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1 Introduction

1.1 Aspects related to additive manufacturing

As described in the project proposal, additive manufacturing techniques have a significant advantage
in terms of the potential for geometric complexity of technical parts. There is therefore a strong
interest on the part of advanced industries such as aerospace or medical to enable them to push back
the limits reached by more traditional techniques such as machining or injection. For example, Figure
1 represents quite well this capacity of "additive manufacturing" to produce complicated geometries:

A"T 3

Hip prosthesis - Fraunhofer IWU

Motor cylinder head - FIT Preoperative guide - Vaupell

Figure 1 : Examples of complex projects in additive manufacturing.

Nevertheless, these technologies, whose first polymer products appeared around 1990, have certain
disadvantages. We often find the maximum part size achievable in a single block or the lack of
precision. But the main problem at the moment is mainly the surface finish. At the machine output,
the parts resulting from additive techniques are quite rough (from 5 to 25 um Ra), have sticky
particles that can detache during the use of the part as well as small surface roughnesses that often act
as breakaway primers and cause damage to the part.

Depending on the criticality of the applications for which the parts are intended, the raw
manufacturing states can be prohibitive. But then, as soon as we talk about such geometrically
complicated part finishes, it is the associated costs that become problematic. Each additive technique
user is therefore looking for a "miracle" process that would succeed in creating a very good surface
quality, without deteriorating the initial geometry, capable of processing any geometry, managing
batches of several parts and obviously in an automated way to avoid human error.

Most current surface finishing post-treatments are often "subtractive" and remove the rough material
from the surface until it becomes smooth. We often hear about machining, tribofinishing,
electrochemical polishing, electroerosion, laser or plasma polishing, etc... The "coating" approach
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(i.e. adding material to the existing surface) is only rarely considered for the "smoothing" of the
surface. In addition, this coating can also have a technical role such as being an electrical conductor,
reducing the coefficient of friction, having antimicrobial properties, protecting the part from UV rays
often responsible for accelerated ageing, etc.... In addition to addressing the problem of surface
roughness obtained at the AM machine output. This is the approach envisaged in this project.

As there are different families of additive processes, with their own way of manufacturing parts, there
are therefore quite naturally different surface states from one family of processes to another. The
ASTM F42 committee defined the nature of these different families and grouped them into 7
categories. The 3D Hub company has grouped them into a clear diagram, which can be seen in Figure
2. Sirris has this opportunity to have at least one machine from each family internally, which is very
advantageous when the aim is to compare the different systems

ADDITIVE MANUFACTURING TECHNOLOGIES

¢ =

Vat photopolymerization Material extrusion Material jetting Binder jetting Powder bed fusion Direct energy deposition Sheet lamination

Figure 2 : The 7 families of AM technologies - www.3DHubs.com

The most popular family currently in demand from manufacturers thanks to its capabilities and
unsatisfactory surface finish is undoubtedly the "Powder Bed Fusion". The basic principle consists in
spreading powder on a surface capable of moving vertically (like an elevator) and then melting the
powder locally on this surface using a thermal source (mainly laser, electron beam. A schematic
diagram is shown in Figure 3.
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Figure 3 : Principle of operation of a "Powder Bed Fusion" process from an IR laser on metallic powder - also called Beam Melting
(LBM) or Selective Laser Melting (SLM) laser

In laser operation, the oxygen level inside the machine is kept below 0.2% thanks to an argon supply
for sensitive alloys such as AlSi7Mg (aluminium) or Ti6Al4V (titanium). As with conventional
welding, the work plate should be preheated to reduce thermal stress. This is why the removable work
plate can reach temperatures of up to 200°C thanks to a heating element mounted on the lift platform.
It is difficult to raise the temperature higher given the manufacturing time, which can last several days
on large parts and would allow heat to spread to sensitive machine components such as motors,
electronic components and mirrors or lenses.

Being a very localized and intense thermal process (the melting bath being of the order of 0.3 mm in
diameter), very high cooling rates result which cause high deformation stresses. A bit like when you
try to weld two thin sheets together, they tend to warp due to the same thermal stresses. As a result, it
is essential to anchor the parts to be manufactured on a rigid support. This anchor or support structure
will prevent deformation of the metal parts during manufacture and evacuate the heat of fusion to the
work or manufacturing plate. This support is similar to a classic scaffolding as found in the field of
civil construction. An example is shown in Figure 4.
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Figure 4 : Support structure for metal parts - http://www.croftam.co.uk/

The support is therefore an essential component in the additive manufacture of metal and polymer
parts. Since this structure is welded directly to the part, it is clear that its removal will leave traces,
often small pieces of material evenly spaced on the surface.

It is not only the growth of substrate residue that damages the quality of downwardly oriented
surfaces. Indeed, the laser is intended to properly melt a layer and ensure that it is welded to the
previous layer. The energy provided is therefore quite substantial. This energy is well dissipated in
dense matter (such as a melted/densified area of a previous layer for example). This can be relatively
well controlled and allows to have quite good surface quality on all surfaces visible from the top of
the part, as can be seen in Figure 6. Due to their presence at regular intervals, the supports are
surrounded by unmelted powder, which is highly thermally insulating. When the laser fuses the first
layer of the part, it penetrates more deeply between the supports because of the poor heat dissipation
(which means that it has more energy available for fusion). In doing so, a certain agglomeration of
material occurs between the supports, over a thickness of the order of a few layers (a standard layer
thickness in LBM is around 30 um). But this growth of material under the layer being treated is not
melted with optimal parameters. This results in poor quality in terms of density/porosity. Figure 5
illustrates this phenomenon. However, this spacing between supports is necessary to facilitate their
subsequent removal. A compromise must therefore be found on this point.


http://www.croftam.co.uk/
http://www.google.be/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwjX09HL_vnVAhVDEVAKHTvLCC0QjRwIBw&url=http://www.croftam.co.uk/how-does-it-work/&psig=AFQjCNGUbOKs8IWQ7FmuipsvWc1w9bzzUQ&ust=1504011696598472
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Figure 5 : Partial melting zones between the support heads due to poor thermal evacuation.

We therefore obtain different surface states on the same part depending on the orientation of these
surfaces, as shown in Figure 6.

Figure 6 : First (left) and last layers of the same metal part manufactured by Laser Beam Melting (LBM). The damaging impact of the
supports is clearly visible on the right view (underneath the part).

The quality may also deteriorate on surfaces that do not have supports. Even if the heat dissipation is
going well, a melting bath is present on the edges following the passage of the laser. This fusion
normally totally affects the powder grains inside, but partially those on the periphery of the bath
which are found as "glued" to the surface, although partially melted. This multitude of partially
melted grains therefore gives an aspect far from being perfectly smooth on the surface.

These different mechanisms explain why this first family of laser Powder Bed Fusion (PBF)
technology requires finishing / surface quality improvement steps, whether due to substrate residues,
porous growths on downward facing faces or semi-melted powder grains stuck on the surface.
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Figure 7 : Principle of operation of a "Powder Bed Fusion" process from an electron beam - also called Electron Beam Melting (EBM)

Another technique in the same family uses an electron beam rather than a laser beam (see Figure 7).
By the very nature of this change in energy supply, argon can no longer be used but an atmosphere of
vacuum, so as not to block electrons. The insulation is therefore much better and allows operating
temperatures of around 700°C to be reached on the working surface, 3 times higher than with a laser.
There are therefore fewer internal thermal constraints (very related to cooling) and therefore less
support, which reduces the need for finishing. But this technology uses thicker layer thicknesses
(50pum instead of 30um in laser), which has an impact on the surface condition of the almost
horizontal walls. In addition, to maintain the 700°C, the electron beam must scan the entire working
surface to ensure an equally homogeneous temperature. The powder is affected by this step and is
"sintered", which means that the grains stick together quite firmly, but not to the point of being
completely melted. This sintered powder "cake" that forms around the parts is usually removed by
sandblasting where the media used is the powder itself, to avoid any possible contamination.
Nevertheless, semi-molten grains on the surface remain present. The size of the fusion bath is also
larger with the electron beam, which makes the minimum vertical wall thickness achievable higher.
A comparison of the different Powder Bed Fusion systems applied to metal powders is shown in
Table 1.

LBM EBM
Nature de la source Laser Faisceau d’électrons
Préchauffe Résistance chauffante Faisceau d’électrons
Atmosphére Argon, < 0.2% O, Vide, 10E-5 mbar
T° max de travail 200°C 700°C
Epaisseur de couche 30-60 um 50-70 um
Granulométrie 20-45 um 40-70 uym
Bain de fusion 0,3 mm 0,8 mm

Table 1: comparaison des procédés Powder Bed Fusion sur poudre métallique.



TCAM joint report Page 8 sur 117

The Powder Bed Fusion family also includes technologies capable of processing polymer materials
such as Polyamide 12 (PA12), polystyrene (PS), polypropylene (PP) or thermoplastic polyurethane
(TPU). The process is commonly referred to as "Selective Laser Sintering (SLS)".
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Figure 8 : Principle of operation of a "Powder Bed Fusion" process from an IR laser beam on polymer powder - also called Selective
Laser Sintering (SLS).

It is based on the same principle as its counterpart for metallic powder but allows to free oneself from
the supports thanks to a very different preheating. Indeed, PA12 which is very common in SLS, at a
melting temperature of about 220°C. The machine's nominal operating temperature is around 180°C,
which is very close to the melting temperature of the polymer. In doing so, the "sudden cooling",
which is responsible for metal deformations, is almost non-existent in polymer. So much so that the
powder surrounding the part is sufficient to hold it. There is therefore no longer any support and
therefore no finishing linked to this station. Nevertheless, we always find ourselves with grains stuck
on the surface and porous areas on the surfaces facing down. In addition, since the manufacturing area
is heated to a high temperature from the powder's point of view, the powder is "sintered", as in the
case of EBM. It is therefore difficult to treat internal cavities where the powder cake does not crumble
easily.

Two other polymer technologies were also used to manufacture samples during the project. The first
and oldest additive manufacturing technology (1986) is the one belonging to the "Vat
photopolymerization" family and is called Stereolithography (SLA). The base material is no longer
powder but a liquid resin (epoxy or acrylic base) that is photosensitive. When it is impacted by UV
radiation, it hardens. A manufacturing tray, perforated to allow the resin to pass through and also to
allow the supports to hang, is gradually immersed in a photosensitive resin tank. A thin film of liquid
resin is allowed to build up between the tray and the surface of the liquid. This film has a thickness of
one layer (~20 um). A scraper is used to level this film due to the intrinsic viscosity of the liquid.
Finally, a UV laser cures the resin locally (see Figure 9).
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Figure 9 : Principle of operation of a "Vat Photopolymerization" process (photopolymerization in tank) from a UV laser beam on resin
film - also called Stereolithography (SLA).

The main advantage of stereolithography is its ability to make very thin layers (up to 20um) without
any powder grains stuck on the surface since the base material is a liquid. On the other hand, it is a
rather slow process when the highest precision is desired. In addition, since the material is
photosensitive, the ageing of the parts tends to make them brittle under the influence of ambient
radiation. Since the material is liquid, it goes without saying that supports are necessary to guarantee
the correct superposition of the layers and avoid drift.

The latest AM technology used belongs to the "Material Jetting" family, in other words, the
projection of matter. Again, it is a photosensitive polymeric material in the form of a liquid resin. This
material, which is available in cartridge form, is conveyed into a multi-jet print head, such as a
conventional paper printer print head. Each drop of resin is sprayed at the desired location using the
printing nozzles and UV lamps on either side of the head illuminate the area to polymerize everything
in it without distinction. A roller is also mounted on the head to level all the drops deposited before
final photopolymerization (see Figure 10).
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Figure 10 : Principle of operation of a "Material Jetting (MJ)" process from UV lamps on a resin drop mat projected by a multi-jet
print head.

Because of the use of a head of several nozzles, different materials can be sprayed at the same time,
just as it is possible to print blue and red on the same sheet with a conventional paper printer. It is
therefore possible with this technology to have parts whose properties vary from one place to another
within the same part. A part can therefore be flexible on the surface and hard at the core at the
machine exit, without any assembly step. The fact that the material is delivered by drops has a
significant impact on the supports used. It is no longer possible to afford a ventilated scaffold as is the
case with most other technologies. Here, the substrate is similar to a uniform foam "mattress", also
made by the print head but in a different material than the one used to make the part. The advantage of
the "carrier" material is that it is relatively easy to remove after manufacture by means of a
pressurized water jet. This process also works with different layer thicknesses, but the quality
deteriorates with increasing layer thicknesses.

It is therefore advantageous to be able to gain more freedom for manufacturing in order to accelerate
it (thicker layer thickness, more horizontal positioning minimizing the maximum height of the parts)
while catching up on the resulting defects through post-treatment.

1.2 Aspects related to post-processing

The surface finish obtained directly after additive manufacturing is usually not compatible with the
intended applications. The high roughness obtained will have an impact on:
- The fatigue resistance of the parts. Indeed, the presence of porosity and surface cracks
constitute fragile areas where the part can break;
- Compatibility with surface coatings. Too high a roughness can render a coating inoperative if
its thickness is too low. The treatment carried out may therefore be ineffective;
- The presence of moving particles. Roughness has its origin in partially melted powders.
These are likely to come off later. This makes the part incompatible with a specialized use
(medical, aeronautical or aerospace);
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- Liquid trapping. The partial melting of powder causes the formation of peaks responsible for
roughness but also valleys likely to trap liquids. These liquids can then lead to process
pollution or, worse, early corrosion of the part, which can lead to damage;

It is therefore necessary to remedy these potential problems by reducing roughness. As mentioned
above, post-processing can be of two kinds:

- Subtractive

- Additive

1.2.1 Subtractive surface treatments

Depending on the type of AM-material being plastic or metal, different subtractive techniques are
used. The advantages and disadvantages have been described in the project proposal state-of-the-art.
For plastic parts mainly manual polishing, bead blasting, vibrational polishing and chemical
smoothing with chemical liquids or vapors are used in industry. Some of these techniques will be
used in the project in combination with the addition of a coating to smoothen and give the part a
functional surface.

For metallic parts also different techniques exist which can be divided in different groups; mechanical
treatments, chemical treatments and laser treatments.
- Mechanical treatments :
o Sandblasting (dry or wet);
o Mechanical machining ;
o Electromachining;
o Tribofinishing.
- Chemical treatments:
o Chemical polishing;
0 Chemical electro-polishing
o Electrolytic plasma polishing.
- Laser treatments
o Re-fusion;
o Laser ablation.
However, some of them can be quickly dismissed for reasons of speed (laser ablation), accessibility
(sandblasting, machining, electromachining, re-fusion). Among the remaining methods, electrolytic
plasma polishing must still be ruled out due to its low level of maturity for some of the selected
materials (titanium, in particular).
The remaining methods that will be used in the rest of this work to prepare the surface and lower the
roughness before applying a coating.

1.2.2 Additive surface treatments

Additive treatments aim to improve the surface finish by adding material. These methods can
be grouped into several groups:
- Dry processing
o Thermal spraying (at atmospheric pressure)
o Immersion in a molten metal bath
o Vacuum coatings
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2.7.2 Dissemination and transfer of results

Four meetings of the Project Monitoring Committee took place during the reporting period, one in
Germany and three in Belgium. Companies offering equipment and services in the field of generative
manufacturing met with companies offering equipment and services in the field of surface
technology. The knowledge gained in the course of this project will help to open up new cooperation
opportunities for these two groups of companies. The aforementioned meetings contributed to this.

Actions taken so far:

Action Content Datum
Kick-off meeting (Liege) | Project presentation. Discussion with 27.9.2016
companies about their expectations
Congress Linz Surface processing for metal parts made by 24.11.16
additive manufacturing
Meeting of the project Project presentation 22.3.2017
committee (Potsdam) Presentation of partners and committee
members
Discussion of target parameters
Rapid-Pro exhibition Presentation of project and display of 7.3.2017
(NL) post-finished parts
UCL by CRM Lecture: Post treatment of metal additive 27.6.2017
manufacturing parts
EFDS Expert Committee | Lecture 26.10.2017
Meeting (Dresden) Presentation of the project and first results
Meeting project Presentation on the progress of the project 13.12.2017
committee (Hasselt) Discussion on the input of the
project-accompanying committee for the
demonstrator
3rd Workshop on Metal | Surface finishing of metallic additive 28.-29.5.2018
Additive, Liege manufacturing parts
Materials Exhibition & Lecture on the TCAM project and results with | 30.5.2018
Congres (NL) display of coated AM products on stand
Final meeting of project | Presentation of the project results 12. 6. 2018
committee Discussion of application areas and- conditions
Innovationstag Project presentation, Stand 7.6.2018
Mittelstand BMWi
TCAM on Fraunhofer Brief description of the project June 2018
IAP Website
Publication in VOM info | Dutch article of the project results of the TCAM | June 2018
by Sirris project
TCAM on Sirris website | Brief description of the project December 2017
16™ International Keynote-lecture ,,Surface technology for 20.9. 2018
Conference on Plasma additive manufacturing with polymers*
Surface Engineering,
PSE2018
26" Neues Dresdner Lecture in the program (“SURFACE AND 17.10. 2018
Vakuumtechnisches COATING ADDITIVELY PRODUCED
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Kolloguium POLYMER PARTS”)

Congress Vienna Post Processing of Metal Parts Made by 23.11.2018
Additive Manufacturing

joint press release Completion of the Cornet project TCAM 3.12.2018

Fraunhofer IAP & Sirris

Thematic day on Lecture by Sirris and CRM on the results of the | 6.12.2018

post-finishing of AM TCAM project

products organized by

Promosurf

Next steps:

Action Content Datum

scientific publication Surface technology for AM April 2019
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3 Conclusion

3.1 Partner Sirris on the post-finishing of plastic products

This project showed that the best strategy for smoothing the surfaces of additive plastic parts is a
combination of painting and sanding. Commercially available varnishes with optimized sanding
properties make sanding much more efficient than direct part sanding. Spray coating as well as dip
coating are applicable depending on the complexity of the part to be post-processed. No plasma
treatment was necessary to reach a good adhesion. The figure below shows an overview of roughness
values Rz obtained for a broad range of different surface finishes. It shows clearly the above
statement. With automated techniques like bead blasting and vibro finishing, a limited roughness
reduction can be obtained. Adding a well-defined coating to the surface gives a significant reduction
of the surface roughness. When sanding of this easily sandable coating is applied, extremely low
surface roughness can be reached. Discussions with the companies from the steering committee
showed that surface roughness depends mainly on application and use of the parts so a very low
roughness is not always the focus.
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The research showed that the parts can be further post-processed by using functional coatings giving
the part a specific look or functionality. Different demonstration cases were developed showing the
possibilities and the need for a smooth surface in the case of UV-blocking.

All coating application can be robotized and automated. The selected high-build acrylic coating can
be applied very easily wet-in-wet with out showing sagging or coating build-up at the edges for spray
coating. For dip coating there is some coating build-up at the edges but this could be resolved by
rotating the samples during drying and curing.

3.2 Partner Fraunhofer on the interface research and metallization of plastic
products

A number of results of the project are immediately usable for the industry.
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The surfaces of plastic parts produced with AM technologies often indicate degradation, which can be
plausibly explained by the stresses during the manufacturing process. This results in the positive
effect that a good adhesion, e.g. of lacquers, can be achieved without activating the surfaces.
However, there may be cases where the degradation has a negative impact. In these cases, the results
of this project can be used as a basis for targeted action to obtain good products.

If an activation of the surface is nevertheless necessary, it can be carried out in such a way that the
inner surfaces of small openings, cavities and pores are all activated well. The best penetration
capacity was found in low-pressure plasmas with oxygen in the process gas.

If additively manufactured parts are painted to smooth the surface, additional functions can also be
added. This was shown in the project using the example of metallization. In addition, specialty
coatings with various properties are commercially available, most of which should be compatible
with the coatings used for smoothing. The parts can be given a scratch-resistant surface or
antimicrobial properties, for example, but can also be colored as desired.

3.3 Partner CRM on post-finishing of metallic products

During the two-year project, material removal techniques for smoothening of the surface were
studied for titanium, aluminium and invar products prepared by additive manufacturing. Several
material removal techniques were used, including chemical, electrochemical and tribofinishing
polishing. The limitations and benefits of each of the methods were assessed. It was observed that,
depending on the material studied, it is often necessary to use several surface treatment techniques to
obtain convincing results on each surface.

The combination of subtractive and additive surface finishes further improves the surface quality to
achieve an optical quality, characterized by a surface roughness of less than 1 pm Ra. Thus by
combining, for example, the invar chemical polishing process, generating a surface roughness of
2 um Ra, with a gel or spray or Ni ground deposition by electrodeposition, surface roughness of less
than 0.6 um can be obtained. The applications related to these treatments can be multiple: corrosion
protection, thermal resistance at high temperature (> 600 °C), electrical insulation, etc.

In addition to the activities related to surface finishes, surface functionalization treatments were
investigated, such as surface wettability, surface fouling resistance, wear resistance and reduction of
friction coefficient and corrosion resistance. Several deposition technologies were investigated:
sol-gel, electrostatic spray, electroplating, PVD, vacuum evaporation. In addition to the deposition
processes described above and to meet the growing demands in terms of finishing and
functionalization of additive manufacturing parts, a technological platform is currently under
construction to automate the following processes: electrostatic spray, thermal spray, and PVD.



