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2.1 Material Extrusion
2.1.1 Fused Deposition Modeling
FDM, also known as material extrusion, is currently the most popular AM technology on the
market [1]. It allows the fabrication of durable components made of high-strength thermoplastics
such as ULTEM, polycarbonate, polyphenylsulfone, polylactic acid, and acrylonitrile butadiene
styrene (ABS) [1]. FDM systems are widely versatile in applications, ranging from quick and
inexpensive rapid prototyping to tough and rigid parts suitable for end-use. The aerospace
industry has been substituting traditionally metal parts with sufficiently strong FDM-produced
parts to reduce weight and turnaround time for part repairs [1]. Approximately 70 productiongrade thermoplastic parts are being implemented in NASA’s Mars rover because they are
lightweight, yet durable enough to withstand the rigors of space. For prototype applications that
do not require high resolution and surface finish, FDM technology is ideal because it is
economical and does not require chemical post-processing [1]. Stratasys and Aurora Flight
Sciences fabricated the largest and fastest AM unmanned aerial vehicle (UAV) using FDM. Low
weight and high strength are achieved using ULTEM 9085 as the build material in addition to
adding an internal honeycomb structure to the internal wing design.
FDM technique is used for the following application areas [2]:
•
•

•

•

The creation of concept models used in the early stages of product development. FDM
models reduce costs and shorten development timelines;
The creation of functional prototypes for testing purposes. These prototypes allow to test
in real-world environments and make decisions that have a dramatic effect on the cost to
manufacture the product;
Fabrication of end-use parts. Without the expense and lead time of traditional tooling or
machining, FDM produces end-use parts tough enough for integration into the final
product. Ideal for building small quantities of parts while waiting for tooling, FDM
Technology makes it possible to get the products to market faster;
Fabrication of manufacturing tools. FDM reduces the time it takes to create
manufacturing tools by up to 85%. It produces manufacturing tools such as jigs and
fixtures, tooling masters and production tooling in hours—without expensive machining
or tooling.

FDM- concept
Fuse deposition modeling (FDM) is a common material extrusion process and is trademarked by
the company Stratasys. Material is drawn through a nozzle, where it is heated and is then
deposited layer by layer. The nozzle can move horizontally and a platform moves up and down
vertically after each new layer is deposited. It is a commonly used technique used on many
inexpensive, domestic and, hobby 3D printers [3].
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The process has many factors that influence the final model quality but has great potential and
viability when these factors are controlled successfully. Whilst FDM is similar to all other 3D
printing processes, as it builds layer by layer, it varies in the fact that material is added through a
nozzle under constant pressure and in a continuous stream. This pressure must be kept steady
and at a constant speed to enable accurate results. Material layers can be bonded by
temperature control or through the use of chemical agents. Material is often added to the
machine in spool form as shown in the diagram [3].

Figure 1: FDM schematic [3]
Material Extrusion – Step by Step
FDM process, which dispenses two materials – one material to build the part and the other
material for a disposable support structure. The material is supplied from a roll of plastic filament
on a spool. To produce a part, the filament is fed into a temperature-controlled extrusion head
and heated to a semi-liquid state. The head extrudes and directs the material with precision in
ultra-thin layers onto a fixtureless base. The nozzle has a programmed mechanism that allows
the flow of the melted material to be turned on and off. The result of the solidified material
laminating to the preceding layer is a plastic 3D model built one strand at a time. The system
operates in x, y, and z axes, drawing the model one layer at a time. The filament is extruded in a
thin ribbon form and confirms the bond of filaments at each layer. The extruded filament
deposited onto the platform is recognized as a “road”. A road is quickly solidified after being
3

stacked by another layer of the road on the platform. The road that was deposited previously,
which will be stacked by the latter road, is called a substrate. Support structures are automatically
generated for overhanging geometries and are later removed by breaking them away from the
object. The FDM process starts with importing a .STL file of a model into pre-processing software.
This computer software slices the 3D model into thin layers. Process parameters like tip size,
material type, and machining speed are automatically added and the control file for the machine
is generated. This model is oriented and mathematically sliced into horizontal layers varying from
0.127 to 0.331 mm in thickness. Fig. 1 represents the FDM schematic, and Fig. 2 illustrates the
data processing in the FDM process.[4] Two separate nozzles are used for model material and
support material. For example, in the Stratasys uPrint-SE system, support material (SR30-XL) is
water-soluble and model material (P430XL) for the same system is insoluble. The finished part
can easily separate by exposing the part prototyped by FDM (containing model and support
materials) to water. Prototyping is performed within a heated environment (at approximately
72°C) to avoid prototype structure stress and warping due to the filament cooling phase. [4]

Figure 2: Data processing in FDM [4]
Conclusions
The FDM is the industry’s leading AM technology, and it is fairly fast for small parts of
approximately a few cubic centimeters. The method is office-friendly and quiet. Advantages of
the material extrusion process include the use of readily available ABS plastic, which can produce
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models with good structural properties, close to a final production model. In low-volume cases,
this can be a more economical method than using injection molding. However, the process
requires many factors to control in order to achieve a high-quality finish. The nozzle which
deposits material will always have a radius, as it is not possible to make a perfectly square nozzle
and this will affect the final quality of the printed object. Accuracy and speed are low when
compared to other processes and the quality of the final model is limited to material nozzle
thickness. When using the process for components where a high tolerance must be achieved,
gravity and surface tension must be accounted for. Typical layer thickness varies from 0.178 mm
– 0.356 mm. One method of post-processing to improve the visual appearance of models is
through improving material transmissivity. Experiments using cyanoacrylate resin were often
used to improve the strength of parts, resulting in a 5% increase in transmissivity after 30 seconds
and sanding. As with most heat-related post-processing processes, shrink- age is likely to occur
and must be taken into account if a high tolerance is required. Apart from the various capabilities
of FDM technology, it is lacking in terms of establishing its direct applications for bio
manufacturing because much less literature is available. However, this technology is well
established for producing implants through the investment casting (IC) technique. The implant
replicas made with the FDM process can be beneficial for surgeons during pre-planning and
treatment discussions. An effort has been made to review the applications of FDM-based scaffold
fabrication and the FDM-assisted IC process for implant manufacturing. It was developed a
methodology to design and manufacture a complex scaffold structure with the desired porosity.
An effective software tool was used for fabricating scaffolds with the desired porosity levels.
Further, a mathematical model was developed that could help in future research for predicting
strength, toughness, porosity, and interconnectivity in terms of FDM process parameters.

2.2 Material and Binder Jetting
2.2.1 Material Jetting
Material Jetting (MJ) is an additive manufacturing process that operates similarly to 2D printers.
In material jetting, a print head (similar to the print heads used for standard inkjet printing)
dispenses droplets of a photosensitive material that solidifies under ultraviolet (UV) light,
building a part layer-by-layer. The materials used in MJ are thermoset photopolymers (acrylics)
that come in a liquid form. Material jetting creates objects in a similar method to a twodimensional ink jet printer. Material is jetted onto a build platform using either a continuous or
Drop on Demand (DOD) approach. [5]
Material Jetting (MJ) is an additive manufacturing process that operates similarly to 2D printers.
In material jetting, a print head (similar to the print heads used for standard inkjet printing)
dispenses droplets of a photosensitive material that solidifies under ultraviolet (UV) light,
building a part layer-by-layer. The materials used in MJ are thermoset photopolymers (acrylics)
that come in a liquid form.
5

Figure 3: The Material Jetting 3D printing process [5]
MJ 3D Printing creates parts of high dimensional accuracy with a very smooth surface finish.
Multi-material printing and a wide range of materials (such as ABS-like, rubber-like and, fully
transparent materials) are available in Material Jetting. These characteristics make MJ a very
attractive option for both visual prototypes and tooling manufacturing.
Material Jetting- the process
In Material Jetting, almost all process parameters are pre-set by the machine manufacturer. Even
the layer height is linked to each specific material, due to the complex physics of droplet
formation. The typical layer height used in Material Jetting is 16 - 32 microns.
Material Jetting is considered one of the most accurate 3D printing technologies. MJ systems
have a dimensional accuracy of ± 0.1% with a typical lower limit of ± 0.1 mm (sometimes as low
as ± 0.02 mm). Warping can occur, but it is not as common as in other technologies, such as FDM
or SLS, because printing happens at near room temperature. For this reason, very big parts can
be printed with great accuracy. The typical build size is approximately 380 x 250 x 200 mm, while
large industrial systems can be as big as 1000 x 800 x 500 mm.
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A key advantage of Material Jetting is the ability to produce accurate multi-material and multicolor prints that represent end products.
Multi-material and multi-color printing in MJ can be employed in three different levels:
1. At the build area level, different parts can be printed in different materials or colors
simultaneously, speeding up the manufacturing process.
2. At the part level, different sections of a part can be designated to be printed in different
materials or colors (for example creating a stiff case with flexible buttons for prototyping
with haptic feedback).
3. At the material level, two or more printing resins can be mixed in different ratios before
dispensing, creating a "digital material" with specific physical properties, such as
hardness, stiffness, or hue.[5]
To designate a different material or color to particular areas of the part, the model must be
exported as separate STL files. When blending colors or material properties to create a digital
material, the design must be exported as an OBJ or VRML file, because these formats allow the
designation of special properties (such as texture or full color) on a per face or per-vertex basis.[5]
Support structures are always required in Material Jetting. Supports are always printed in a
secondary dissolvable material that can be removed after printing using pressurized water or by
immersion in an ultrasonic bath. Material jetted parts can have very smooth surfaces with little
to no indication of support after removal. Material Jetting uses thermoset photopolymer resins
that are similar to those used in SLA in terms of properties and limitations (they are brittle, have
a low heat deflection temperature, and are susceptible to creep). They come in a less viscous,
ink-like form and have a much higher cost per kilogram (approx. $300 - $1000). Multi-material
printing is a key strength of MJ, as it enables the creation of accurate visual and haptic prototypes.
Specialty materials optimized for specific industries are also available, such as materials for
tooling (injection molding, thermoforming, etc.) and medical applications.[5] Material Jetting
offers the option of printing parts in either a glossy or matte setting. In the glossy setting, the
support material is added only when it is structurally required (i.e. for overhangs). Surfaces not
in direct contact with support will have a glossy finish, while supported areas will be matte. In
the matte setting, a thin layer of support material is added around the whole part, regardless of
orientation or structural requirements. This way all surfaces have a matte finish. The glossy
setting should be used when a smooth shiny surface is desired. The cost of printing glossy is
lower, as less material is used. The drawbacks of using this setting are the non-uniform finish of
the printed parts and the slight rounding of the sharp edges and corners on the top, glossy
surfaces. The matte setting should be used when accuracy and uniform surface finish are a
requirement. The cost of the matte setting is slightly higher, as more material is used and
additional post-processing time is required. Notably, parts printed in the matte setting also have
a relatively lower surface hardness. [5]
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Material Jetting – Step by Step
1. First, the liquid resin is heated to 30 - 60oC to achieve optimal viscosity for printing.
2. Then the print head travels over the build platform and hundreds of tiny droplets of
photopolymer are jetted/deposited to the desired locations.
3. A UV light source that is attached to the print head cures the deposited material, solidifying it
and creating the first layer of the part.
4. After the layer is complete, the build platform moves downwards one layer height, and the
process repeats until the whole part is complete. [5]
Unlike most other 3D printing technologies, MJ deposits material in a line-wise fashion. Multiple
inkjet print heads are attached to the same carrier side-by-side and deposit material on the whole
print surface in a single pass. This allows different heads to dispense different material, so multimaterial printing, full-color printing, and dispensing of dissolvable support structures is
straightforward and widely used. Support structures are always required in material jetting and
need post-processing to be removed. In Material Jetting, the liquid material is solidified through
a process called photo polymerization. This is the same mechanism that is used in SLA. Similar to
SLA, material jetted parts have homogeneous mechanical and thermal properties, but unlike SLA
they do not require additional post-curing to achieve their optimal properties, due to the very
small layer height used.
Materials:
The material jetting process uses polymers and plastics.
Polymers: Polypropylene, HDPE, PS, PMMA, PC, ABS, HIPS, EDP
Advantages:
•
•
•
•
•

The process benefits from a high accuracy of deposition of droplets and therefore low
waste
The process allows for multiple material parts and colors under one process
Material jetting can produce smooth parts with surfaces comparable to injection molding
and very high dimensional accuracy.
Parts created with Material Jetting have homogeneous mechanical and thermal
properties.
The multi-material capabilities of MJ enable the creation of accurate visual and haptic
prototypes.
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Figure 4: Schematic of a Material Jetting 3D printer [5]
Disadvantages:
•
•

Support material is often required
High accuracy can be achieved but materials are limited and only polymers and waxes can
be used.[6]
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•
•
•

Material jetted parts are mainly suitable for non-functional prototypes, as they have poor
mechanical properties (low elongation at break).
MJ materials are photosensitive and their mechanical properties degrade over time.
The high cost of the technology may make Material Jetting financially not viable for some
applications.[5]

Conclusions
Material Jetting is ideal for creating realistic visual and haptic prototypes with very smooth
surfaces that resemble injection molded parts. Material Jetting offers engineering materials that
can be used for tooling and injection molding manufacturing. Material Jetting can produce very
large parts (as big as 1000 x 800 x 500 mm) without compromising on accuracy (typically ± 0.1%).
For multi-material or multi-color prints, export your designs as multi-part STL files. If gradients
are needed use the OBJ or VRML file format.

2.2.2 Nano-Particle Jetting (NPJ)
NanoParticle Jetting is a proprietary inkjet-based additive manufacturing solution developed by
XJet. Initially developed for metal, XJet first unveiled NPJ at the RAPID Show in Orlando, Florida
in May 2016; and later showcased its ceramic capabilities at form next in November of the same
year. By allowing the printing of two materials simultaneously, NPJ — whether in metal or
ceramics — offers certain advantages over other technologies; including high-resolution accuracy
and design freedom thanks to the easily soluble support material. Specifically, ceramic NPJ opens
up new markets such as dental and medical, as well as other specific industrial applications.
Unlike SLA and DLP technologies, NPJ doesn’t require a vat of powder or resin; instead, two
sealed cartridges — one for the build material and one for the support material — are loaded
into the machine by hand. [7]
NanoParticle Jetting - the process
NanoParticle Jetting produces parts by jetting thousands of droplets of ceramic nanoparticles
from inkjet nozzles in ultra-thin layers. These nanoparticles vary in size and shape and are
randomly distributed on the build platform to allow natural packing and high density.
Simultaneously, a soluble support material is deposited in the same fashion, which is later easily
removed. Both the build material and the support material are suspended in a liquid which, with
the extremely high temperatures in the build chamber (300ºC), evaporates; leaving behind the
mechanically optimized part. Finally, the green part is sintered and to leave behind the final
ceramic part.
XJet recently launched its Carmel line of AM systems — with the Carmel 1400 and Carmel 700.
Both systems allow manufacturers to produce parts in ceramic or metal with the same ease and
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versatility as traditional inkjet printing. They have effective building volumes of 500 x 280 x 200
mm and500 x 140 x 200 mm respectively (Fig. 5).

Figure 5: The XJet Camel 1400 metal additive manufacturing system used to deposit metal
through its Nano Particle jetting process. [7]
The main features of the Camel 1400 3D Printer are shown in Table 1.
Model

Carmel 1400

Manufacturer

XJet

Price (approx.)

$750,000

Technology

NanoParticle Jetting

Materials

Ceramics, Metals

Effective Build Volume

500 x 280 x 200 mm

Layer Thickness

10 μm
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Advantages:
•
•

Support materials are removed easily without harming the part, greatly reducing the need
for time-consuming and delicate post-processing.
These materials are safe to use because the liquid suspensions are delivered in sealed
cartridges.

Disadvantages:
•
•

High-cost price,
expensive maintenance

2.2.3 Drop a Demand
Inkjet technology has become a household word through its presence on the consumer desktop
as a low-cost, reliable, relatively quick, and convenient method of printing digital files. Although
inkjet technology has been around since the 1950s in specialty printing, the impact of the
technology in a wide range of industrial applications is only now becoming clear. [8] In theory,
inkjet technology is simple - a print head ejects a pattern of tiny drops of ink onto a substrate
without actually touching it. Dots using different colored inks are combined to create photoquality images. In practice, however, successful implementation of the technology is very
complex. The ejected dots are smaller than the diameter of a human hair (70 microns), and they
need to be positioned very precisely to achieve resolutions as fine as 1440x1440 dots per inch
(dpi). This precision requires multi-disciplinary skills; a combination of careful design,
implementation, and operation across physics, fluid mechanics, chemistry, and engineering.[8]
Industrial inkjet printing essentially means using inkjet technology to print or deposit materials
as part of the manufacturing process of a product on a production line. The principle remains
similar to the inkjet printer on your desktop but the scale is very different in terms of machine
size and speed, and also in the variety of fluids that need to be deposited. The introduction of
industrial inkjet technology into manufacturing environments has the potential to make a
revolutionary step-change to existing capabilities with huge commercial benefits. While all inkjet
technologies can fundamentally be described as the digitally controlled ejection of drops of fluid
from a print head onto a substrate, this is accomplished in a variety of ways. Industrial inkjet
printing systems, and the industrial inkjet print heads they are based on, are broadly classified as
either continuous (CIJ) or drop on demand (DOD), with variants within each classification. As the
name implies, continuous inkjet technology ejects drops continuously from the print head. These
drops are then either directed to the substrate as printing drops or a collector for recirculation
and re-use. Drop-on-demand technology ejects drops from the print head only when required.
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Figure 6: Continuous inkjet printing (CIJ) and Drop on Demand (DOD),
Continuous inkjet printing (CIJ)
Continuous inkjet printing (CIJ) is primarily used for coding and marking products and packages.
In this technology, a pump directs fluid from a reservoir to one or more small nozzles, which eject
a continuous stream of drops at high frequency (in the range of roughly 50 kHz to 175 kHz) using
a vibrating piezoelectric crystal. The drops pass through a set of electrodes which impart a charge
onto each drop. The charged drops then pass a deflection plate which uses an electrostatic field
to select drops that are to be printed and drops to be collected and returned for re-use. With
multi-level CIJ, the printed drops are deflected into several positions onto the substrate, while
with binary CIJ it is the un-deflected drops that are printed. The high drop ejection frequency of
CIJ gives a capability for very high-speed inkjet printing, suitable for such applications as the date
coding of beverage cans. An additional benefit of CIJ is the high drop velocity (of the order of 50
m/s), which allows for relatively large distances between the print head and the substrate.
Historically, CIJ has enjoyed an advantage over other inkjet technologies in its ability to use inks
based on volatile solvents, allowing for rapid drying and aiding adhesion on many substrates. The
disadvantages of the technology include relatively low print resolution, very high maintenance
requirements, and a perception that CIJ is a dirty and environmentally unfriendly technology due
to the use of large volumes of volatile solvent-based fluids. Additionally, the requirement that
the printed fluid be electrically chargeable limits the applicability of the technique.
Drop-on-demand inkjet printing (DOD)
Drop-on-demand (DOD) is a broad classification of inkjet printing technology where drops are
ejected from the print head only when required. In general, the drops are formed by the creation
of a pressure pulse within the print head. The particular method used to generate this pressure
pulse creates the primary subcategories within DOD, namely 'thermal' and 'piezo'. [8]
Thermal inkjet technology (TIJ) is most used in consumer desktop printers but is also making
some inroads into certain industrial inkjet applications. In this technology, drops are formed by
rapidly heating a resistive element in a small chamber containing the ink. The temperature of the
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resistive element rises to 350-400ºC, causing a thin film of ink above the heater to vaporize into
a rapidly expanding bubble, causing a pressure pulse that forces a drop of ink through the nozzle.
Ejection of the drop leaves a void in the chamber, which is then filled by replacement fluid in
preparation for the creation of the next drop. [8]
The advantages of thermal inkjet technology include the potential for very small drop sizes and
high nozzle density. High nozzle density leads to compact devices, lower print head costs and the
potential for high native print resolution. The disadvantages of the technology are primarily
related to the limitations of the fluids which can be used. Not only does the fluid have to contain
a material that can be vaporized (usually meaning an aqueous or part-aqueous solution) but must
withstand the effects of ultra-high temperatures. With a poorly designed fluid, these high
temperatures can cause a hard coating to form on the resistive element (kogation) which then
reduces its efficiency and ultimately the life of the print head. Also, the high temperature can
damage the functionality of the fluid due to the high temperatures reached (as is the case with
certain biological fluids and polymers). [8]

Figure 7: Drop-on-demand inkjet printing (DOD) process
Advantages:
• The advantages of piezo inkjet technology include the ability to jet a very wide variety of
fluids in a highly controllable manner and the good reliability and long life of the print
heads. The main disadvantage is the relatively high cost for the print heads, which limits
the applicability of this technology in low-cost applications.
Disadvantages:
• One disadvantage of the CIJ method is the need for solvent monitoring. Since only a small
fraction of the ink is being used for actual printing, the solvent must be continually added
to the recycled ink to compensate for the evaporation that takes place during the flight
of the recycled drops.
• Another disadvantage is the need for ink additives. Since this method is based on
electrostatic deflection, ink additives, such as potassium thiocyanate, may deteriorate the
performance of the printed devices.
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Conclusions
In summary, industrial printing remains a very promising area of growth for inkjet technology,
with applications such as ceramics, textile, packaging, and product decoration showing excellent
benefits and market acceptance to varying degrees. All of these applications use piezo DOD
technology almost exclusively, and this is expected to continue for the reasons outlined above.

2.2.4 Binder Jetting
The binder jetting process uses two materials; a powder-based material and a binder. The binder
acts as an adhesive between powder layers. The binder is usually in liquid form and the build
material in powder form. A print head moves horizontally along the x and y axes of the machine
and deposits alternating layers of the build material and the binding material. After each layer,
the object being printed is lowered on its build platform. [9] Due to the method of binding, the
material characteristics are not always suitable for structural parts and despite the relative speed
of printing, additional post-processing (see below) can add significant time to the overall process.
As with other powder-based manufacturing methods, the object being printed is self-supported
within the powder bed and is removed from the unbound powder once completed. [5]
Binder Jetting process
The binder jetting process allows for color printing and uses metal, polymers, and ceramic
materials. The process is generally faster than others and can be further quickened by increasing
the number of print head holes that deposit material. The two material approaches allow for a
large number of different binder-powder combinations and various mechanical properties of the
final model to be achieved by changing the ratio and individual properties of the two materials.
The process is therefore well suited for when the internal material structure needs to be of a
specific quality. [9] Layers of build material, often in granular and powder form, are held together
using the adhesive binder. The print head deposits the binding material in micro amounts and
the powder material is used in creating the majority of the overall object mass. A heated build
chamber can help to speed up the printing process by increasing the viscosity of the materials.
Post Processing: The overall process time is extended as it requires the binder to set and the part
is often allowed to cool in the machine to fully solidify to achieve a high-quality finish. Postprocessing is often required to make the part stronger and give the binder material better
mechanical and structural properties. [9]
Binder Jetting – Step by Step
1. The powder material is spread over the build platform using a roller.
2. The print head deposits the binder adhesive on top of the powder where required.
3. The build platform is lowered by the model’s layer thickness.
15

4. Another layer of powder is spread over the previous layer. The object is formed where
the powder is bound to the liquid.
5. The unbound powder remains in position surrounding the object.
6. The process is repeated until the entire object has been made.

Figure 8: The binder jetting process
Materials:
Metals: Stainless steel
Polymers: ABS, PA, PC
Ceramics: Glass
All three types of materials can be used with the binder jetting process.
Advantages:
•

Parts can be made in a range of different colors

•

Uses a range of materials: metal, polymers, and ceramics

•

The process is generally faster than others
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•

The two material method allows for a large number of different binder-powder
combinations and various mechanical properties

Disadvantages:
•

Not always suitable for structural parts, due to the use of binder material

•

Additional post-processing can add significant time to the overall process

2.3 VAT Polymerization
Vat polymerization uses a vat of liquid photopolymer resin, out of which the model is constructed
layer by layer. An ultraviolet (UV) light is used to cure or harden the resin where required, whilst
a platform moves the object being made downwards after each new layer is cured. As the process
uses liquid to form objects, there is no structural support from the material during the build
phase. Unlike powder-based methods, where support is given from the unbound material. In this
case, support structures will often need to be added. Resins are cured using a process of
photopolymerization or UV light, where the light is directed across the surface of the resin with
the use of motor-controlled mirrors. Where the resin comes in contact with the light, it cures or
hardens. [10]
The most popular vat photopolymerization 3D printing technologies include the following:
•

StereoLithogrAphy (SLA) SLA is also known as SL, optical fabrication, photo-solidification,
or resin printing. During the SL manufacturing process, a concentrated beam of ultraviolet
light or a laser is focused onto the surface of a vat filled with a liquid photopolymer. The
beam or laser is focused, creating each layer of the desired 3D object by means of crosslinking or degrading a polymer.

•

Digital Light Processing (DLP) For the DLP 3D printing process, a digital projector screen
is used to flash a single image of each layer across the entire platform at once. Because
the projector is a digital screen, the image of each layer is composed of square pixels,
resulting in a layer formed from small rectangular bricks called voxels. DLP can achieve
faster print times for some parts, as each entire layer is exposed all at once, rather than
drawn out with a laser.

•

Continuous Liquid Interface Production (CLIP) by Carbon the CLIP vat photo
polymerization technique uses a tank of resin as base material. Part of the vat bottom is
transparent to ultraviolet light and therefore called the window. An ultraviolet light beam
shines through the window, illuminating the precise cross-section of the object. The light
causes the resin to solidify (photopolymerize). The object rises slowly enough to allow the
resin to flow under and maintain contact with the bottom of the object. An oxygen17

permeable membrane lies below the resin, which creates a dead zone. This persistent
liquid interface prevents the resin from attaching to the window, which means the
photopolymerization is inhibited between the window and the polymerizer. Unlike
standard SLA, the 3D printing process is continuous and claims to be up to 100 times faster
than commercial 3D printing methods.
•

Daylight Polymer Printing (DPP) by Photocentric Instead of using a laser or a projector
to cure the polymer, the DPP manufacturing process uses an LCD (Liquid Crystal Display).
This technique, also called LCD 3D printing, uses unmodified LCD screens and a specially
formulated Daylight polymer. The company Photocentric has been able to make this work
by developing one of the world’s most sensitive daylight resins.[11]

VAT Polymerization process
Vat Polymerization is a method in 3D printing to print 3D objects by using photopolymerization,
which is the process of exposing liquid polymers to ultraviolet (UV) light to turn liquid into solids.
The digital light processing technology is used for the process. First, a 3D design is created in a
3D software program. Then, the 3D printer uses digital light processing technology (which works
as a projector) to project the image with UV light onto a vat of liquid polymers layer by layer. This
process of draining and exposure to UV light is repeated until the object is complete, with the vat
completely drained and leaving the solid 3D object.
The SLA process has a high level of accuracy and good finish, but often requires support structures
and post-curing for the part to be strong enough for structural use. The process of
photopolymerization can be achieved using a single laser and optics. Blades or recoating blades
pass over previous layers to ensure that there are no defects in the resin for the construction of
the next layer. The photopolymerization process and support material may have likely caused
defects such as air gaps, which need to be filled with resin in order to achieve a high-quality
model. The typical layer thickness for the process is 0.025 – 0.5mm. [10]
Post Processing: Parts must be removed from the resin and any excess resin fully drained from
the vat. Supports can be removed using a knife or sharp implement. Care must be taken not to
contaminate the resin and the appropriate safety precautions must be taken. Methods for
removing resin and supports include the use of an alcohol rinse followed by a water rinse. The
processing may be lengthy as parts may require additional scrubbing to remove material fully.
Finally, parts can be dried naturally or by using an air hose. UV light is often used as well, for a
final post-cure process to ensure a high-quality object. [10]
Photopolymerisation – Step by Step
1. The build platform is lowered from the top of the resin vat downwards by the layer
thickness.
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2. A UV light cures the resin layer by layer. The platform continues to move downwards and
additional layers are built on top of the previous.
3. Some machines use a blade that moves between layers to provide a smooth resin base to
build the next layer on.
4. After completion, the vat is drained of resin and the object removed. [10]

Figure 9: Diagram of SLA printing process

2.3.1 Stereolithography
Stereolithography (SLA) is an additive manufacturing process that belongs to the Vat
Photopolymerization family. In SLA, an object is created by selectively curing a polymer resin
layer-by-layer using an ultraviolet (UV) laser beam. The materials used in SLA are photosensitive
thermoset polymers that come in a liquid form.
SLA is famous for being the first 3D printing technology: its inventor patented the technology
back in 1986. If parts of very high accuracy or smooth surface finish are needed, SLA is the most
cost-effective 3D printing technology available. Best results are achieved when the designer takes
advantage of the benefits and limitations of the manufacturing process. SLA has many common
characteristics with Direct Light Processing (DLP), another Vat Photopolymerization 3D printing
technology. For simplicity, the two technologies can be treated as equals. [11, 12]
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Figure 10: 3D Printing forms

Figure 11: The SLA 3D printing process
SLA fabrication process
I. The build platform is first positioned in the tank of liquid photopolymer, at a distance of one
layer height for the surface of the liquid.
II. Then a UV laser creates the next layer by selectively curing and solidifying the photopolymer
resin. The laser beam is focused in the predetermined path using a set of mirrors, called galvos.
The whole cross-sectional area of the model is scanned, so the produced part is fully solid.
III. When a layer is finished, the platform moves at a safe distance and the sweeper blade recoats the surface. The process then repeats until the part is complete.
IV. After printing, the part is in a green, no-fully-cured state and requires further post-processing
under UV light if very high mechanical and thermal properties are required.
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Figure 12: Schematic of an SLA 3D printer
The liquid resin is solidified through a process called photopolymerization: during solidification,
the monomer carbon chains that compose the liquid resin are activated by the light of the UV
laser and become solid, creating strong unbreakable bonds between each other. The
photopolymerization process is irreversible and there is no way to convert the SLA parts back to
their liquid form: when heated, they will burn instead of melting. This is because the materials
that are produced with SLA are made of thermoset polymers, as opposed to the thermoplastics
that FDM uses.[12]
Characteristics of SLA
Printer Parameters
In SLA systems, most print parameters are fixed by the manufacturer and cannot be changed.
The only inputs are the layer height and part orientation (the latter determines support location).
The typical layer height in SLA ranges between 25 and 100 microns. Lower layer heights capture
curved geometries more accurately but increase the build time (and cost) and the probability of
a failed print. A layer height of 100 microns is suitable for most common applications. The build
size is another parameter that is important for the designer. The build size depends on the type
of SLA machine. There are two main SLA machine setups: the top-down orientation and the
bottom-up orientation. The top-down SLA printers place the laser source above the tank and the
part is built facing up. The build platform begins at the very top of the resin vat and moves
downwards after every layer.[12]
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Figure 13: Schematic of a top-down SLA printer
The bottom-up SLA printers place the light source under the resin tank (see figure above) and the
part is built facing upside down. The tank has a transparent bottom with a silicone coating that
allows the light of the laser to pass through but stops the cured resin from sticking to it. After
every layer, the cured resin is detached from the bottom of the tank, as the build platform moves
upwards. This is called the peeling step.

Figure 14: Schematic of a bottom-up SLA printer
The bottom-up orientation is mainly used in desktop printers, like Formlabs, while the top-down
is generally used in industrial SLA systems. Bottom-up SLA printers are easier to manufacture and
operate, but their build size is limited, as the forces applied to the part during the peeling step
might cause the print to fail. On the other hand, top-down printers can scale up to very large
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build sizes without a big loss in accuracy. The advanced capabilities of these systems come at The
following table summarizes the key characteristics and differences of the two orientations: higher
costs.

Support Structure
A support structure is always required in SLA. Support structures are printed in the same material
as the part and must be manually removed after printing. The orientation of the part determines
the location and amount of support. It is recommended that the part is oriented so that so visually
critical surfaces do not come in contact with the support structures. [12]
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Figure 15: On the left, a part is oriented for a top-down SLA printer (minimizing support). On
the right, a part oriented for a bottom-up SLA printer (minimizing cross-sectional area)
Bottom-up and top-down SLA printers use support differently:
•

•

In top-down SLA printers, support requirements are similar to FDM. They are needed to
print accurately overhangs and bridges (the critical overhang angle is usually 30o). The
part can be oriented in any position and they are usually printed flat, to minimize the
amount of support and the total number of layers.
In bottom-up SLA printers, things are more complicated. Overhangs and bridges still need
to be supported, but minimizing the cross-sectional area of each layer is the most crucial
criterion: the forces applied to the part during the peeling step may cause it to detach
from the build platform. These forces are proportional to the cross-sectional area of each
layer. For this reason, parts are oriented at an angle and the reduction of support is not a
primary concern.

Curling
One of the biggest problems relating to the accuracy of parts produced via SLA is curling. Curling
is similar to warping in FDM. During solidification/curing, the resin shrinks slightly upon exposure
to the printer's light source. When the shrinkage is considerable, large internal stresses develop
between the new layer and the previously solidified material, which results in the curling of the
part.
Layer Adhesion
SLA printed parts have isotropic mechanical properties. This is because a single UV laser pass is
not enough to fully cure the liquid resin. Later laser passes help previously solidified layers to fuse
to a very high degree. In fact:
In SLA curing continues even after the completion of the printing process.
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To achieve the best mechanical properties, SLA parts must be post-cured, by placing them in a
cure box under intense UV light (and sometimes at elevated temperatures). This improves greatly
the hardness and temperature resistance of the SLA part but makes it more brittle.
For example, test pieces of parts printed in standard clear resin using a desktop SLA printer have
almost 2 times greater tensile strength post-cure (65 MPa compared to 38 MPa) and can operate
under load at higher temperatures (at a max temperature of 58oC compared to 42oC), but their
elongation at break is almost half (6.2% compared to 12%).
Leaving the part in the sun will also induce curing. Extended exposure to UV light has a
detrimental effect on the physical properties and appearance of an SLA part: they may curl,
become very brittle and change color. For this reason, spray coating with a clear UV acrylic paint
before use is highly recommended. [12]
Common SLA Materials
SLA materials come in the form of a liquid resin. The price per liter of the resin varies greatly,
from about $50 for the standard material, upwards to $400 for the specialty materials, such as
the castable or dental resin. Industrial systems offer a wider range of materials than desktop SLA
printers, which give the designer closer control over the mechanical properties of the printed
part. SLA materials (thermosets) are more brittle than the materials produced with FDM or SLS
(thermoplastics) and for this reason, SLA parts are not usually used for functional prototypes that
will undertake significant loading. Advances in materials may change this in the near future.
Post Processing
SLA parts can be finished to a very high standard using various post-processing methods, such as
sanding and polishing, spray coating, and finishing with mineral oil.
Benefits & Limitations of SLA
The key advantages and disadvantages of the technology are summarized below:
Advantages:
•
•
•

SLA can produce parts with very high dimensional accuracy and with intricate details.
SLA parts have a very smooth surface finish, making them ideal for visual prototypes.
Specialty SLA materials are available, such as clear, flexible, and castable resins.

Disadvantages:
•
•

SLA parts are generally brittle and not suitable for functional prototypes.
The mechanical properties and visual appearance of SLA parts will degrade over time
when the parts are exposed to sunlight.
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•

Support structures are always required and post-processing is necessary to remove the
visual marks left on the SLA part.
The main characteristics of SLA are summarized in the table below:

Rules of Thumb
•
•

SLA is best suited for producing visual prototypes with very smooth surfaces and very fine
details from a range of thermoset materials.
Desktop SLA is ideal for manufacturing small ("smaller-than-a-fist") injection molded-like
parts at an affordable price.
Industrial SLA machines can produce very large parts (as big as 1500 x 750 x 500 mm).[12]

2.3.2 Digital Light Projection
DLP (Digital Light Processing) is a similar process to stereolithography from the perspective that
it concerns a 3D printing process that works with photopolymers. The major difference, however,
is the light source used to cure the resin. DLP uses a more conventional light source, such as an
arc lamp with a liquid crystal display panel, which is applied to the entire surface of the vat of
photopolymer resin in a single pass, generally making it faster than SL. [13] Also like
Stereolithography, DLP produces highly accurate parts with excellent resolution, but its
similarities also include the same requirements for support structures and post-curing. One great
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advantage of DLP over SL is that only a shallow vat of resin is required to facilitate the process,
which generally results in less waste and lower running costs.
Digital Light Processing process
In this process, once the 3D model is sent to the printer, a vat of liquid polymer is exposed to
light from a DLP projector under safelight conditions. The DLP projector displays the image of the
3D model onto the liquid polymer. The exposed liquid polymer hardens and the build plate moves
down and the liquid polymer is once more exposed to light. The process is repeated until the 3D
model is complete and the vat is drained of liquid, revealing the solidified model. DLP 3D printing
is faster and can print objects with a higher resolution.[13]

Figure 16: Digital Light Processing Principles
Post Processing and Support
Because of the nature of the SL process, it requires support structures for some parts, specifically
those with overhangs or undercuts. These structures need to be manually removed. In terms of
other post-processing steps, many objects 3D printed using SL need to be cleaned and cured.
Curing involves subjecting the part to intense light in an oven-like machine to fully harden the
resin. [14]
All vat polymerization technologies build parts curing the resin into a solid layer by layer with a
certain light source, therefore creating a three-dimensional structure. There are two main vat
polymerization technologies, SLA (stereolithography) and DLP (Digital Light Processing).
Interestingly, both of these technologies are similar, but at the same time different. Follow us
along to the following paragraphs where we'll explain how DLP works and point out the
differences with SLA.
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The best way to understand how a machine works is to understand its anatomy, don't you agree?
Well, for this exact reason we'll first explain what components make up a DLP 3D printer before
describing how the printing process works. The main components of a DLP 3D printer are the
following: digital light projector screen, DMD, vat (resin tank), the build plate, and the elevator
for the build plate.

Figure 17: A schematic of a DLP 3D printer. Image: Wevolver [14]

The digital light projector is the light source of a DLP 3D printer. The DMD (Digital Micromirror
Device) is a component that is made of thousands of micromirrors used for navigating the light
beam projected by the digital light projector.
Next up the line is the vat, which is a tank for the resin. However, the vat needs to have a
transparent bottom so that the light projected by the digital light projector reaches the resin and
cures it.
The build platform is simply the surface the printed objects stick to during printing. The z-axis is
also a self-explanatory component, used for slowly lifting the build platform during the printing
process.
The Printing Process
Now that you're hopefully more familiar with the main components of a DLP 3D printer, it's time
to take a closer look at the printing process itself.
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3D Models & Slicing
Naturally, everything starts with a 3D model. To make sure that the 3D models are well prepared
for 3D printing, the user makes use of a so-called 'slicer software' which is either provided by a
third party (there are open source versions available) or the printer's manufacturer. The main
purpose of slicer software is to give the user the ability to set all the parameters for the printing
job and then prepare a file that can tell the printer what to print. For example, the users define
the print speed, layer height, and support material positioning in the slicer. After that, the slicer
quite literally virtually slices the 3D model into hundreds of layers. After the slicing is done, we
are left with a PNG stack of images that are flipped through like a picture book, one layer at a
time until you reach the last layer of the model, our default layer thickness is 100um. If a part is
100mm tall, there is 100mm/100um = png number, each image is displayed on the UV projector
which cures the UV photopolymer 100um's at a time.
Note that this is different from a technique like FDM: With 3D printing techniques that use
machines with multiple motors on gantrys, like FDM printing, you need a different kind of file in
a format called g-code. Think of g-code as the language for some 3D printing techniques, but also
CNC machining for example. The g-code file contains all the important print parameters as well
as the locations of the individual layers.
3D Printing the File
As for any 3D printer, the first step of the printing process is uploading a 3D model to the printer.
When that's done, the resin needs to be poured into the vat. That's then followed by the build
platform lowering into the resin tank and the resin. The build platform lowers into the resin to
the point when only a tiny bit of space is left between the vat's bottom and the build plate.
Interestingly enough, the tiny bit of space left between the vat's bottom and the build plate is
specified by the layer height of the future part. If the desired layer height for the part is 50
microns, then the space left between the two is set to 50 microns.
When that's all set and done, the digital light projector starts its work. It flashes an image of the
individual layer. The projected light making the image of the layer is then guided to the
transparent bottom of the vat in the pattern of the layer by the DMD.
When the image of the layer reaches the vat's bottom, the resin is cured into a solid forming the
first layer. To create the space in the vat for the next layer to be cured, the build platform moves
up one layer in height. Well, to be more precise: the platform usually needs to move up more
than 1 layer thickness to allow for the resin to flow black under the build head. This is especially
true for higher viscosity resins.
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Then, once again, the digital light projector flashes an image of the layer to the vat's bottom
causing yet another layer to cure into a solid. That process is repeated until the entire part is
finished.
Post-Processing 3D Printed Parts
Believe it or not, the parts are still not yet completely ready to use after printing. Parts made
from the photopolymer resin require UV light treatment after printing. The parts are exposed to
UV light for a certain amount of time, usually dictated by the resin's manufacturer. Exposure of
the parts to UV light ensures the parts are cured correctly and ready to use.
The Pros and Cons of DLP
Naturally, DLP comes with its pros and cons. Since DLP is a technology that shares a bit or two
with SLA, most of its pros and cons are made in direct comparison with the capabilities of SLA.
For that reason alone, let's just remind ourselves what makes SLA and DLP different before
jumping into the discussion about DLP's pros and cons: The core difference between SLA and DLP
is the light source used for the solidification of the resin. DLP uses a digital light projector screen
that flashes the image of the layer and therefore cures the resin in the form of the layer.
However, despite SLA and DLP being technologies of similar nature, SLA 3D printers cure the resin
in a much different way. Instead of the digital projector screen, SLA 3D printers use a laser. The
way the laser cures the resin into layers is by "drawing" the layer's pattern on the bottom of the
resin tank while curing the resin.
Speed
This all leads us to the first benefit of DLP when compared to SLA. Because the digital light
projector of a DLP 3D printer flashes the entire image of a layer at once and therefore cures the
layer, layers are made fast. On the other hand, the laser in the SLA printer has to go "point by
point" to cure a single layer. SLA 3D printers don't cure layers slowly, but DLP does it quicker with
the single flash of the layer's image! You could say that the digital light projector screen is the
two-sided sword for DLP 3D printers. As much as the fast layer curing is a great benefit, the same
digital light projector which makes it all possible is also the reason that causes one of the DLP's
biggest limitations.
Precision
Because the digital light projector used as the light source in a DLP 3D printer is a digital screen,
it's made of pixels. These very pixels which make the image of the layer used for curing the resin
are later translated into three dimensions. So, the layers of a part printed on a DLP 3D printer are
made of many „3D pixels“called voxels. The best way to think of voxels is to imagine tiny bricks
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which all together form the part's layers. Remember that the voxels are indeed very tiny, meaning
that it's almost impossible to see them.
The limitation of DLP in comparison with SLA caused by voxels is the possible lack of details on a
complex curved structure and the rougher curved surfaces. Because voxels are like tiny bricks,
it's tough to produce a very smooth curved surface.
For the sake of understanding this in the best possible way, think of LEGO bricks. No matter how
many LEGO bricks form a curved surface, it's not going to be 100% smooth, right? The same is for
DLP. Despite all this, DLP still produces very nice detailed parts. The precision of the machine is
of course projector dependent. As you know, projectors have advanced from 1080p to 2k and
now 4k and soon to be 8k. Some of the latest DLP machines get sub 50um accuracy.
Another limitation of DLP when compared to SLA is about printing large detailed parts. Because
the resin is cured into layers with a digital image of the very layer, the image size dictates the
resolution. As the layer's image size increases, the resolution decreases. This doesn't mean that
big parts printed with DLP have bad quality, not at all. Instead, the general rule suggests that the
same part when printed in a larger scale might suffer a bit in the detailed parts of the model.
Parts printed DLP can be surprisingly strong considering the material they're made of photopolymer resin - plastic. Traditionally DLP and therefore SLA usually weren't used for the
manufacturing of parts that are under load, but more for the parts which prioritize the aesthetics
and dimensional accuracy. Ideal for making visual prototypes. Recently there have been
significant developments in this area. The strength of the parts is dependent upon the specific
polymer that is chosen and some DLP resins from BASF or Henkel are equal to or greater in
strength than traditional injection molded parts.
Accuracy
Let's end the discussion of DLP's pros & cons with a positive note by highlighting one of DLP's
biggest advantages in the world of 3D printing in general. Alongside SLA, DLP is considered to be
one of the most accurate 3D printing technologies. The details it can produce on a part are truly
something to behold.
Materials for DLP
As you already know, DLP 3D printers use liquid photopolymers in the form of a resin. There are
various resins out there and so are the price ranges. However, there's always the good old general
approximation. The standard resin which is also the cheapest resin usually costs from about $45
to $55 per liter.
The prices go up significantly when we step into the territory of resins used for industrial
purposes. These resins, which are castable and very high detailed can cost several hundreds of
dollars per liter. In general, you're looking at around $350 and upwards per liter of such resin.
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As you can tell by the prices, the resin is quite more expensive than the filament used for FDM
3D printing. Resins are also trickier to handle, but their shelf life is also limited. Most of the time,
resins have a shelf life of about 1 year.
Up until recently the resins for DLP didn't exist in many colors (usually neutral colors like black,
white, and grey), but new developments make that resins can have CMYK colored pigments
added to them commercially, thus matching the wide range of colors you can get FDM filaments
in.
Using DLP for manufacturing end-use products
Great dimensional accuracy and the fast print speed make DLP a rather desirable choice when it
comes to the manufacturing of parts. It's important to keep in mind the fact that DLP is unable
to produce parts with great strength, it's much more suited for making accurate and beautiful
parts that are not intended to deal with the load. These days, the most common applications of
DLP include the dental, medical, and jewelry industries.
Dental Industry
The dental industry is all about precision, right? Dentists work with tiny complex parts every day,
making sure each patient is satisfied. Well, since DLP can produce parts with such great
dimensional accuracy, it's an ideal technology for the industry. DLP 3D printers are usually used
for the making of models of a patient's mouth. Thanks to the other great benefit of DLP which is
the print speed, these mouth models are created in a matter of hours instead of a few days.

Figure 18: 3D printed dental models, source: Prodways

Medical & Healthcare Industry
The medical industry was one of the earliest adopters of DLP technology. There are hundreds of
different applications of DLP in the medical industry, but the most impressive one refers to the
production of hearing aids. Because hearing aids need to be individually suited for each customer
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since everyone has a different ear shell, the process of making the hearing aids is exhausting and
long-lasting.
Vat polymerization technologies, which include both SLA and DLP have revolutionized the way
hearing aids are made to make them both cheaper and better-fitting. The process of making
hearing aids is now much faster and efficient. The 3D scan of the patient's ear shell is made and
turned into a 3D model, which is then 3D printed on a DLP 3D printer.
Thanks to 3D printing, more patients can get their hands on hearing aids at a cheaper price, with
a better fit. Studies have also shown that 3D printers reduced the returns of hearing aids caused
by bad fittings.

Figure 19: A batch of 3D printed hearing aids, source: Shining 3D

2.3.3 Continuous Digital Light Processing
Current cDLP devices can provide native accuracies of up to 13 μm in z and 42 μm in x and y, and
up to 21 μm in x and y when using anti-aliasing software. The resolution has increased as newer
generations of these devices have been released. This is a sufficient resolution to prepare patientspecific implants. This resolution may be sufficient to render features (e.g., surface roughness)
that cells might respond to. [15]
Stereolithography- and cDLP-based systems both rely on photocrosslinking for freeform
fabrication. However, the methods differ as illustrated here. Stereolithography typically requires
a deep vat of resin. As parts are built, they attach to an elevator which moves downward through
the polymer resin as each layer is rendered at the surface by a moving laser. In contrast, cDLP
systems render parts by projecting an image through a clear basement plate into a tray
containing the resin, curing at the bottom surface rather than the top surface. The parts attach
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to a build platform that moves upward, away from the basement plate, after each layer is
projected. [15]

Figure 20: Differences between stereolithography and continuous DLP (cDLP) rendering [15]

2.4 Powder Bed Fusion
The Powder Bed Fusion process includes the following commonly used printing techniques:
Direct metal laser sintering (DMLS), Electron beam melting (EBM), and Selective heat sintering
(SHS), Selective laser melting (SLM), and Selective laser sintering (SLS). Powder bed fusion (PBF)
methods use either a laser or electron beam to melt and fuse the material powder. Electron beam
melting (EBM), methods require a vacuum but can be used with metals and alloys in the creation
of functional parts. All PBF processes involve the spreading of the powder material over previous
layers. There are different mechanisms to enable this, including a roller or a blade. A hopper or a
reservoir below of aside the bed provides fresh material supply. Direct metal laser sintering
(DMLS) is the same as SLS, but with the use of metals and not plastics. The process sinters the
powder, layer by layer. Selective Heat Sintering differs from other processes by way of using a
heated thermal print head to fuse powder material. As before, layers are added with a roller in
between the fusion of layers. A platform lowers the model accordingly. [16]
Selective laser sintering (SLS) machines are made up of three components: a heat source to fuse
the material, a method to control this heat source, and a mechanism to add new layers of
material over the previous. The SLS process benefits from requiring no additional support
structure, as the powder material provides adequate model support throughout the build
process. The build platform is within a temperature-controlled chamber, where the temperature
is usually a few degrees below that of the material melting point, reducing the dependency of
the laser to fuse layers. The chamber is often filled with nitrogen to maximize the oxidation and
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end quality of the model. Models require a cool-down period to ensure a high tolerance and
quality of fusion. Some machines monitor the temperature layer by layer and adapt the power
and wattage of the laser respectively to improve quality.
Selective Laser Melting (SLM) Compared to SLS, SLM is often faster, but requires the use of inert
gas, has higher energy costs, and typically has a poor energy efficiency of 10 to 20 %. The process
uses either a roller or a blade to spread new layers of powder over previous layers. When a blade
is a sed, it is often vibrated to encourage a more even distribution of powder. A hopper or a
reservoir below or aside the bed provides a fresh material supply.
Selective Heat Sintering (SHS) uses a heated thermal print head to fuse powder material. As
before, layers are added with a roller in between the fusion of layers. The process is used in
creating concept prototypes and less so structural components. The use of a thermal print head
and not a laser benefits the process by reducing significantly the heat and power levels required.
Thermoplastics powders are used and as before acting as support material. The ‘Blue printer’ is
a desktop 3D printer that uses the SHS technology, with a build chamber of 200mm x 160mm x
140mm, print speed of 2-3mm/hour, and a layer thickness of 0.1mm (Blue Printer SHS , 2014).
Direct Metal Laser Sintering (DMLS) uses the same process as SLS, but with the use of metals
and not plastic powders. The process sinters the powder, layer by layer and a range of
engineering metals are available. [16]
Electron Beam Melting (EBM) Layers are fused using an electron beam to melt metal powders.
Machine manufacturer Arcam used electromagnetic coils to control the beam and a vacuum
pressure of 1×10-5 mba (EBM Arcam , 2014). EBM provides models with very good strength
properties due to an even temperature distribution during fusion. The high quality and finish that
the process allows for makes it suited to the manufacture of high-standard parts used in airplanes
and medical applications. The process offers several benefits over traditional methods of implant
creation, including hip stem prosthesis (Agaruala, 1995). Compared to CNC machining, using EBM
with titanium and a layer thickness of 0.1mm can achieve better results, in a faster time and can
reduce the cost by up to 35%. [16]
Post-processing requirements include removing excess powder and further cleaning and CNC
work. One advantage and common aim of post-processing is to increase the density and
therefore the structural strength of a part. Liquid phase sintering is a method of melting the metal
powder or powder combination to achieve homogenization and a more continuous
microstructure throughout the material, however, shrinking during the process must be
accounted for. Hot isotactic pressing is another method to increase density; a vacuum-sealed
chamber is used to exert high pressures and temperatures of the material. Although this is an
effective technique to improve strength, the trade-off is a longer and more expensive build time.
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Powder Bed Fusion – Step by Step
1. A layer, typically 0.1mm thick of material is spread over the build platform.
2. A laser fuses the first layer or first cross-section of the model.
3. A new layer of powder is spread across the previous layer using a roller.
4. Further layers or cross-sections are fused and added.
5. The process repeats until the entire model is created. The loose, unfused powder remains in
position but is removed during post-processing. [16]

Figure 21: Powder Bed Fusion process

2.4.1 Selective Laser Sintering
Selective laser sintering (SLS) 3D printing is trusted by engineers and manufacturers across
different industries for its ability to produce strong, functional parts. Selective laser sintering is
an additive manufacturing (AM) technology that uses a high-power laser to sinter small particles
of polymer powder into a solid structure based on a 3D model.
SLS 3D printing has been a popular choice for engineers and manufacturers for decades. Low cost
per part, high productivity, and established materials make the technology ideal for a range of
applications from rapid prototyping to small-batch, bridge, or custom manufacturing.
Recent advances in machinery, materials, and software have made SLS printing accessible to a
wider range of businesses, enabling more and more companies to use these tools that were
previously limited to a few high-tech industries. [17]
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Figure 22: Schematic of the selective laser sintering process. SLS 3D printing uses a high-power
laser to sinter small particles of polymer powder into a solid structure based on a 3D model.

1. Printing: The powder is dispersed in a thin layer on top of a platform inside the build chamber.
The printer preheats the powder to a temperature somewhat below the melting point of the raw
material, which makes it easier for the laser to raise the temperature of specific regions of the
powder bed as it traces the model to solidify a part. The laser scans a cross-section of the 3D
model, heating the powder to just below or right at the melting point of the material. This fuses
the particles mechanically to create one solid part. The unfused powder supports the part during
printing and eliminates the need for dedicated support structures. The platform then lowers by
one layer into the build chamber, typically between 50 to 200 microns, and the process repeats
for each layer until parts are complete.
2. Cooling: After printing, the build chamber needs to slightly cool down inside the print
enclosure and then outside the printer to ensure optimal mechanical properties and avoid
warping in parts.
3. Post-processing: The finished parts need to be removed from the build chamber, separated,
and cleaned of excess powder. The powder can be recycled and the printed parts can be further
post-processed by media blasting or media tumbling.
Conclusions
Selective laser sintering (SLS) is a popular powder-based AM process, which utilizes a scanning
laser beam (e.g., CO2 laser) to sinter the powdered materials. After the first layer is solidified, the
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powder bed moves downward, allowing a new layer to be added on the top and the process is
repeated until a 3D part is obtained. This technique generally requires quite a long processing
time and preheating of powders is required. SLS enables to fabrication of parts with a resolution
of around a few tens of microns. The most frequently used polymer in the SLS process is
polyamide (PA) but also polyethene (PE), PEEK, PCL, and TPU have been considered [18].

Figure 23: Influence of process parameters on the powder properties in SLS.
Due to its versatility, SLS applies to a wide range of materials having different bulk properties.
The SLS powders of the same bulk material can show variations in their morphology, melting, and
sintering behaviors. The properties of SLS powders influence the manufactured structure
properties like internal stress, accuracy, stimuli response, and distortion. Fig. 23 summarizes the
intrinsic and nonintrinsic SLS powder properties [19].
In the SLS process, the powders must show control over morphology and size distribution. The
powders commercially used in SLS are mostly in the size range of 60 μm along with 10 μm average
particle size of the minority component. There are numerous ways to utilize the SLS process for
powder fabrication with mechanical grinding and precipitation, which are the most important
ones [19]. The use of a particular SLS fabrication process depends on the material and powder
properties desired. For polymer blends and composites, the powder preparation methods
frequently consist of two steps, which are carried out after solution mixing or melt extrusion
mixing of materials or before adding fillers or additives while preparing the dry blends. [19]. The
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first step in SLS fabrication involves polymer precipitation followed by coextrusion of polymer
solution with an immiscible solvent. After the formation of the polymer solution, water-insoluble
monomers undergo emulsion polymerization followed by drying of the polymer solution. This is
followed by cryogenic polymer powder milling and finally, a size-controlled under insertion of
formulated additives gives the SLS powder.

Figure 24: Schematic illustration of polymer fabrication via SLS process (A) polymer
precipitation (B) polymer solution coextrusion with immiscible solvent; (C) emulsion
polymerization of water-insoluble monomers; (D) spray drying; (E) cryogenic polymer powders
milling; and (F) SLS of powders with controlled size distribution and fillers.
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2.4.2. Direct Metal Laser Sintering
Direct metal laser sintering (DMLS), also called selective laser sintering (SLS), is a type of metal
additive manufacturing or 3D printing. It’s used both for rapid prototyping and mass production
of metal parts.
The method is very similar to selective laser melting (SLM), also called direct metal laser melting
(DMLM), but on a molecular level, the powder is only sintered (not melted) together. This results
in parts that are less porous than the melting method. The advantage to this is that you can easily
print from alloys containing materials with different melting points. You can even combine metal
and plastic materials. A good example is Alumide, which is a mixture of nylon powder + aluminum
powder.
Another difference between sintering and melting in these two processes is the temperature
used to fuse the metal powder. SLM heats the metal powder until it fully melts into a liquid. DMLS
does not melt the metal powder, so less energy is needed. Sintering heats particles enough so
that their surfaces weld together.
The working material for this 3D printing process is finely powdered metal. Typically the
manufactured size of the metal particles is 20 – 40 micrometers. The particle size and shape limit
the detail resolution of the final part. Smaller metal particle size and less variation allow better
resolution.
Other resolution limits in this technology are the layer height and the size of the laser spot. Like
other 3D printing processes, the model is divided into many fine layers, which are then printed
one by one to build the final part. Printable layer heights are approximately the maximum size of
the metal powder used.

Figure 25: A schematic diagram of direct metal laser sintering (DMLS) process [19]
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Figure 26: Direct Metal Laser Sintering (DMLS) Machine [20]
DMLS follows the basic process sequence for most 3D printing technologies: model, slice, and
print layer-by-layer. Once a 3D model is created and sliced with the appropriate software,
the code needed for the printer to make the part is supplied to the printer, and the physical
process can begin.
To start, the DMLS printer hopper is filled with the desired metal powder. Printer heaters bring
the powder to a temperature near the sintering range of the alloy. The printer uses an inert gas,
which protects the heated powder and part as it is built.
The build begins with dispensing a thin layer of metal powder onto the build platform. The laser
then begins its path for this layer, selectively sintering the powder into a solid. The sequence of
dispensing a layer and sintering continues until part completion.
After the part is left to cool, the surrounding loose metal powder is removed from the printer.
The last steps include support removal as well as any post-processing needed.
DMLS parts can be treated like metal parts produced by conventional metal working for further
processing. This may include machining, heat treatment, or surface finishing.
These process steps are shared with SLM, just with the laser’s power turned up to “melt”.
Advantages
-

-

Direct metal printing: DMLS and SLM can produce metal parts directly. DMLS can be used
with metal alloys or pure metals without affecting the properties of the material. Even
mixtures of powders (e.g. aluminum and nylon) can be successfully printed.
Variety of materials: Between DMLS and SLM, a wide range of metal and metal alloy
powders are available, including steels, stainless steels, aluminum, titanium, nickel alloys,
cobalt chrome, and precious metals.
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-

-

Strong, functional parts: The properties of a finished part are comparable to a part cast
in the same material. Strong, functional metal parts are produced by the DMLS process.
SLM can produce a stronger part by melting the metal. The final parts have good
mechanical properties in all directions. (Some 3D printing methods — e.g. FDM — tend
to be weak in at least one direction.)
Recyclable material: A metal powder that is not sintered or melted is reusable.

Limitations
-

High pricing: DMLS and SLM have the highest price points of 3D printing processes; the
machines and materials are expensive, and the process is slow.
Porous parts: Finished DMLS parts are porous relative to a melted metal part. Porosity
can be controlled but not eliminated in the process or during post-processing.
Small parts: Most DMLS printers have relatively small build volumes.
Dimensions (large size machines) and expensive [21]

2.4.3. Selective Laser Melting
Selective laser melting (SLM), also called direct metal laser melting (DMLM), is a type of metal
additive manufacturing or 3D printing. Often, the terms SLM and direct metal laser sintering
(DMLS) are used interchangeably. However, the two technologies differ slightly, in that SLM melts
metals while DMLS fuses or sinters metals.
SLM is one of the most exciting 3D printing technologies available today and is utilized both for
rapid prototyping and mass production. The range of metal alloys available is fairly extensive. The
end result has properties equivalent to those manufactured via traditional manufacturing
processes.

Figure 27: Selective Laser Melting process [22]
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SLM is very similar to DMLS, and both processes are covered under the metal powder bed fusion
umbrella. As demonstrated in the image above, the laser melts the powder together, layer-bylayer, until the model is complete.
On a molecular level, the powder is melted together, resulting in a homogeneous part. Most
commonly the printing materials are “pure” materials, for example, titanium. However, alloys
are also used.
Although the powder bed lends support to the print while printing, often, because of the weight
of the material, SLM requires support structures to be added to any overhanging features. [23]

Figure 28: Selective Laser Melting Printer 500 [24]
Proven for a wide range of materials, however many exhibit properties that are poorer than those
of wrought material of the same chemical composition. Development is popular with highcost materials due to the reduction in wastage compared to subtractive manufacturing. Materials
such as (limitations in brackets):
1. Nickel-based super alloys (rapid cooling rates limit the extent to which precipitates can
form, limiting the possible strength without post-thermal treatments).
2. Titanium alloys (high gas solubility of titanium requires exceptional shielding; this can be
expensive for large powder bed systems requiring very large volumes of shielding gas).
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3. Gold, silver, platinum, palladium (expensive to fill powder bed with precious metals so
special systems are needed).
Component design is limited by the following:
-

-

-

Samples need to be removed from the substrate as the substrate is an integral part of the
system. This also makes SLM unsuitable for adding structures onto existing components
and for repair applications.
Surface finish is limited by the minimum track size for the set-up – the smaller the track
size, the finer the surface finish. SLM has the finest possible track size of any metalbased additive manufacturing system.
Limited degrees of freedom, limiting design to geometries that can be sectioned into
planar layers with no tilts or rotations.
The powder becomes trapped in internal structures. Method of powder removal needs
to be incorporated into the design (i.e. no closed cavities). [25]

Advantages
-

Large range of metals available
Ability to realize complex shapes or internal features (which would be incredibly difficult
or expensive to achieve via traditional manufacturing)
Reduced lead times, due to no need for tooling
Part consolidation, allowing the production of multiple parts at the same time

Limitations
-

Expensive, especially if parts aren’t optimized or designed for the process
Specialized design and manufacturing skills and knowledge needed
Limited currently to relatively small parts
Rough surface finish
Lots of post-processing required
Dimensions (large size machines) and expensive [23]

2.4.4. Electron Beam Melting
Electron beam melting (EBM) is a 3D printing technology that, at first glance, appears very similar
to SLS 3D printing. However, closer inspection reveals that EBM differs in several ways. The most
significant differences are that the energy source comes from an electron beam instead of a CO2
laser and that the material used is conductive metal instead of thermoplastic polymer.
In particular, EBM often uses titanium alloys and isn’t capable of printing plastic or ceramic parts.
That’s because the technology is based on electrical charges. They are what produce the reaction
between powder and electron beam, causing the former to solidify.
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In the following, we’ll take a closer look at EBM, including how it works, its pros and cons, as well
as some ideal application areas.
All EBM 3D printers consist of an energy source capable of emitting the electron beam, a powder
container, a powder feeder, a powder re-coater, and a heated build platform. Important to note
is that the printing process must take place in a vacuum. That’s because electrons of the electron
beam would otherwise collide with gas molecules, which would “kill” the electron beam.

Figure 29: Electron beam melting process. [26]
Pre-Printing
Before the printing process can begin, the powder bin is filled with the desired metal powder.
Once that’s done, the powder bin is placed into the 3D printer, and the internal pressure is set to
around 0.0001 mBar. Believe it or not, that’s around 10 million times less than atmospheric
pressure!
When the desired pressure is achieved in the build chamber, the electron beam is “fired up”,
heating the build platform to high temperatures. For example, titanium requires 600–700°C.
After the build platform is heated, the printing process can finally start.
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The Main Event
The 3D printing itself starts with the powder re-coater, which deposits a single layer of preheated
powder onto the build platform. Once the powder is set, it’s time for the electron beam melting
to begin. The electron beam is controlled by a set of electromagnetic coils, which accurately point
the beam towards the desired points of the build platform. The electron beam moves selectively
while melting the powder and causing the powder particles to fuse.
After one layer is complete, the build platform is moved down one layer in height. The re-coater
comes in again with a fresh layer of powder, and the electron beam starts to induce the fusion of
powder particles, causing the new layer to form. This process is repeated until the entire part is
finished.
Post-Processing

Figure 30: EBM 3D printed parts before post-processing. Source: Arcam EBM

Figure 31: Powder removal from the EBM printed parts. Source: 3DSourced
When finished, parts aren’t immediately visible since they’re inside the powder bin covered with
semi-sintered powder, which must be removed.
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Distortion
The EBM 3D printing process involves high temperatures, which can be a problem for parts. If
they are too hot for too long a time, they can distort. This is the main reason EBM requires
supports, whose main function is to provide paths for excess heat to “go away” and not to provide
mechanical stability. Like SLS, the latter is provided by the semi-sintered powder that surrounds
parts.
Interestingly, while high part temperatures are undesirable, high surrounding temperatures have
a “stress relief” effect on the parts, helping to reduce the amount of distortion. This is a unique
benefit only present with electron powder bed fusion systems.
Final Steps
When parts are finally finished, the powder bin is taken out of the 3D printer. Despite the parts
already being manufactured, you still can’t use them yet. For starters, they have to be left to cool.
Despite the supports being made from the same metal material as the part itself, they’re rather
easy to simply break away. Afterward, EBM parts can be polished, coated, or machined using
traditional techniques.

Figure 32: Electron Beam Melting printer [27]
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Advantages
-

High density (and therefore strength) due to a full melt of the powder
Faster printing process
The non-sintered powder can be recycled
Fewer supports required compared to laser powder bed fusion

Limitations
-

Small print volume (max. 350-mm diameter and 380-mm height)
Limited material selection (only titanium or chromium-cobalt alloys)
Expensive machines and materials\
Dimensions (large size machines) and expensive [28]

2.4.5. Multi Jet Fusion
As a technology, Multi Jet Fusion (MJF) is a relative newcomer to the 3D printing scene. Despite
its freshness, in just a few years MJF has started moving toward industrial-scale maturity – if it
isn’t there already.
Multi Jet Fusion is a powder bed fusion 3D printing technology introduced to the market by HP
in 2016. The company explains its technology is built on decades of HP’s investment in inkjet
printing, jettable materials, precision low-cost mechanics, material science, and imaging.
The technology gets its name from the multiple inkjet heads that carry out the printing process.
The processes of material recoating and agent distribution and heating are carried out by
separate head arrays that move across the print bed in different directions, thus allowing the
user to optimize both processes independently.
The 3D file to be printed is rendered as voxels – or volume elements. Voxels are essentially threedimensional equivalents of pixels that 2D printing relies on.
Just as in 2D printing, where pixels are either printed or not, in Multi Jet Fusion printing, the
voxels are either fused into the final print or they aren’t. Another principle carried over from 2D
printing into Multi Jet Fusion is the use of color – a full-color-ready Multi Jet Fusion printer can
mix inks to produce colored voxels, just like a 2D printer produces color on a page.
Don’t confuse HP’s Multi Jet Fusion with its Metal Jet printing process used in its metal printers,
which is very similar and uses metal powder instead of plastic. Our focus here is the Multi Jet
Fusion, which only uses plastics.
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Figure 33: The MJF process in five steps (a-e); (f) orientation of horizontal and vertical prints in
the print bed. [29]
In the Multi Jet Fusion printing process, the printer lays down a layer of material powder on the
printing bed. Following this, an inkjet head runs across the powder and deposits both a fusing
and a detailing agent onto it.
An infrared heating unit then moves across the print. Wherever a fusing agent was added, the
underlying layer melts together, while the areas with the detailing agent remain as a powder.
The powdery parts shed off, which produces the desired geometry. This also eliminates the need
for modeling supports, as the lower layers support those printed above them.
HP says that a Multi Jet Fusion printer differs from most other 3D printing technologies in that
each new material and agent layer is placed while the previous layer is still molten. This lets both
layers fuse completely, delivering improved print durability and finer detail.
To finish the printing process, the entire powder bed – and the printed parts in it – are moved to
a separate processing station. Here, the majority of the loose unfused powder is vacuumed up,
allowing it to be reused instead of producing excess waste.

Figure 34: Multi Jet Fusion printer [30]
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Advantages
-

Fast printing speed and production cycle
Accurate printing for fine details
Low individual print cost
Design freedom as no supports are needed
Little warping in the final print
Less waste due to powder recycling
Ability to produce colored parts
High-quality surface finish
Consistent mechanical properties
High chemical resistance

Limitations
-

Expensive initial printer investment
Unable to produce some curved, hollow geometries
The final product is a blotchy gray without dying agents
Small raised text and cosmetic parts might be lost in post-processing
Dimensions (large size machines) and expensive [31]

2.5. Sheet Lamination Process
Sheet lamination is the process by which sheets of material are bonded together, layer by layer,
to form a 3D object. While the principle behind this additive manufacturing process isn’t entirely
new, the first sheet lamination machine was produced in 1991 by a company called Helisys.

Figure 35: Sheet Lamination printer [32]
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Materials
Metals like aluminum, copper, stainless steel, and titanium alloys are most suitable for UAM.
Interestingly, this process allows for the combination of different metals to make the muchvalued “functionally-graded materials” (FGM) and their structures.
For LOM, the most popular material is regular A4 paper. Selective deposition lamination (SDL), a
subprocess, uses colored printed sheets of paper to create full-color 3D objects. It’s also possible
to use plastic.
Advantages: Fast, cheap, easy to handle
Limitations: Low part strength (LOM),; lengthy post-processing (UAM); Dimensions (large size
machines), and expensive

2.5.1. Laminated Object Manufacturing
The other technique is laminated object manufacturing (LOM), which uses an adhesive coating
to bond sheets of material. These sheets are often heated by a roller that also presses them
against the build plate to improve adhesion. When the process is complete, the final parts are
extracted from the surrounding material. The part or surrounding boundaries are usually created
with cross-hatching to provide easier extraction.

Figure 36: Laminated object manufacturing: 1 Foil supply. 2 Heated roller. 3 Laser beam. 4.
Scanning prism. 5 Laser unit. 6 Layers. 7 Moving platform. 8 Waste. [33]
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Figure 37: Laminated Object Manufacturing printer [34]

2.5.2. Ultrasonic Additive Manufacturing
Perhaps the most common sheet lamination technology is an ultrasonic additive manufacturing
(UAM). In this technique, room temperature metal sheets are bonded together by the application
of ultrasonic waves and mechanical pressure.
The sheets are cut using a laser or by milling before or after the bonding. This will produce a
cross-sectional shape of each layer that, when stacked together, will eventually form a 3D model.
The parts are polished during or after the process to achieve a better finish. [35]

Figure 38: Ultrasonic Additive Manufacturing printer [36]
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Figure 39: Schematic overview of Ultrasonic Additive Manufacturing (UAM). [37]

2.5.3. Selective Deposition Lamination
Selective Deposition Lamination offers something completely different from traditional 3D
printers - you don't print with plastic, powder, or resin. Instead, you print with paper.
The SDL process itself was invented in 2003 by Dr. Conor and Fintan MacCormack, who are
brothers. The MacCormacks wanted to address the soaring prices of 3D printers and their
materials, so they set out to create a 3D printing process with a low operating cost. The result
was Selective Deposition Lamination, and their vision to make 3D printing accessible to all was
achieved in the co-founding of Mcor Technologies.
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Selective Deposition Lamination refers to a paper-based 3D printing process in which sheets of
paper are cut and bonded together to form a 3D object. So rather than being made from plastic,
3D models are made from paper. [38]

Figure 40: Selective Deposition Lamination (SDL) [39]

Figure 41: Selective Deposition Lamination printer [40]
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2.6. Direct Energy Deposition
Directed energy deposition (DED) technologies fuse materials by melting them as they’re being
deposited. It’s a complex manufacturing process that’s often used for repair and maintenance.
There’s a great variety of processes that fall under this category, like directed light fabrication
(DLF), direct metal deposition (DMD), and the most popular, laser engineered net shaping (LENS).
The latter was the first DED technology, developed by Sandia National Laboratories between
1994 and 1997. At that time, it was considered both commercially and militarily significant.
To melt materials together, an intensely focused energy source is required, usually a laser. The
laser is mounted with a nozzle on a multi-axis arm, allowing a freedom of movement not seen in
other additive manufacturing technologies.
The material is pushed through the nozzle, then incorporated into the focused energy flow,
melting and depositing at the same time. Once solidified on the underlying surface, a new layer
is complete. The process is somewhat similar to material extrusion, but it required much more
energy and can be deposited in multiple directions.

Figure 42: Direct Energy Deposition printer [41]
Materials
The build materials for DED processes are either in the form of wire or powder. Wire can be less
accurate but more efficient in terms of material waste. Powders, however, can be changed during
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the process to combine different materials in one part, allowing for the creation of functionally
graded materials (FGM).
Depending on the process, DED can be used with plastics and ceramics, but metals are by far the
most popular material. Due to the high-energy sources applied, ceramic materials melt during
the deposition, often turning to a glassy state.
For metals, DED supports a wide range, including titanium, Inconel (a trademarked austenitic
nickel-chromium-based super alloy), copper, aluminum, and stainless steel. It’s worth noting that
the build material for these processes is significantly cheaper than with the metal powders used
in powder bed fusion.
Advantages: Flexible and fast process, material-efficient
Limitations: Dimensions (large size machines) and expensive- high equipment cost [42]

2.6.1. Laser engineered net shaping
Laser-engineered net shaping uses a laser to melt a substrate. Metal powder is introduced into
the void, melted, and then solidified.
A laser beam [1] created by a laser generator is focused through a lens [2] onto the workpiece.
Metal powder [3], or metal wire, is introduced at the focus of the laser beam, where the metal
powder and workpiece melt and thus building on the surface. An inert gas [4] is supplied to
protect both the laser and the melt from contamination during the welding process.
The cross-section of the detail is thus built up step by step until the complete detail is created.
The method can also be used to repair damaged or worn surfaces and is then often described as
laser welding with powder. [43]

Figure 43: Laser engineered net shaping process
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Advantages: Can directly build metal parts, including stainless and tool steel, titanium, and super
alloys (aluminum-titanium hybrids). Injection molds can incorporate efficient cooling channels
that would be impossible to machine.
Limitations: Less accurate than others. Although the process negates the need to hog out large
amounts of hard-to-cut material, finish machining is still usually necessary; Dimensions (large
size machines) and expensive. [44]

Figure 44: Laser engineered net shaping printer [45]

2.6.2. Electron Beam Additive Manufacturing
Electron Beam Melting, like SLS and DMLS, belongs to the powder bed fusion family. However,
in contrast to other metal AM technologies, which use a laser as their heat source, EBM uses a
high-power electron beam to melt layers of metal powder. The melted layers of metal powder
are then fused to create a metal part.
A step-by-step view:
-

The build plate is coated with a layer of metal powder.
As the layer is preheated, the powerful electron beam selectively melts the powder in the
areas defined by the digital CAD model.
The next layer is then deposited and the beam melts and fuses layers.
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-

The process is repeated until the final shape of a part is achieved. After removing the
excess powder, the metal part can then undergo post-processing.
To prevent contamination and oxidation of the powder, the printing process takes place
in a vacuum environment.

Figure 45: Electron Beam Additive Manufacturing [46]
Advantages
-

-

EBM offers several benefits that distinguish it from other metal AM technologies.
The EBM process uses a beam several times more powerful than a laser — the main heat
source used in other metal 3D printing technologies. This increased beam power —
multiple electron beams are used simultaneously in the EBM process — ultimately means
faster printing speeds.
EBM can produce high-quality metal parts comparable to those produced with traditional
manufacturing methods such as casting.
Not only do the parts possess strong mechanical properties, but they also typically have
a high density (over 99%), thanks to the preheating process and high temperatures
required during printing. Preheating the print bed also minimizes residual stresses, a
common issue faced with metal 3D printing, reducing the need for support structures.
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-

EBM offers minimal waste, as most of the unused powder can be recycled for future use
– a particular benefit considering the substantial costs of the materials used in EBM.

Limitations
-

-

-

On the other hand, EBM parts typically have a lower level of accuracy when compared to
SLM parts, since SLM printers use finer powders and thinner layers than EBM. Thicker
layers can often result in a rough surface finish, and EBM parts require extensive
additional post-processing to achieve a smoother surface.
The choice of materials that can be used in the EBM process is rather limited; this is partly
because the process requires high-quality and expensive materials, which must also
undergo thorough testing beforehand.
The cost of materials along with the cost of EBM 3D printers make this technology an
expensive option, suitable only for industrial applications. [48]

Figure 46: Electron Beam Additive printer [47]
-
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