design
data [1]. AM technologies are capable to
process a wide range of structures and complex
geometries from 3D model data [2]. Whereas
conventional fabrication is governed by
processing constraints related to industrial mass
production, AM is inherently agile enabling
faster turnaround on design and manufacturing
of customized objects tailored, meeting the
demands of individuals and specific
applications [3].

Although AM technologies are relatively
fast and economical for prototypes and small
series productions, the AM mass production is
still not efficient in terms of high working times
and low quality of the parts, compared to
conventional methods (e.q. milling, turning,

metal forming or casting). It is needed to
improve and optimize the AM processes in
order to be fully integrated into flexible
production lines. The uses of powder materials
in the AM processes have been a huge leap in
more efficient and diverse applications. This
was due, on the one hand, to the wide variety of
powders used such as: polymers, metals and
ceramics (based on silica, quartz or zirconium).
On the other hand, the parts processed from
powder materials can have similar physical-
mechanical properties to those produced by
classic technologies.

From the economical point of view, the
overall market situation for AM was
characterized by significant growth rates up to
6 billion USD, demonstrating the feasibility of
these production technologies in many domains
such as: aerospace, energy, automotive,
consumer products and medical [3].

Since the interest in AM technologies has
grown constantly for the last 30 years, the
objective of this study is to present the selective
laser sintering and selective laser melting
processes, taking into account the materials
used and the latest developed applications. This
paper exposes the progress of many researches
focused on AM technologies which use lasers
to produce complex parts from powders.
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2. SELECTIVE LASER SINTERING

The Selective Laser Sintering (SLS) process
is similar to SLA, with the difference that the
polymer liquid 1is replaced by a mono-
component powder (plastic or refractory), or
with a two-component powder (coated metallic
powder). As it can be seen in Fig. 1, the SLS
manufacturing is a thermal process that uses the
power of a laser to sinter or melt the powder
grains to create the designed model. The system
generates a laser beam that focuses in the lens
and is directed through a mirror system to the
work platform surface. A feed system deposits
a thin layer of powder on the platform surface.
The laser beam scans the surface of the
platform after a trajectory corresponding to the
geometry of the first section of the work
piece [4]. After scanning the first layer, the
platform drops over a distance equal to the
thickness of a layer. The powder feed system
puts a new layer of powder over the previous
layer. Again, the laser beam scans the current
layer according to the geometry of the new
section of the 3D model.

Unlike other AM methods, SLS does not
require support structures because the prior
material layer (sintered or not) provides enough
support for the next layer deposited and
processed. After the part is completely
fabricated, the temperature form SLS system is
slow reduced, depending on the material used
in the sintering process.

The leading manufacturers of SLS systems
are EOS (Formiga P 100), 3D Systems (sPro
230), Prodways (ProMaker P2000 HT) and HP
(Jet Fusion 340). The price of such equipment
varies between 50,000 - 250,000 € depending
on the work platform size and installed laser
power. In addition, Sinteric Company has
developed the world's first desktop SLS system
with the unique features of significantly
lowering cost and decreasing the size of
industrial SLS machines. The price for this
equipment is 5000 €. SLS technology improves
substantially the rapid prototyping field, being
used to make objects of plastic, ceramic, metal
and sand. The powders for SLS process are
diverse, starting with polyamide powders
(DuralForm  PA, PA2200, PA1300GF,
PA3200GF, PEEK), metal powders (MC3201,

DirectSteel 50-V1, RapidSteel 2.0, LaserForm
ST- 100), quartz or zirconia powders [5], [6].

By SLS is possible to manufacture a mould
from steel alloy, in order to inject plastic parts.
The powders used in this case are pre-coated
powders with 20-25% resin and 75-80%
metallic powder. The production is done in two
stages: on the SLS system, the virtual model is
sintered precise but very fragile, namely the
sintered part is moved into a furnace when is
infiltrated with bronze in order to reduce the
porosity of the final part. The SLS process is
recommended to manufacture active elements
of moulds, with small size (about
200x200x200mm) and complex shapes [8]. An
example is detailed in Fig. 2 where using
LaserForm ST-100 powder, it was developed
an injection mould from plastic parts. After the
power was sintered, the mould was infiltrated
with bronze, in order to obtain mechanical
characteristics similar to P20 steel. The
injection moulding tests were made using a
polyamide PA 6 + 30 % fibre glass material.
Approximately 30,000 parts were successfully
injected [6].
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Powder delivery platform

Fig. 1. The principle of SLS process [7]

a)il b)
Fig. 2. Injection mould manufactured by SLS in two
steps: a) Active elements of mould infiltrated with
bronze, c) Plastic parts injected [6]

In medical field, PEEK is a common
material used to print maxillofacial implants.
Fig. 3 presents different regions where custom
implants SLS-manufactured can be applied.



Future more, SLS process may be used to print
special medical tools for complex surgeries.
There is even an indirect method to produce
implants using SLS technology.

For indirect manufacturing of custom
implants, initially the implant is SLS fabricated
from a normal polyamide (e.q. PA 6). After
that, the SLS implant is used to create a silicone
rubber mould where a  poly-methyl-
methacrylate (PMMA) is casted. The main
steps of indirect manufacturing are illustrated in
Fig. 4. Using this method, a large custom made
cranial implant was produced and applied to a
53 year-old man who had undergone a
decompressive fronto-occipital craniotom [9].

The SLS process penetrated rapidly the
automotive  industry  because functional
components can be manufactured with weight
reduction. Different components manufactured
via SLS from lightweight polymers that are
common in the automotive industry.
Furthermore, automotive parts SLS-
manufactured can be developed with internal
channels for conformal cooling, hidden
features, thin walls, fine meshes and complex
curved surfaces.

Many automotive applications require
significant heat deflection minimums [10].
There are several AM processes that offer
materials that withstand temperatures well
above the average 1050/ sustained engine
compartment temperatures. SLS nylon is a
polymer suitable for high temperature
applications like ducting or alternator mounting
bracket. In Fig. 5 is presented a complex
ducting develop by Ford Motor using SLS
facilities at the Beech Daly Technical Center in
Dearborn, Michigan (USA). It was designed
and SLS-manufactured from nylon, a non-
structural low volume ducting part proper for
an efficient environmental control system.

Fig. 6 shows a functional mounting bracket
for Chevrolet small-block engine. The part is a
prototype developed by Concept One Company
and the main reason why they use SLS systems
is because after they create a new design of a
part, it is very efficient to be produced by SLS,
reducing time and costs as compared to other
processing methods. Using conventional
manufacturing techniques like CNC machining
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where a highly skilled machine operator is
needed to produce parts [11], [12], [13], SLS
and all the AM processes can rapidly
manufacture a prototype part [10].

Fig. 3. Cranioplasty and orbital rim implants
SLS processed [2]

-.

d).

Fig. 4. Indirect manufacturing of custom implants:
a) Silicone rubber mould fabricated using the model
SLS-manufactured, b) Cranioplasty casted from
biocompatible material, c) Preoperative and
Postoperative CT image of cranium [9]

Fig. 5. Complex and functional ducting part
manufactured by SLS, www.johnbiehler.com
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3. SELECTIVE LASER MELTING

Selective Laser Melting (SLM) is a complex
thermo-physical process that largely depends
on material, laser and process parameters. The
SLM process occurred in 1994 at the
Fraunhofer Institute (Aachen, Germany),
patented by Dr. Fockele and Dr. Schwarze (DE
19649865 patent). The basic component of
SLM systems is the laser, which falls under the
category of solid Nd:YAG lasers. It emits
continuous light in the infrared spectrum with a
wavelength of 1064 nm.

The main process parameters that can be
configured to manufacture metal parts are laser
power, scanning speed, hatch space, layer
thickness and scanning strategy (see Fig. 7).
From laser power point of view, there are
systems which can generate a power of 100-
400W or even 600-1000W. The trend is to use
2-4 lasers in the same time, in order to increase
the productivity. The scanning speed may vary
between 350-2000 mm/s, depending on the
specific energy density that is needed for each
material. The thickness of a layer is also
important, and it can be set up between 0.02 -
0.1 mm.

The cost of such equipment generally varies
between 150,000 - 500,000 €, depending on the
size of the work platform and the installed
laser. The main manufacturers of SLM
equipments or similar technologies (like
DMLS, EBM) are: EOS (EOSINT M 280),
Concept Laser (M1 Cusing), Realizer (SLM
250), Arcam (Q20plus), Sisma (MYSINT100),
TRUMPEF (TruPrint 1000 LMF) and Matsuura
(LUMEX Avance-25). In 2016, the FH Aachen
and Fraunhofer Institute for Laser Technology
develop a low-cost SLM machine for small and
medium-sized businesses, with a cost of
30,000 €.

On the other hand, DMG has developed a
hybrid system that contains a 5-axis material
deposition by a coaxial nozzle for
homogeneous powder distribution and a full
5-axis milling machine. Combining the AM and
CNC has been achieved with a flexible system
and new parts can be manufactured due to
alternating material deposition and machining

strategies. The price for this hybrid system is
over 1,000,000 €.

Fig. 6. Alternator mounting bracket processed by SLS
made of nylon, www.chevyhardcore.com
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Fig. 7. a) Schematic of the SLM set-up [14],
b) SLM process parameters [1]

SLM process in capable to produce directly
metallic parts with 99.9% relative density. Most
of the SLM research revolves around the



following materials: tool steel and stainless
steel, pure titanium or titanium alloy
(Ti6Al4V), CoCr, aluminium and nickel
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Kinematics component

Chassis component @ h

Pulley .
Blankholder T
side panel % y

Brake line holder

Heat protection blank

steering gear i X
Kinematics

component seat
adjustment

Luggage rack holder
Damper intake

Blankholder

w Blankholder
Holder gas-filled
absorber

.

&

Closure clamp

HKL hinge

Chassis component

Fig. 8. Examples of automotive parts manufactured via SLM process [15]

Besides these powders, other metals such as
copper, magnesium, tungsten and gold have
also been investigated by SLM process. In
addition, some ceramic materials where studied
focused on alumina, silica (glass), zirconia or
tri-calcium-phosphate [16]. A special attention
was paid to SLM processing of composite
materials. The procedure involves melting a
mixture of two or more type of powders, with
one of the powder acting as the matrix material
and the other as the reinforcing particle, usually
a ceramic [1]. For instance, titanium carbide
(TiC) has been used with titanium and stainless
steel to create SLM composite materials [1].
These pilot studies in composite materials were
done using nickel super alloy Mar-M-247,
cobalt braze alloy Amdry 788 and boron
nitride, and aluminium oxide coated in
titanium.

The main applications develop by SLM
process are made of metallic powder because it
provides a high degree of design freedom, the
optimization and integration of functional
features, the manufacture of small batch sizes at
reasonable unit costs and a high degree of
product customization even in  serial
production [10]. In general, the parts SLM-
manufactured are exposed to a stress relief heat

treatment in one or more cycles because the
parts hold high thermal stress concentration.

The ongoing transition from rapid
prototyping to rapid manufacturing prompts
new possibilities of SLM process, especially in
automotive industry [3]. Some examples of
automotive parts manufactured via SLM
process are illustrated in Fig. 8.

The part illustrated in Fig. 9 relates a swirler
which is used in a combustion chamber for
premixing the gases with high burning velocity
like hydrogen. This application is included in
the field of turbines operating on gaseous fuel
and is patented by National Research and
Development Institute for Gas Turbines -
Comoti, Bucharest (Patent no. A/00025/2016).
The novelty is the swirler with helical flared
flow channels and convergent nozzle

manufactured by SLM from pure Ti.
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Fig. 9. Swirler with helical flared flow channels and
convergent nozzle made of Ti via SLM [17]

Combining the Design for AM methods and
the SLM process it could be a promising
approach to obtain optimized shapes and
mechanical structures, integrated into metallic
industrial parts. In Fig. 10 is illustrated an
example developed recently from HI3 tool
steel by VTT Technical Research Centre of
Finland and Nurmi Cylinders, and represents a
hydraulic valve block for heavy-duty
applications in offshore, industrial, marine and
mobile environments.

Also, Fig. 11 shows a case study focused on
Design for AM of a pylon bracket from Airbus
developed by Fraunhofer ILT and AIRBus.
This study is part of large collaboration of 26
leading institutions in European academia,
research and industry (Project FP 7 “Additive
Manufacturing Aiming Towards Zero Waste &
Efficient Production of High-Tech Metal
Products”).

Fraunhofer Institute presents a case study
based on topological optimization of an upright
stub axle. This component was
SLM-manufactured from AIMgSc and the
weight was reduced with approx. 20 %
(Fig. 12a). The part was included in Formula
Student, team Running Snails.

A recent study shows that the aerospace
industry accounts for 18.2% of the total AM
market today and is considered one of the most
promising fields in the future [18]. For
example, GKN Aerospace developed the first
advanced ‘“Ariane 6 nozzle” for the Vulcan 2.1
engine (see Fig. 12b). Large-scale direct energy
deposition allowed the production of the 2.5 m
diameter nozzle, which reduced the number of
parts (from 1000 to 100), costs (40%) and
production times up to 30% [18].

In medical field, the most common
applications develop by SLM are in dental
domain. The products SLM-manufactured are
crowns, bridges, fixed and semi-fixed
prostheses, implant bars for overdenture and
removable frames [21], [22]. These parts are
the metallic substructures for creating the final
dental restorations. Some examples of these
dental parts are shown in Fig. 13. The most
common powder is CoCrWMo alloy.

In addition, maxillofacial reconstructions
SLM-manufactured have gained importance
due to better performance over their generic
counterparts due to the precise adaptation to the
region of implantation, reduced surgical times
and better cosmetics [23]. Fig. 14a presents a
personalised implant of zygomatic bone in the
maxillofacial area, fabricated by SLM from
pure Ti [24].

Fig. 10. Steps to Redesign and AM processed
of a hydraulic valve block for heavy-duty [19]

Fig. 11. Pylon bracket from Airbus (conventional design
versus redesigned for AM), processed from nickel-based
alloy IN718 by AM technology [20]

Topology
optimization
result
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Fig. 12. a) Upright stub axle designed for
SLM manufacturing www.ilt.fraunhofer.de,

b) Ariane 6 nozzle for Vulcan 2.1 engine www.gkn.com

This tailor’s made implant is likely to be
processed without any constraints of shape, size
and internal structure (see Fig. 14a). Furthermore,
its physical-mechanical characteristics could be
adapted to the region of implantation.

Fig. 14b shows the most extensive
maxillofacial reconstruction produced applying
the AM in the history of the industry (85.84%
facial restoration). The patient had an extensive
defect in facial and maxillofacial area, and after 3
subsequent interventions the restoration was
completed.

Also, it is known the fact that the post-
processing of parts SLM-manufactured is a
difficult task. In Fig. 14a it could be seen the
initial surface of part which is anchored with
supports structures. Normally, these supports are
manually removed from parts and after that the
surfaces are finished or polished. This procedure
could be done manually, by CNC machining,
electro-discharge machining or sandblasting.

The new challenges in SLM manufacturing
are related to the material characteristics, the

latest  researches  being  focused on
thermo-mechanical  properties, anisotropy,
porosity, long-term stability, costs and

corrosion properties [3].

The concept of lattice structures penetrates
rapidly the AM domain because they cannot be
achieved by conventional technologies. These
interconnected micro- or macro-pore structures
can reduce the weight and the rigidity of
metals, improving the osseointegration of
implants. They can support the vascular system
necessary for a continuous bone development
and they could favour the transport of the
metabolic  products  [25], [26], [27].
Fig. 15 presents an example of knee prosthesis
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with macro-porous structures which can lead to
a gradual growth of tissues at the same time
with their fixation onto the respective structure.

In Fig. 16 are illustrated other applications
of lattice structures SLM-manufactured. The
first one is a graft for regenerative medicine
and it could support the growing of new tissues
or it could be infiltrated with bioactive
materials or drugs [28], [29]. This graft
contains two types of lattice structures with
52% and 83% porosity (Fig. 16a).

Fig. 13. Dental égﬁlications SLM-manufactured from
CoCrWMo, www.novamind.gr

—

Initial surface with supports

Fig. 14. a) Zygomatic bone reconstruction
SLM-manufactured from Ti [25],
b) The world’s largest maxillofacial reconstruction
develop by CEIT Slovakia www.ceit-ke.sk

Fig. 15. Knee replacement implant, tibial component
with lattice structure for supporting bone ingrowth [25]

The second model is a maxillofacial
reconstruction implant with solid outer
boundary and macro-porous area in the middle
(Fig. 16b). Moreover, applying lattice
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structures on dental parts, they can create a
strong mechanical retention between the
metallic substructure and other veneering
materials like composites or ceramics, specific
in dental field [30], [31]. All these customized
implants are in correspondence  with
biomechanical behaviour [32].

To control the quality of structures or
features which cannot be inspected by
conventional means, the innovative method X-
ray computed tomography (CT) can be
used [33]. This non-destructive scanning allows
the analysis of the internal structures or
inaccessible of elements of metallic parts
SLM-manufactured. Combining dimensional
metrology and material defect analysis, CT
studies can contribute to minimize the porosity
of products with high added-value. Also, this
method can certified the quality of parts SLM
processed and the reliability of this technology.
However, CT control has its limitation and is
continuously improved in various directions
such as software compensation, measurement
errors or autonomous workflow [34].

In recent years, the global industry has
become a strong competitor for European
companies [35]. It is not enough to produce
faster, cheaper and with higher quality than the
competition, to defend the competitive
advantage. There are still  significant
opportunities for improving the automotive or
medical industries [15], [23], [28], [36]. The
challenge for new digital factories will be to
produce a part with the efficiency of a highly
automated mass-production [37]. This could be
realized by integrating AM systems in flexible
production lines.

4. CONCLUSIONS

This study presents the SLS and SLM
technologies, being focused on processing
principle, materials used by each process and
good practical applications developed in
automotive, industry, aerospace and medicine
(cranio-maxillofacial — surgery, orthopedics,
dental, regenerative medicine). These
innovative  AM processes are continuously
improved in various directions, creating
multiple possibilities of applying its in flexible
production lines. Combining these technologies

with other conventional processes, it can be
created hybrid systems which could increase
the quality of parts and the efficiency of
production manufacturing. The costs of these
equipments will decrease when it is produced in
larger volumes and the competition in this field
will be crowded, being encouraged by the fact
that the patents expire. From our point of view,
SLM manufacturing will stay relevant in direct
production of customized goods.

b) .
Fig. 16. Implants SLM-manufactured with lattice
structures: a) Medical grafts with variable porosity,
b) Maxillofacial reconstruction with solid outer boundary
and macro-porous area [28]

—
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Analiza teoretica si studii de caz practice privind fabricatia aditiva bazata pe pulberi

Rezumat: Fabricatia aditiva (Additive Manufacturing - AM) este consideratd a fi o componentd
esentiald pentru ultima revolutie industriala datorita capacitdtii sale de a produce piese complexe si
functionale, avand totusi anumite restrictii. Lucrare analizeaza tehnologiile AM bazate pe pulberi,
cum ar fi sinterizarea selectiva cu laser (SLS) si topirea cu laser selectiva (SLM). Acest studiu
descrie metodele de procesare SLS si SLM, materialele folosite de fiecare tehnicd si diferite
aplicatii dezvoltate in domeniul auto, industrie, aerospatial si medicind (chirurgie cranio-maxilo-
faciald, ortopedie, medicind dentara si regenerativd). Sunt prezentate cele mai recente cercetdri
axate pe fabricatia SLS si SLM, si oferd o imagine de ansamblu asupra progreselor inregistrate Tn
acest domeniu.
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