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palavras-chave

resumo

Manufatura aditiva, industrializacdo, porcelana, poés tratados

térmicamente, impressao por jato de ligante, sinterizagao seletiva a laser

A manufatura aditiva € um meio disruptivo para a produgao de objetos
tridimensionais que tem como maior vantagem a possibilidade de
produzir objetos de formas complexas que de outra forma seriam
impossiveis de produzir ou com um custo elevado. Com o rapido
crescimento e desenvolvimento destas tecnologias, o interesse da
industria tem crescido nos ultimos anos, como € o caso da Porcelanas
da Costa Verde, um produtor de objetos de porcelana e que procura
sempre novas tecnologias para atingir novos mercados, produzir novos
produtos ou melhorar a sua produtividade.

Neste trabalho foram exploradas as tecnologias de base de pé como
Binder Jet Printing (BJP) e Selective Laser Sintering (SLS) com vista a
sua potencial industrializagdo. Tendo disponivel a tecnologia de BJP nas
suas instalagdes, o maior foco deste trabalho é o BJP. Para isso
estudaram-se diferentes ligantes em pé com o objetivo de produzir
objetos em verde com resisténcia mecanica em verde para poderem ser
manipulados em etapas pods-conformagao. Considerando os ligantes
estudados (PVA, maltodextrina, alginato de sédio e CMC), o PVA
apresentou os melhores resultados para a produgdo de objetos de
porcelana por BJP, em quantidades que variam entre 10 e 15 wt.% na
mistura a utilizar. Depois de identificado o ligante em p6 a usar, o uso de
pos de porcelana tratados termicamente foi estudado com o objetivo de
melhorar a impressibilidade dos pds de porcelana, ou seja, produzir
objetos livres de defeitos. Os resultados mostram que uma formulagao
com quantidades iguais de pds tratados e ndo tratados evita a produgéo
de objetos com defeitos.

Relativamente as etapas de p6s conformacéo, foram testados os ciclos
de sinterizacao industrial disponiveis na Costa Verde, bem como o uso
de prensagem isostatica a frio e a infiltragdo de objetos impressos com
suspensao aquosa de porcelana. Os resultados mostram que os ciclos
térmicos sdo adequados para produzir objetos de geométrica complexa,
no entanto sem atingir 100% de densificacdo. Por outro lado, a
prensagem isostatica a frio permitiu produzir objetos com 97 % de
densificagao, no entanto mostrou-se ser inapropriada para objetos de
geometria complexa. A infiltragdo com suspensao de porcelana mostrou
ser ineficaz para os objetos impressos. Finalmente, foi explorada a
possibilidade de industrializacdo das técnicas com foco na producgao de
matéria prima e etapas de pds conformacao industriais que mostraram
ser adequadas.

Como conclusdo, foi provada a capacidade de produzir objetos de
porcelana por manufatura aditiva a nivel industrial, no entanto foram
identificados alguns problemas para serem abordados em trabalhos
futuros, com vista a completa implementagdo da tecnologia na
Porcelanas da Costa Verde.
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Additive manufacturing is a disruptive way to produce three dimensional
objects with the main advantage being the ability to produce highly
complex geometries and designs which are impossible or expensive to
produce in other conventional way. With the fast development and growth
of AM technologies the interest from the industry has grown. This is the
case of Porcelanas da Costa Verde, a porcelain producer looking for new
technologies that allow to reach new markets, produce new objects and
improve its productivity.

In this work two powder bed AM technologies were used: Binder Jet
Printing (BJP) and Selective Laser Sintering (SLS). As BJP is already
available at industrial facilities of Costa Verde, this technique was the
main focus of these work. To accomplish so, the study of a proper in-bed
binder, which allows the manipulation of the printed parts in post-
conformation processes was crucial. Among the in-bed binders studied
(PVA, maltodextrin, sodium alginate and CMC), PVA exhibit the best
results in amounts of 10 to 15 wt.% in the powder formulation. Once the
in-bed binder was identified, the improvement in the printability of the
powders, i.e., the ability to produce defect free printed parts was
assessed by studying the use of heat-treated porcelain powders. The
results shown that the use of equal fractions of raw and heat-treated
porcelain powders leads to the elimination of defects in the printed parts.

Concerning the use of post-conformation processes in order to improve
the density of the produced parts, the thermal industrial cycles of
Porcelanas da Costa Verde were studied and cold isostatic pressing
(CIP) and pressureless infiltration of parts with porcelain suspension as
well. The final results highlight the ability to produced complex shaped
parts with the industrial thermal cycles, however, the full densification of
the parts was not obtained. In the case of CIP, the final parts reached
97 % of relative density but shown to be not appropriate for complex
shaped parts. In the case of the pressureless infiltration, the process
shown to be not appropriate for the infiltration of porcelain printed parts.
Finally, the industrialization of the techniques was explored with focus in
the raw materials production and the post-conformation processes and
both shown to be adequate for the industrialization.

Concluding, the possibility of producing defect free porcelain objects
through powder bed AM technologies was proven, however, several
challenges were identified to be assessed in future work in order to reach
full industrialization.
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Motivation and objectives

Additive manufacturing (here after designated as AM) is a disruptive technique to produce
objects. This technique allows production of functional, complex shaped and highly
customized objects/products. AM is currently well known for the fabrication of polymeric and
metallic materials due to its easier adaptation to a broad range of AM processes and
applications. Nevertheless, for ceramics production is far behind its scientific and technical
interest. There is yet a long way to go to turn AM of ceramics an industrial reality and more

research and development is of utmost importance.

AM started as a rapid prototyping tool, used by industries to quickly create a system or
object representation before its commercialization. However, the interest in the use of this
process as a production route was immediately recognized and currently increasing in all
engineering areas. AM is considered a disruptive manufacturing technique expected to
change completely the production landscape of the world, due to the design freedom and
customization of new products, the high efficiency in the use of resources and the flexibility
in the production process. However, from the industrial point of view, one limitation is the
inadequacy of the existent raw materials for AM processes, which can be a hampering
drawback for its wide implementation. Although, if limitations are overcome, the fully

economical potential of AM will be released.

A ceramic whiteware is defined by ASTM as a glazed or unglazed ceramic body which is
commonly white and comprise products as porcelain, china, earthenware, tile and
semivitreous ware [1]. Although the term is porcelain is generally used for ceramic bodies
with technical applications and china is the term used for non-technical applications [1], in
this work the noun porcelain will be used to refer to a ceramic whiteware body for dinnerware
or tableware [2]. Porcelains are typically white, translucent, fully dense and hard. Although
in this work we refer to porcelain as a ceramic whiteware for tableware applications, it also
has technical applications such as electrical, chemical, mechanical, structural and thermal

wares [1][3].

Porcelain is one of the most complex ceramics due to its composition based in the three-part
folded system of clay, feldspar and quartz (Table 1). Clays are responsible to provide
plasticity and mechanical strength to the green part. Feldspars are fluxes used to decrease

the sintering temperature. These feldspars are usually potash (microcline) and sodium



feldspar (albite) [4]. Finally, the quartz is used as filler and provides resistance to cracking

during drying and forms a skeleton network during firing [4].

Table I: Most common materials used in the production of porcelain. (adapt. from [4])

Raw material Nominal composition
Ball (plastic) clay Al>,03.25i02.2H.0
Kaolin (china) clay Al>,03.25i02.2H.0
Soda feldspar NazO. Al;03.6SiO;
Potash feldspar Kz20. Al,03.6Si0;
Quartz SiO2

The conformation processes for porcelain bodies started with slip casting and jiggering,
however with the development in automation, the processes of dry powder pressing and
pressure casting appeared as routes for porcelain products manufacturing [5]. After the
ceramic body is conformed, thermal processing, i.e. firing, is required for the microstructural
chemical reactions to occur and densification to take place. Typically, the range of
temperatures for porcelain fabrication is 1300 - 1400 °C [3]. Porcelain for tableware
applications are glazed in order to improve its sanitary safety, increase the surface hardness

and improve the aesthetic of the ceramic bodies.

Porcelanas da Costa Verde, S.A. (here after designated as Costa Verde) is a Portuguese
company that produces porcelain parts, for tableware, via conventional processes such as
slip casting, high pressure casting, plastic molding and isostatic pressing. Always looking
for ways to add value to their products and for new processes that can reduce
manufacturing time, improve the efficiency, reduce waist, be more sustainable and open
new markets, Costa Verde is currently very interested in the use of AM to produce porcelain

parts.

The process of Binder Jet Printing (BJP) is already used in the company for the
development of prototypes and shape validation. In this sense, the interest in exploiting the
use of BJP as a production route increased in the last years in the company. However, the
feedstocks, i.e., the mixture of raw materials and additives, produced by Costa Verde for

the conventional fabrication processes are not suitable for the use of BJP for production of



porcelain parts. If BJP of porcelain is to be implemented, it is of paramount relevance to
develop optimized feedstock for this process. This fact raised the need to study and develop

the feedstock for BJP, and, consequently, the post conformation steps adaptation, as well.

Industrial applications of these techniques in the ceramics sector require knowledge of both
the process itself and the feedstock and post printing steps. It is precisely within this context
that lies the main goal of this industrial PhD project: to explore and study the use of powder
bed AM techniques to produce porcelain parts, as BJP and Selective Laser Sintering (SLS)
techniques, with special emphasis on the first one, keeping as much as possible the raw
materials, composition, post-conformation processes and facilities of Costa Verde’s current

porcelain production.

Due to its availability in the company and ease to scale up, the main technique exploited in
this work is BJP. In this process a printhead deposits a liquid binder to bond particles in a
powder bed for each layer of the object to be constructed. After the depositions of the liquid
binder, a roller is responsible to spread a new layer of powder and the process is repeated.
The exceeding powder acts as support, allowing the production of highly complex shaped
parts. Another advantage of this technique is the highly use of powder, due to the possibility
of recovery of the powder. The fragility and porosity of the green parts arise as main
drawbacks of the technique. However, for comparison purposes, the technique of SLS,

where a laser is used to melt/sinter the material in powder form, was also used in this work.

Four main objectives were identified for this thesis: i) printability of porcelain powders in
BJP, ii) printability of porcelain powders in SLS, iii) post-conformation processing of
porcelain printed parts and iv) exploitation of the industrialization of powder-bed AM

techniques.

In what concerns the study of the printability of the porcelain powders in BJP (Objective 1),
a major challenge lies in finding the appropriate in-bed binders to use and their amount.
Due to its nature the interaction of the liquid binders with the porcelain powder will not lead
to green parts with enough strength, creating the need to study the role of an in-bed binder
which provides enough mechanical strength for post conformation processing steps. Four
different in-bed binders are addressed in this work and the printability of the feedstock is

evaluated, i.e., the ability to produce defect free printed parts. The role of particle size, the



particle size distribution and the pre-processing treatment of the porcelain powders towards

optimized printability of the feedstock is also aimed in this study.

An alternative AM powder bed technique of powders to BJP is SLS. With comparison
purposes the printability of porcelain powders in SLS is also addressed (Objective 2). The
effect of pre-processing treatment of porcelain powders, the amount of binder and the reuse

of powders are investigated and the benchmark with BJP is presented.

Post-conformation processing steps are needed to reach a high density of additively
manufactured ceramic parts. Hence, post-conformation processing steps, such as
infiltration, isostatic pressing and industrial thermal cycles need to be systematically
investigated (Objective 3). Parts produced either by BJP and SLS are addressed and

comparisons are established.

To conclude and within the main goal of this industrial PhD work, a main objective (Objective
4) is to assess the industrialization of powder bed AM techniques as production route for
porcelain objects. In this sense, the industrial preparation of the feedstock, with focus in the
production of porcelain powders by industrial spray drying process, the AM process and the
post-conformation processes, already used for conventionally produced porcelain parts, are

discussed.

References

[11 ASTM, “C 242 - 01 - Standard Terminology of Ceramic Whitewares and Related
Products.” pp. 1-11, 2001.

[2] H. Boussak, H. Chemani, and A. Serier, “Characterization of porcelain tableware
formulation containing bentonite clay,” Int. J. Phys. Sci., vol. 10, no. 1, pp. 3845,
2015.

[8] C. Barry Carter and M. Grant Norton, Ceramic materials: Science and engineering.
2007.

[4] W. M. Cam and U. Senapati, “Porcelain-Raw Materials, Processing, Phase
Evolution, and Mechanical Behavior,” J. Am. Ceram. Sociaty, vol. 81, no. 1, pp. 3—
20, 1998.

[5] D. W. Richerson, Modern Ceramic Engineering, Seond Edit. 2001.



Chapter 1: Introduction and state
of the art






Chapter 1 - Introduction and state of the art

1.1. Additive Manufacturing

1.1.1. Classification and terminology of additive manufacturing

Additive manufacturing (AM) is a disruptive technology to produce parts with complex
shapes and functional features, based on a layer by layer construction. Due to the high
interest in this process from diverse areas of technology and science several different
designations have been used to refer to AM, such as Rapid Prototyping, Rapid
Manufacturing, Rapid Tooling, 3D Printing, Layer Manufacturing, among others, until the
more recent and standard designation of Additive Manufacturing, what reflects as well the
evolutionary process of AM. Due to the need to normalize and regulate, as a direct
consequence of the growing importance and the commoditization tendency an universal
designation and a general definition was required. In 2009, ASTM (American Society for
Testing and Materials) published the first norm for AM related nomenclature,
ASTM F2792 - 12a [6].

According to ASTM, AM is the process of joining materials, usually in a layer by layer
process, in order to produce a 3D (three dimensional) object from digital data as opposed
to subtractive manufacturing processes [6]. In 2015, in order to standardize the
nomenclature used by both institutions (ASTM and I1SO), the ASTM/ISO 52900 [7] was

published, using the same definition for AM.

The popular term 3D Printing should not be used as synonymous of AM. In fact, according
with ASTM the term 3D Printing refers to the fabrication of an object by the deposition of
material through printhead, nozzle or another printer technology [6]. Currently, the term 3D
Printing is mainly used by media, operators and non-technical public. For that reason, in
this work the term Binder Jet Printing (BJP) will be used to refer to the technique in which a

liquid binder is deposited in a powder bed to join the powder materials [6].

The ASTM F2792 — 12a standard classifies and defines the terminology for all the different
additive manufacturing technologies, including terms and brief descriptions, definitions,
nomenclature and acronyms [6]. Accordingly, ASTM F2792 — 12a standard orders the AM
technology in seven classes based on the method of joining the materials and layers, as:

(1) Vat Photopolymerization, (2) Sheet Lamination, (3) Powder Bed Fusion, (4) Material
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Extrusion, (5) Binder Jetting, (6) Directed Energy Deposition and (7) Material Jetting. In
Table 1.1 the AM processes are presented, grouped by categories, with brief descriptions
of each one and enumerates the different techniques of each AM categories, the feedstock
form and type of materials used by each one. The working principle of each process will be

further presented in detail, as well as its main advantages and disadvantages.

The general process flow for AM techniques, as illustrated in Figure 1.1, starts with a virtual
design model, drawn by CAD (Computer Aided Design), which is a digital file of a 3D draw
[6]. This design is then converted in to a STL (Standard Tessellation Language) file, which
defines the surface of the 3D model using only triangles [6]. The original designation of this
acronym was Stereolithography, referring to the first AM technology. However, nowadays
is accepted by AM community as Standard Tessellation Language. This file is then
uploaded to the slicing software, that defines geometrically each layer and printing
parameters of the model. The printing process starts with the first layer and in a layer by
layer process, every layer is deposited on the top of the previous one. At the end of this
cyclic process, the object is completely produced. In some cases, post-conformation steps,
such as support structures removal, depowdering and sintering, are required in order to

achieve the object with the final properties required [8].
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Table 1.1: AM processes categories, techniques, feedstock form and materials used [6].

AM Process

Categories [6] Description [6] Techniques | Feedstock Materials
Liquid photopolymer Resins and
: : : SLA®
Vat in a vat is selectively . waxes
, . Micro-SLA® -
Photopolymeri- cured by light- DLP Liquid Polymers
zation activated Ceramic
L CLIP :
polymerization suspensions
Sheets of material are Metals
Lairi]:;?on bonded to form an UE/(L)JI\'?I\ M Solid Ceramics
object Polymers
Thermal energy SLS Polymers
Powder Bed selectively fuses SLM Metals
. ; y DMLS Powder ;
Fusion regions of a powder EBM Ceramics
bed MJE Composites
FFF/FDM®
Material Material is selectively | Robocasting Filament Polymers
Extrusion dispensed through a Bioplotting Ceramics
nozzle or orifice Contour Paste Composites
crafting
Liquid bonding agent Metals and metal
: . is selectively BJP alloys
Binder Jetting deposited to join MJP Powder Ceramics
powder materials Composites
Focused thermal
Directed energy is used to fuse LENS Metals
Energy materials by melting EBAM Powder Polvmers
Deposition as they are being LMD y
deposited
DOD
Material Droplets of build Polyjet
Jettin material are NP Jetting™ Liquid Polymers
9 selectively deposited CcuJ
RIJ

Note: SLA® - Stereolithography Apparatus; DLP — Digital Light Processing; CLIP — Continuous
Liquid Interphase Printing; LOM — Laminated Object Manufacturing; UC/UAM - Ultrassonic
Consolidation/Ultrassonic Additive Manufacturing; SLS — Selective Laser Sintering; SLM —
Selective Laser Melting; DMLS — Direct Metal Laser Sintering; EBM — Electron Beam Melting;
MJF — Multi Jet Fusion; FFF — Fused Filament Fabrication; FDM® — Fused Deposition Modelling;
BJP - Binder Jet Printing; MJP — Multi Jet Printing; LENS — Laser Engineered Net
Shaping; EBAM — Electron Beam Additive Manufacturing; LMD — Laser Metal Deposition; DOD
— Drop on Demand; NP Jetting™ - NanoParticle Jetting; CIJ — Continuous Inkjet Printing;

RIJ — Reactive Inkjet Printing
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L 3D Object

3D Cad STL Slicing Layer Slices & AM 3D
Model File Software Tool Path Process Object

Figure 1.1: General flow of a AM process from the CAD model to the final object [9].

1.1.2. History

The first process reported, that is considered an AM process, was published in 1981 by
Hideo Kodama [10] in which is successfully produced an object in a layer by layer process,
using ultraviolet (UV) light to solidify layers of a photosensitive polymer. However, Charles
W. Hull is considered by many as the father of AM, once in 11" of March of 1986 his patent
for the Stereolithography (SL) process was granted (US Patent 4575330) and is the first
one known [11]. Charles Hull invented SL technique in 1984 and the first commercial AM
device based in SL, named SLA-1 (Stereolithography Apparatus), produced by the
company 3D Systems, of which he is one of the founders, appeared in 1987 [12]. The
process of SLA-1 uses an UV light to solidify layers of photosensitive liquid polymers as
well [12].

By the end of 80’s and early 90’s, several patents were also filled: Scott Crump and the
company Stratasys Inc. filled a patent for the nowadays known Fused Filament Fabrication
in 1989 [13], in which a material such as thermoplastics, are fused and deposited in each
that adheres to the previous one; Sachs et al. [14] at Massachusetts Institute of Technology,
USA filled the patent in 1989, for the nowadays known 3D Printing techniques, in this work
defined as BJP, in which a liquid binder is deposited in a powder material to join particles;
and in 1990 Carl Deckard et al. [15] at the University of Texas at Austin, USA, developed
the first SLS technique, in which a laser fuses a powder material in a powder bed to join the
powder for each cross section of the object being printed. Between 1991 and 1996 the first
commercial 3D Printers based in these processes were developed and available

commercially [12]. In the 00’s several new machines were launched into the market with

10
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features such as BJP with full colour, BJP with nozzles that deposit resins as liquid binder
which is solidified by an UV light, Laminated Object Manufacturing (LOM) printers were sold
by different providers, in which the laminated material such as metal foils is used each layer
and an energy source cuts the correspondent cross section and Direct Metal Deposition
(DMD) is created to repair metal parts by using Directed Energy Deposition (DED) with
metal powders, in which the powder material, such as metallic powders, are deposited in
the same spot where an energy source is focused to fuse the powder [12]. More advanced
AM processes, such as Electron Beam Melting (EBM), which works as SLS using an
electron beam as energy source was introduced in 2007 by Arcam and Laser Engineered
Net Shaping (LENS) based in DED technology, was introduced by Optomec in the same
decade [12].

The most used AM technique worldwide is Fused Filament Fabrication (FFF), also known
as Fused Deposition Modelling (FDM), which uses a polymeric or composite filament which
is melted and deposited in a layer by layer process to construct the object. Due to its price,
cleanness and ease of use this technique is suitable to have at home or office, being the
choice of most of the end users. In the 2010’s, due to the expiration of the initial patents
several companies start producing FFF/FDM printers reducing the cost and turning it
available to end users from different fields, such as designers, architects, engineers and
hobbyists.

Summarizing, throughout the years new machines, new techniques and new materials have
been used and exploited in AM. This is an industry currently in fast development and always

reaching more and more new applications, users and industries.

1.1.3. Comparison with conformation methods

One of the most important steps in the production of an object is its conformation. The
conformation of an object may be done in four distinctive ways: additive manufacturing
(AM), subtractive manufacturing (SM), formative manufacturing (FM) and joining
manufacturing (JM) [8]. In Figure 1.2 the four groups are schematically represented and

their working principle, main advantages and limitations are presented.

In AM processes the object is produced by adding material, usually in a layer by layer cyclic

process, using a digital model of the object. The main advantages of AM is the ability to
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produce highly complex shaped and personalized objects with reduction in the number of
post-conformation assemblies, the reduced use of material and reduced tool costing and,
from the commercial point of view, the low volume production number of parts and the
reduction in the time from the idea concept until the first produced object as opposed to SM
and FM which requires the development of tools. These advantages highlight the flexibility
in the production and shape of the object combined with the efficiency in the materials use.
However, in the limitations the ability to produce parts with comparable properties to the
ones produced in SM and FM ways, such as density and mechanical strength, the
reproducibility of parts with the same properties, which can be affected by feedstock
morphology and reused and printing parameters [16], and the surface finishing inherent to

the layer by layer process which may require post-conformation methods [8][17].

The SM processes, where a tool is used to remove material from a material block to give
the final shape to the object. In the case of ceramic industry, subtractive manufacturing is
sporadically used in already conformed ceramic parts, to make features such as holes,
however for metals, polymers and composites is often used, with processes such as CNC
milling, drilling and grinding. The main advantages of SM are the dimensional accuracy, the
reproducibility of the parts, the surface finishing of the object and the broad range of
materials capable of being machined. On the other hand the high waste of materials and
the production of complex shapes, which required specific tools and tool paths to reach all

the surfaces of the object are the main limitations of SM [8][17].

In the FM processes a tool, usually a mold, is used to give the shape to the product. Isostatic
pressing slip casting and jiggering are examples of formative manufacturing processes used
in the production of porcelain parts, however, is frequently used for plastics as injection
molding and with metallic materials in casting. Formative processes are commonly used in
mass production due to unrivaled cost per part, the waste of materials is reduced and it has
high production and reproducibility rate, however, the cost of tooling is high and its
development is time consuming, increasing the leading times from the concept until the
production [8][17].

JM processes are characterized by joining two parts, already produced, to give the shape
of the final object. This type of processes are used in the porcelain production, for example
to bond handles in holloware. For other materials, such as metallic objects, welding is an

example of this type of processes. Bonding processes are used to produce parts with
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shapes difficult or impossible to produce by any other ways, however, the production rate
is low, when it is done manually, or the tooling is expensive, when it is done automatically.
In addition, the joining zone may promote the development of defects and regards in the

bond strength between the two parts [17].

Additive manufacturing

I - .

Subtractive manufacturing

Formative manufacturing

- A A

Joining manufacturing

dL 44 4

Figure 1.2: Conformation manufacturing of additive, subtractive, formative and joining

processes (adapted from [17]).

Due to the type of products and its implementation at the industrial scale, with different types
of materials, SM and FM processes are the most comparable to AM ones. When compared
with SM and FM conformation processes, AM fills the gap for small production series,
reducing the cost per part and highly complex shaped parts, keeping the same price per
part regardless of its shape complexity, considering only the process itself (Figure 1.3).
However, it is also necessary to take in consideration that the cost per part will depend on
the AM technique being used: for instance, the process of Selective Laser Sintering is more
energy consuming than BJP, leading to higher cost for each part. Regarding the shape
complexity one should also consider that parts with high complex shape may lead to a more
costly post-conformation steps, such as depowdering of the parts. SM processes, also

allows the production of complex shaped parts, but when compared with AM processes,
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there are complex shapes of parts that will be impossible to produce through SM. It also
has a limitation regarding the waste of material, which, most of the times, cannot be reused.
AM is more cost efficient than FM, mainly due to the high cost of tooling for FM. However,
when there is a need for high number of parts in the production run, FM starts to be cheaper
than AM. Regarding geometrical complexity, AM is cheaper than FM for parts with a very
complex shape. In fact, for some shapes, the FM would need a high number of tooling parts,

even if feasible, which can increase drastically the cost per part [8][17].

€

@®©

Q.

o)

Q.
®
3

AN Additive
\ Subtractive
Formative
Number of parts

- Subtractive
@

o

o / Formative

®

(@]

O

// Additive

Shape complexity

Figure 1.3: Comparative plot of the cost per part as function of the number of parts and
as function of the shape complexity of additive, subtractive and formative processes
(adapted from [17]).

From the industrial production point of view, the use of all the processes described above

are complementary to each other, allowing to produce different objects and reach new
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markets and costumers. The choose of a conformation method for a specific object will
depend in the design of the object, which may be impossible to produce in some processes,
the production cost, which depends in the number of objects to be produced in the
production batch and in the type of material used, which needs to be able to be processed
by the conformation method [17]. In this sense, the study, development and adaptation of
existent materials for different conformation methods. One example of this fact is the
adaptation of the powders used for isostatic pressing to be used in powder bed AM

techniques.

In this sense the AM distinguish from SM and FM by its high customization of products, the
high efficiency in material usage, the flexibility of production runs, the near final products
stage, depending on the material and application of the object, and the reduced time from

the concept to the product.

1.1.4. Additive Manufacturing technologies

In this section we present the working principle, the main advantages and limitations of each
AM class. Binder Jetting (BJ), which comprises BJP, and Powder Bed Fusion (PBF), which

comprises SLS, will be discussed in detail further in this document.

1. Vat Photopolymerization

Vat photopolymerization (VP) is the AM class in which a liquid photosensitive polymer,
contained in a vat, is selectively cured by a light-activation polymerization [6]. The main
advantages of VP processes are printing resolution and accuracy, materials and energy
usage efficiency and the surface finishing [18] and its limitations include the cost of
photosensitive materials and the unrecyclable material used, for instance, in the support
structures [8] [18]. This class includes techniques such as Stereolithography (SL), Figure
1.4, and Digital Light Processing (DLP), Figure 1.5. These techniques differ from each other
by using a laser or a group of lasers to cure the material, i.e., point by point, in the case of
SL, and a mask to cure a whole layer at once, in the case of DLP [19]. This difference in
the process as the advantage of geometric accuracy in the case of SL and the reduction in
printing time for the case of DLP. After the curing of each layer, the build platform moves
up and another layer is cured. The more important parameters for this group of techniques

comprise the laser power, scanning speed, exposure time, resin composition and the
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photoinitiator [18]. The typical materials used in VP are photosensitive epoxy and acrylate

based monomers/oligomers, which polymerize by interaction with light through cationic and
radical polymerization [18].

Light sealed and
heated chamber

Build platform

Supports
3D Object™ ]
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Liquid 1

1
Light beam —»

Mirror Light source

Figure 1.4: Schematic representation of Stereolithography Apparatus (Vat

Photopolymerization).
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Figure 1.5: Schematic representation of Digital Light Processing (Vat

Photopolymerization).

In order to produce ceramic objects through VP techniques it is required the preparation of
a ceramic suspension with fine ceramic particles suspended in a liquid medium, which ca

be aqueous or non-aqueous medium, with photosensitive monomers, once ceramic
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particles are usually inert to light emission [19]. After curing, the ceramic particles are
surrounded by the organic cured polymer which requires further steps to full removal of the
organic part [19]. The rheological behavior of the suspensions plays a crucial role in the
successful VP printing [20], however ceramics are well dispersed in acrylate monomers
which are a suitable choice for the suspension medium [21], with a ceramic content ranging
between 50-65 vol.% [22].

Griffith et al. [22] used silica (SiO), silicon nitride (SisN4) and alumina (Al2O3) to prepare
ceramic suspensions in acrylamide-based and diacrylate mediums and study the solid
content and the refractive index of ceramic particles in the printing of ceramic parts. The
authors found that the suspensions prepared with SisN4, which has the highest refractive
index, affects the curing depth and the printing of the parts, and reached fully dense alumina
parts after sintering at 1550 °C. The mechanical properties of zirconia (ZrO.) parts produced
through VP was assessed by Harrer et al. [23] by producing ZrO, suspensions in a mixture
of acrylates and methacrylates, founding that the it is possible to produce parts with similar
strength to the ones conventionally produced (1000 - 1500 MPa), while Wang et al. [24]
were able to produce ZrO; parts with relative density above 99 % after sintering at 1600 °C,
using methyl alcohol medium with commercial photopolymer. Schwentenwein et al. [25]
were able to produce final alumina parts with relative density above 99 % with a commercial
alumina suspension. Alumina (Al2O3) was also used in VP processes to study the
rheological behavior of suspensions [26], process parameters [27] and post-conformation
steps [28]. Other materials such as SiC and SiOC [29], PZT [30] and biomaterials [31][32]
were also used in VP processes. For complete information, reviews of the VP class can be
found in [18][20].

Summarizing, the high price of photosensitive resins, that are needed to add to the ceramic
suspensions, is a huge drawback to the application of this technique for industrial
production, however the final parts properties, such as fully dense bodies and comparable
mechanical strength to conventional methods, may be suitable for industries such as
dentistry [33].

2. Sheet Lamination

The Sheet Lamination class, in which a sheets of material are cut and bonded to form the

object [6], comprises Laminated Object Manufacturing (LOM), which is the most
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representative technique (Figure 1.6). This process uses the material in sheet form and an
energy source (which can be laser, water jet, ultrasound, among others) to cut the sheet for
each cross section. Then a heated roller is responsible to press and heat the new layer to
the previous one, bonding both together, usually using an adhesive in the bottom side of
the sheet [8][34]. The main process parameters comprise among others the heat
temperature, the roller pressure, speed and temperature and the laser speed [34]. The
major advantages of this process are the low cost of the equipment, the needlessness of
support structures and little distortions created. However, the main limitations are the
requirement of the material form (sheet), the limitation in complex shapes and the non-

recyclable exceeding material from each print [8].

Energy source
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Figure 1.6: Schematic representation of Laminated Object Manufacturing (Sheet

Lamination).

The materials that can be used in LOM technique need to be able to form a sheet or foil
and can be paper, thermoplastic polymers, metal foils and ceramics [8]. Although the
material form required by this process is a huge limitation for ceramics, the use of additives
allows the processing of ceramics by sheet lamination. Zhong et al. [35] used LOM to
produce silicon carbide (SiC) objects, by producing SiC green tapes with 0,15 mm of
thickness with polyvinyl butyral (PVB) and butyl benzyl phthalate (BBP) used as binder and
plasticizer respectively, reaching above 98 % of relative density after binder removal and
pressureless sintering. Zhang et al. [36] prepared green tapes of alumina with 0,7 mm of

thickness with PVB as binder, and using LOM produced alumina bodies with 65 % of relative
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density, which increased up to 97 % after pressureless sintering at 1580 °C. Although there
is limited reviews in the sheet lamination class, a book chapter focusing in the state of the
art of LOM can be found in [34].

In conclusion, the Sheet Lamination processes, especially the LOM technique may be used
to produced highly dense ceramics, however, its limitation regarding the production of highly
complex shaped objects, which is one of the main advantages of AM in general, is a huge

drawback for its use.

3. Material Extrusion

The ME class is defined as the AM process in which the material is selectively dispensed
through a nozzle or orifice [6]. Two major techniques belong to this class: Fused Filament
Fabrication (FFF), represented in Figure 1.7, in which the material is in a filament form and
is melted and deposited and Robocasting, represented in Figure 1.8, in which the material
is in suspension or paste form. This class differentiates from the others by the feeding
system, where a continuous extrusion through an orifice is performed. Then a movable
nozzle is responsible to selectively deposit the material in the print bed [8]. The same
principle is applied in robocasting, where the material in paste form is feed into the extrusion
head. Then the extrusion head will deposit the material for each crossection. In the case of
robocasting, this movable extruder can be piston type, if a piston is responsible to feed the
material, for instance a syringe, or screw type, if a crew is responsible to feed the paste,
such as a typical extrusion system. The most important process parameters comprise the
nozzle diameter, the layer thickness and the environmental temperature, as the properties
of the ceramic pastes play a crucial role focusing in the viscoelastic behavior for a proper
printing process. The main advantages of this class is the broad range of materials able to
be used, the low cost of equipment and reduce waste of materials, among others, while in
the other hand the surface finishing, especially in the case of robocasting, and the need to
control environmental characteristics, such as temperature and moisture, in order to

promote a proper printing process, are, among others, limitations of the process [8].
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Figure 1.7: Schematic representation of Fused Filament Fabrication (Material Extrusion).
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Figure 1.8: Schematic representation of Robocasting (Material Extrusion).

Robocasting has been used to produce porcelain parts. Although in the literature the term
porcelain often refers to dental porcelain, opposed to this thesis, which refers to porcelain
for tableware applications, the constitution is similar. Tian et al. [37] used a porcelain
composed of quartz, kaolin, soda feldspar and illite to produce porcelain objects through
material extrusion process. The authors were able to produce porcelain parts with similar
porosity values (13 %) to the ones produced by slip casting, using the same suspension,
after sintering at 900 °C. Lima et al. [38] used a porcelain composed by quartz, kaolinite,
albite, orthoclase and muscovite to produce ceramic parts by slurry deposition. The authors

found that printed parts have comparable mechanical properties to the ones produced
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through slip casting, and comparable density (2,36 g/cm?® for AM produced parts and
2,38 g/lcm® for slip casted ones). Mullite parts were successfully produced by ME
techniques, by Stuecker et al. [39], reaching 55 % of relative density as green parts, and
increasing up to 96 % after sintering at 1650 °C. Other ceramic and ceramic composite
materials were also subject of study in ME techniques, such as alumina [40]-[42], zirconia
[43]-[45], tricalcium phosphate [46], bioactive glass [47], hydroxyapatite [48], graphene/SiC
composites [49], WC [50], B4C [51]. Recent review papers in ME processes can be found
in [52][53].

In conclusion, ME techniques are well developed for the different class of materials
(polymers, metals, ceramics and composites) and are one of the most used worldwide. In
the case of ceramics, ME processes present promising results, such as comparable
densities and mechanical properties of printed parts to the ones produced through

conventional ways and may be an option for industrialization of the techniques.

4. Directed Enerqy Deposition

In Directed Energy Deposition (DED) focused thermal energy, from an energy source that
can be laser, electron beam or plasma arc, is used to fuse powder or wire materials as they
are being deposited [6][54]. Laser-engineered Net Shaped (LENS) is one of the techniques
from this class, and is schematically represented in Figure 1.9, and works by depositing the
material in powder form in the same point where the energy is focused, fusing or sintering
the material, creating bonds both between the particles being deposit and the previous layer
[54]. The main process parameters are laser power, laser beam spot size, material feed
rate scanning speed and layer thickness [54]. The main advantages of this process is the
zero waste of material, once the material is selectively deposited, and comparable
properties of objects to the ones produced conventionally [19] [54]. The main disadvantages
are the high energy consumption, required to reach high melting temperatures, the surface

finishing and the dimensional accuracy [19] [54].
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Figure 1.9: Schematic representation of Laser-engineered Net Shaping (Directed Energy

Deposition).

Although the work in DED of ceramics is limited due to the high temperature needed to fuse
the materials, there are still some work using ceramic materials. Li ef al. [55] studied the
effect of LENS printing parameters in the quality (layer geometry, surface roughness,
powder efficiency among others) of alumina parts, founding that an increase in laser power
leads to an increase in microhardness, improving the quality the surface roughness and
powder efficiency among others, in addition, with the increase in the powder feeding rate,
the hardness decrease. The high temperatures needed to fuse ceramic materials leads to
crack formation due to thermal gradients, in this sense, Niu et al. [56] studied the
optimization of the process parameters in the printing of alumina concluding that the
increase in the laser scan speed reduces the crack formation in the ceramic bodies. Alumina
blends, such as ALOs-YAG [57] and Al203-ZrO; [58][59], composite materials with
hydroxyapatite [60] and other ceramic materials such as PZT [61]. A recent review in the

DED technology can be assessed in [54].

Summarizing, DED processes have promising applications in the AM field, however, due to
the high temperatures needed to fuse the materials, the industrial application to ceramic
materials is limited due to crack formation based in the temperature gradients and by the

energy consumption required for the process.

22



Chapter 1 - Introduction and state of the art

5. Material Jetting

In the MJ class, the material in liquid form is selectively deposited in a drop by drop process
[6], while an energy source, either an UV light or heat, promotes solvent evaporation,
crosslinking or crystallization of the material in order to solidify the object [62], as
schematically represented in Figure 1.10 . This class comprises techniques such as
Continuous Inkjet printing (ClJ) and Drop-on-Demand (DoD). The main difference between
the two is that in CIJ a stream of drops is generated and deposited in the substrate and in
DoD a single drop can be generated and deposited individually [62]. The main parameters
in this techniques are the drop volume, speed and diameter and the viscosity of the material

[62]. The most used materials used in MJ comprise thermoplastics, photosensitive polymers

and biologically active fluids, among others [63].
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Figure 1.10: Schematic representation of Inkjet printing (Material Jetting).

In the case of the use of ceramic materials in material jetting systems, the is a requirement
to produce suspension. Ainsley et al. [64] produced ceramic suspensions for MJ by
dispersing fine particles of alumina (< 2,4 um) in alkane, producing alumina parts with 80 %
of relative density and linear shrinkage of 18 %, after sintering at 1600 °C for 1 h. Serdeen
et al. [65] also dispersed alumina powders in alkane wax. The authors were able to print
small design features with a minimum of 100 ym with a suspension of 30 vol.% fraction of
alumina powders. In addition, in the same study a suspension with 40 vol.% fraction of
alumina was able to be printed but only with applied pressure in order to avoid clog of the

printhead. Zirconia [66][67] and PZT [68] were also subject of study of MJ with ceramic
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materials. In addition it was proved that, due to the working principle, the material jetting
systems is suitable to produce ceramic parts with graded functionalization [66]. For more

information, reviews regarding the MJ class are available at [62][63].

The MJ class can be used with ceramic materials by preparing suspensions of fine ceramic
powders, however, from the industrial point of view, especially in traditional ceramics such
as porcelain, the technology is far from being interesting due to the size of objects able to

be printed and the cost of materials required for a successful printing.

With the main advantages and disadvantages overviewed for the several classes (for BJ
and PBF it will be discussed in detail further in the document), the comparison between the
classes regarding the energy consumption, the printing speed and the printing resolution is
presented in Figure 1.11 [69]. Regarding the energy consumption, as expected the classes
that use melting or sintering of materials as bonding mechanism (DED and PBF) are also
the most energy consumers. The sheet lamination class is also energy consuming, however
it depends on the type of energy source used to cut each section and the use of heat to
bond layers. Concerning the printing resolution MJ is the class with higher value, mainly
due to its working principle (use of drops). The use of laser or light sources, such as in VP,
sheet lamination and PBF also promotes higher printing resolution. The case of BJ, which
uses piezoelectric print heads has also a good printing resolution. Finally, the printing speed
is higher for classes that use materials in powder form (BJ, DED and PBF) and an
intermediate speed for the case of VP, which depends in the method used to cure the

photopolymer: laser or mask, as discussed above.
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Figure 1.11: Comparison among AM classes regarding the energy consumption,

resolution and printing speed [69].

In the case of ceramics, some of these processes have limited used in research and
production, such as DED and MJ, either because of processes limitations, energy
consumption or incompatibility with properties of ceramic materials. The class of sheet
lamination also lost its interest to produce ceramic parts, mainly due to the material form,
but also due to the complex design limitations. Concerning the relative density of the
produced parts, VP and ME may lead to ceramic parts with high relative density, however,
in the case of VP the high cost of photopolymers and, in the case of ME, the surface finishing
may be a limitations for its industrial scale applications for traditional ceramics such as
porcelain for tableware applications. In this sense, powder bed AM techniques, such as BJP
from BJ class, appear as an opportunity to implement at industrial scale for production of

ceramic objects, even though it may require post-conformations steps [70].

1.1.5. Materials for Additive Manufacturing

Metallic and polymeric materials are the type of materials mostly used for AM, however this
is not the case of ceramics. As a matter of fact, the Wohlers Report 2019 (Figure 1.12),
highlights that in 2018 only 1,6 % of materials used in AM were classified as “Other”, where
the ceramic materials belong among materials for binder jet printing and materials for sheet

lamination [71], as opposed to photopolymers with 39 %, polymeric powders for laser

25



Chapter 1 - Introduction and state of the art

sintering with 25 %, filaments with 20,4 % and metals with 14 %. According with the same

report, the market of materials for AM reached 1495 $ millions in sales in the year 2018.

Other
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Photopolymers
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Figure 1.12: Materials used in additive manufacturing worldwide in 2018 [71].

According to Ngo et al. [72] in a recent review paper, and supporting the statements above,
polymers are the most common class of materials for AM and have been subject of
investigation and development for several years, however, for fully industrialization, there
is still challenges, as the speed of printing and repeatability of printed parts, to overcome.
The most typical application for AM of polymers is the development of prototypes for several
industries leading to an increase in the research concerning polymers reinforced with
fibbers and nano materials to enhance the mechanical properties, lead to development of
polymer based materials for industries such as aerospace, automotive and sports among
others [72]. This is the same trend as in metals, as the last years, consequence of the
investment done, there is an increase in the number of metals and metallic alloys for AM.
Used mainly in powder form for technologies such as SLS, SLM and DED, the target
industries for AM of metals have been aerospace, automotive and defense [72]. In the case
of ceramics, the authors reveal a limited number of different ceramic materials able to be
processed through AM techniques, and raising the challenge and opportunity to expand the
ceramic materials selection [72]. Singh et al. [73], after an analysis regarding materials
issues for AM, conclude that commercial AM techniques leads to a rigid choice in the
materials characteristics to be processing, leading to an increase in the interest of adapt
existent materials and develop new ones. This is the case of traditional ceramic materials,
such as porcelain, especially for industrialization in traditional industry sectors, such as

tableware production.
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The term feedstock is used to refer to the materials or mixture of materials used in AM [74].
In the case of ceramics, due to the high melting point and low toughness, it is difficult to
process directly in AM technologies. In this sense, itis common to use additives for ceramic
feedstock, such as binders. In this work, the dry powder mixtures composed by porcelain

powder and in-bed binders are referred as feedstock.

It is clear that up today the use of ceramic materials in AM is limited. However, some
ceramic materials have been used and Table 1.1l presents a list of ceramics used in the
different AM classes. Alumina (Al2O3) and zirconia (ZrO2) are among the most used ceramic
materials, mainly due to its broad range of applications. Biomaterials have been also the
focus of some AM processes; the growing need of customised biomaterials products
targeted to the specific needs of the patient, justifies the interest and impact of AM for
biomedical applications and tissue engineering [75]. The limitation in the number of
ceramics used in sheet lamination, directed energy deposition and material jetting supports
the difficulty of processing this class of materials. In the case of BJ and PBF classes, the

ceramic materials used will be presented further in detail.

Table 1.1I: Ceramic materials used in techniques from different AM classes.

Class Ceramic materials
SiO; [22] SisN4 [22] ZrO- [23][24] Al.O5 [22], [25]-[28], [33]
bioactive glass [31] hydroxyapatite [32] SiC and SiOC [29] PZT
[30]

Vat
Photpolymerization

Sheet Lamination SiC [35] Al,O3[36]

Porcelain [37] [38] mullite [39] Al.O3 [40]-[42] ZrO- [43]-{45] B-
Material Extrusion | tricalcium phosphate [46] bioactive glass [47] hydroxyapatite [48]
WC [50] B4C [51]

Directed Energy Al,O3 [55][56] Al.O3-YAG [57] Al,O3- ZrO; [58][59] hydroxyapatite
Deposition composite [60] PZT [61]

Material Jetting Al,O3 [64][65] ZrO, [66][67] PZT [68]

Summarizing, while for metallic and polymers the AM is already in advanced stage, driven
through the ease to process when comparing with ceramics, and by the interest growth of

several industries such as aerospace and automotive, in the case of ceramics the selection
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of materials is limited and further investigation to adapt existent ceramic materials and
develop new ones is required. In addition, there is often the need to use additives such as
binders to prepare a ceramic feedstock in order to process through AM, which requires post-

conformation steps.

1.1.6. Industrialization and future trends of Additive Manufacturing

One of the future trends of AM is its industrialization in different types of industries. Although
for some industries, such as aerospace, automotive and medical, its use is already
happening, in the case of more traditional ones it is still far behind other conventional
conformation technologies. As discussed before, the use of AM may lead companies to
reach new markets and customers, by manufacturing products that are not able to be
produced through FM and SM technologies, or that could turn expensive due to tooling cost,
waste of materials or production time, among others. Although for the full industrialization
of AM processes there is still to overcome, this technology is still young especially when
compared with CNC milling (SM) and injection molding (FM), for instance. These
technologies also spent a long time of maturation until they were fully implemented for
continuous production. The injection molding was first invented by John Wesley Hyatt in
1872 [76]. However, it took until 1970s until new machines were developed by James
Watson Hendry, and the plastics industries overtook the steel production in 1979 [77],
creating a gap of around 100 years since the first invention until its fully industrialization. In
the case of CNC milling, it was invented in 1950’s by American Air Force and with the
development of programming, it started to be accepted in industries, and by 1980’s several
industries were using the process for manufacturing. In this case, CNC machining had a
faster development because it was a combination of machining and numerical control. Once
the AM was only developed in 80’s, it is still a young technology with several years until it

reaches the requirements for fully industrialization

Hu [78] discussed the future of manufacturing, concerning mass customization. According
with the author, the manufacturing started with the craft manufacturing, where the product,
highly customized, was produced by customer request, however, this type of production
was confined to localized regions and limited in scale up production, what increases the
price of the product. The mass production was driven by low cost products, however with

very limited number of products or derivate products. In this sense, the mass customization
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appears in the late 80’s as an option for products produced in mass production, but features

that the customers can choose and differentiate from similar products.

Due to its ability to produce highly complex shaped and functional parts/objects faster or
even impossible to be fabricated trough the conventional routes, AM, quickly attracted the
interest of several different industries. In Figure 1.13 it is illustrated the different industries
already using AM processes; the ones leading in 2018 are the aerospace, with almost 18 %,
and automotive, with almost 20 %, besides the market of the machines itself. In addition,
the medical/dental industry represents already more than 11 % of the market. , In these
industries AM is already used as a production route of ceramic, metallic and polymeric
products, due to the high customization (and low number of parts), in order to fabricate
some specific parts for their patients and products. However, the use of AM processes and

its industrialization is still residual for traditional industries.
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Figure 1.13: Use of AM by different industries and markets in 2018, by Wohlers

Associates [71].

In 2015, Oropallo et al. [79] defined the ten challenges to overcome in AM based on the
expectative for industrial AM. Based on the opinion of the authors (1) shape optimization,
(2) design for 3D printing, (3) pre and postprocessing, (4) printing methodologies, (5) error
control, (6) multi-material printing, (7) hardware and maintenance issues, (8) part
orientation, (9) slicing and (10) speed, are the most subjects to overcome. In addition, Singh
et al. [73] also identified the limited choice in materials and limitation in the use of

commercial 3D printers. Costa et al. [70] identified two major limitations for the
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implementation of AM for tableware production with commercial 3D printers: i) the part
volume, i.e., the maximum volume of the printed object which is limited by the size of
commercial equipment and ii) the cost of the final objects, once the commercial equipments
are most suitable for alumina based ceramic materials for technical applications. In addition,
the use of typical materials for tableware production are not recommended to use with

commercial 3D printers due to the possibility of damage of the printer.

The AM technology started as an engineering tool for rapid prototyping. However, quickly
the technology showed to be an opportunity for several industries as production route. The
trend of AM is clearly from prototyping or molding fabrication to continuous defect free
product fabrication, to compete with all the conventional fabrication techniques. However,
there are several challenges to be overcome before the fully industrialization, being one of
them its reproducibility, i.e., producing objects with the same characteristics in different
production runs. In order to implement AM as a production route, the company must to
conduct a full evaluation of the entire supply chain and the product life cost. This step will
lead to major cost savings, but also enable the company to understand which AM metrics
should be track during the production [80]. The variables with highest impact in the total
cost of use and implementation of AM in a company are the material cost, part volume, AM

machine cost and AM machine throughput [80].

Based on this discussion we identify several key aspects to have in consideration for the
industrialization of AM for traditional ceramics: 1) adaptation of the existent ceramic
materials for AM processes, 2) adequation of commercial 3D printers, 3) requirement of
post conformation steps in order to reach full densification, 4) reproducibility of the objects
properties and 5) a cost-benefit analysis, which is always a key parameter for

implementation of a new production process.

Another topic that has increased in interest is the 4D Printing technology. Coined by Skylar
Tibbits in 2014 [81]. In this process, based in 3D printing, special materials are used to
produce a 3D object, where the fourth dimension is an external output that makes the object
change its shape. The external output that triggers the shape modification can be pH
changing, UV light, temperature and pressure among others [82]. Bioprinting is also
considered one of the AM segments in continuous growth. In this process cells and
biomaterials are used to produce organs and other biological tissues for regenerative

medicine such as skin, cartilage, bones and cardiac tissue, among others [83]. With the
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high personalization provided by AM, the production of artificial organs and prosthesis is
suitable in this production route. Other applications such as the production of artificial
organs, mimicking the bio tissues, can be used to test drug medicines, aesthetic procedures
and drastically decrease the number of animal tests. Recent reviews in the printing of
objects using multi-material [84] and functionally graded materials (FGM) and functionally
graded structures (FGS) [85] represent one of the AM trends: the possibility to produce an
object with different properties in different sections of its body, allowing to produce objects

for specific applications.

1.2. Powder bed AM techniques

Binder Jet Printing (BJP) and Selective Laser Sintering (SLS) are the two main powder bed
AM techniques and are aim of study in this work, with higher focus on BJP than in SLS.
Direct Metal Laser Sintering (DMLS), which is similar to SLS but aimed for metal powders,
and Electron Beam Additive Manufacturing (EBAM) [86], which uses an high energy
electron beam to sinter/melt the material, are also powder bed AM techniques and both
belong to the PBF AM class. Other powder-based technique is Laser Engineered Net
Shaping (LENS) [87], which uses a laser to bind powder material fed directly to sintered
zone and belong to the DED AM class.

The main advantage of powder bed AM techniques is the use of exceeding powder as
support material, which leads to highly complex shaped products, when comparing with
other techniques. However, the porosity in the green part is a limitation for ceramic parts
where full densification is a requirement. Powder characteristics, such as particle size and
shape, particle size distribution, flowability and packing, the use of binders, in the case of
BJP in-bed and liquid binders and in the case of SLS in-bed binders, and the printing
parameters have impact in the density, strength and dimensional accuracy of the green
printed parts. Powder characteristics and binders will be discussed in detail in sections 1.4
and 1.5 respectively. In this section we present and discuss the working principle and
variations of BJP and SLS and the effect of its main printing parameters, as binder
saturation, layer thickness and drying time, in the case of BJP, and layer thickness, laser

power and laser scan speed, in the case of SLS.
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1.2.1. Binder Jet Printing (BJP)

Binder Jet Printing, also known as 3D Printing, belongs to the Binder Jetting AM class, in
which a liquid binder is deposited to bond the particles in the powder bed [6]. The BJP
process, schematically represented in Figure 1.14, starts with the spread of a powder layer,
by the moving roller. Then a printing head deposits the liquid binder in the powder bed, in
the area corresponding to the layer section. Once the liquid binder is deposited for the whole
cross section of the layer, the part bed will move down one layer and the feed bed will move
up one layer. The roller pushes another layer of powder from one bed to another, and the
liquid binder deposition process is repeated. This cyclic process is repeated until the part is
completely printed. Usually, the parts are left in the bed during a binder drying period. After
the removal of the parts, the excess powder is removed from the surface of the part. [8] The
most important printing parameters in BJP are the binder saturation, layer thickness and
drying time. The binder saturation is defined as the ratio between the liquid binder volume
to the volume of void space in the section to be printed in the powder bed [88] [89]. The
binder saturation may be distinguished in two parts of the printed object: shell saturation
and core saturation. The shell saturation is higher than the core saturation in order to
provide enough mechanical resistance to the ceramic body and is applied to the outer
sections of the printed object, while the core saturation is applied to the interior of the part
[89], as schematically represented in Figure 1.15. The layer thickness is the height of each
printing layer and the drying time is used in order to dry the printed part or to cure the liquid

binder.

Liquid binder

— Movable 7

Roller ——» ( printhead \. 3D Object

Feed bed Build bed

Figure 1.14: Schematic representation of Binder Jet Printing apparatus.
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Figure 1.15: Schematic illustration of shell and core sections in the printed part. The black

area represents higher binder saturation than the grey zone [89].

The effect of layer thickness and printing orientation was studied by Farzadi et al. [90] using
the commercial powder ZP150, a plaster based powder, and the commercial binder ZB63,
a water-based liquid binder. The results, as presented in Figure 1.16 (left), demonstrate the
importance of the printing direction. In this case, the authors concluded that printing in X
direction, i.e., with the cylinder in the horizontal position, would avoid some layers shifting,
comparing with Z direction, i.e., with the cylinder in the vertical position. The authors also
demonstrate a more dimensional accurate part, printed with 0,125 mm of layer thickness
(Figure 1.16, right). Vaezi et al. [91] also studied the effect of binder saturation and layer
thickness in the printing of commercial powders. The group found that with higher binder
saturation (125 %) the parts have higher mechanical strength, but lower binder saturations
(90 %) promotes better surface finishing quality. In the same study is concluded that lower
layer thickness (from 0,1 to 0,087 mm) increases the tensile strength but decreased the
flexural strength and the surface finishing quality. The effect of printing direction (Figure
1.17) in the shrinkage and mechanical strength of the printed parts was aim of study by
Shanjani et al. [92] with calcium polyphosphate powders. The authors found anisotropy in
the shrinkage of the printed part after thermal annealing at 950 °C, with a shrinkage of of
17 % in the direction parallel to the printed layers and 12 % in the direction perpendicular
to the layer deposition. In addition, the authors found higher uniaxial compressive strength
in the parallel direction to the printed layers (50 MPa) than in the perpendicular one
(34 MPa). The effect of printing parameters as binder saturation, layer thickness and drying
time (without specifying if the drying time is considered between each layer or at the end of
the printing process) in the density of lithium alumino-silicate (LAS) scaffolds was studied
by Zocca et al. [93]. The authors found the highest density (1,57 g/cm®) with a layer
thickness of 100 um, a binder saturation of 1,47 and a drying time of 100 s, followed by the
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printed part using a layer thickness of 80 um, a binder saturation of 1,38 and a drying time
of 60 s. In addition, the authors conclude that a low binder saturation combined with low
drying time leads to defective parts, without mechanical strength to be removed from the
powder bed, and as consequence, the increase in binder saturation and drying time leads
to denser printed parts. Castilho et al. [89] studied the effect of shell/core binder saturation
in the dimensional accuracy and mechanical properties of calcium phosphate printed parts.
The authors found that with the increase of binder saturation, the dimensional accuracy
increased, reducing the deviation of dimensions to the virtual design for a minimum of 2,3 %
in diameter of cylinders and 0,1 % in the height, while for all the printing tests anisotropy
was found with higher deviation in the diameter than in the height. the increase in the binder
saturation both in shell and in core sections, decreased the porosity of the parts to a
minimum of 43 %, and increased the compressive strength to a maximum of 24 MPa, and
was reached for equal shell and core saturations of 200 %. In addition, the authors found
that the increase in the binder saturation lead to an increase in the density of the previous
layers, as the liquid binder acts as carrier for small particles from the printing layer to the
previous one, and filling void spaces with ceramic particles. In the case of low binder

saturation this phenomenon is residual as the amount of liquid binder is not enough.

In the case of porcelain for tableware applications, the works reported in the literature were
not found, however, with dental porcelain which as the same material system (SiO2-Al>O3-
K20-Naz0) was subject of study by Miyanaji et al. [94] with focus in the effect of binder
saturation in the printability (defect free printed parts) and compressive strength, using 50 %
and 75 % levels. The authors found that with 75 % of binder saturation, deformations were
observed in the printed parts and were attributed to the roller action combined with
insufficient drying of the printed layer, and, on the other hand, using the 45 % binder
saturation leads to parts with insufficient mechanical strength to be handled. Concerning
the drying time, the authors found that an excessive drying time (60 s) increases
deformations in the top of the printed parts, while it avoids deformations in the bottom

section of the printed part.
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Figure 1.16: Effect of printing orientation (left) and layer thickness (right) in the
dimensional stability of printed parts by binder jetting printing [90].

Figure 1.17: Stack of layers in different printing directions [92].

Summarizing, the layer thickness and binder saturation are the most impactfull printing
parameters in BJP for a sucessful printing, with defect free parts. The binder saturation
plays a crucial role in the mechanical strength of the printed parts and often, a low binder
saturation leads to low strength printed parts. As most of the available commercial powders
for BJP are plaster based powders, it is easy to understand that the interaction between the
liquid binder and the powder material will lead to a plaster part, that can be easyli removed
from the powder bed. However, for some ceramic materials there is a need to mix an in-bed
binder, that is responsible to react with the liquid binder and bond ceramic particles together.
This subject is detailed further in the document.

1.2.2. Selective Laser Sintering (SLS)

The Selective Laser Sintering (SLS) is a technique that belongs to the Powder Bed Fusion
(PBF) AM class, in which thermal energy is used to fuse the material in the powder bed to
bond the particles [6]. In the case of SLS, schematically represented in Figure 1.18, a laser
is used to melt/sinter the material for each 2D cross-section of the part to be printed. After

each layer sintering, a roller pushes another layer of powder from the feed bed to the part
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bed. This process is repeated until the part is fully printed. The whole process is performed
in a chamber with inert atmosphere, avoiding the combustion of the materials, once the
process is usually used with polymeric materials, and the interaction of the material powder
with the laser beam, in air, leads to oxidation and burning of the material. After the entire
process, parts need to be clean in order to remove the remaining powder in the surface of
the parts. Post processing steps may be used either to improve superficial properties and
densification of parts as well [8]. The main process parameters to be controlled during SLS
process is the build bed and feed bed temperatures and laser parameters as laser powder,
laser scan speed and hatching space. The laser beam diameter is also an important
parameter, however, typically it is not controlled and depends on the equipment and its
features. The temperatures of the beds regard on the surface temperature of the powder
and is controlled by heaters inside the chamber. The laser scan speed concerns in the
velocity of the laser is scanned in the powder bed and the hatching space is the space

between parallel lines of the laser scan [95].

Laser source

Mirror
R —

Laser beam —>,

Temperature and
atmosphere
controlled chamber

—> I

3D Object

Feed bed Build bed Feed bed

Figure 1.18: Schematic representation of Selective Laser Sintering apparatus.

In SLS the type of laser has an important role. In Table 1.1ll the most common types of laser
used in SLS are presented. The wavelength of the laser directly influences the absorptance
of the material as reported by Tolochko et al. [96] and directly translates in the maximum
temperature reached by the powder materials, essential for melting or sintering. The author
studied the absorptance of different class of materials (metals, ceramics and polymers)
using a Nd:YAG laser with a wavelength of 1,06 um and a CO: laser with 10,6 ym. The

results exhibit a higher absorptance of metallic materials with the 1,06 um wavelength than
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for the 10,6 uym, while for polymeric materials the opposite trend was observed. In the case
of ceramic materials, carbide ceramics exhibit higher absorptance with the 1,06 um, while
oxide ceramics have higher absorptance for 10,6 ym wavelength. The highest absorptance
registered by the authors occurs for oxide ceramics, such as Al.Os, SiO2 and SnO, with an
absorptance higher than 95 %, using the CO, laser. The particle size of the powder used
can also affect the powder absorptivity as demonstrated by Zhang et al. [97]. The authors
found that increasing the particle size of tungsten powders from 5 um to 45 ym, decreased
the absorptivity from 60 % to 50 %. Comparing the three types of lasers regarding its
efficiency, it is possible to conclude that Yb-fiber lasers presents the highest efficiency at
the same time as it has the highest maintenance time. However, for the case of ceramic

materials, its use is limited to the poor absorptance in the 1,07 um wavelength.

Table 1.1ll: Most common types of lasers used in SLS and its characteristics. (adapt.

from [98])
Laser CO, Nd:YAG Yb-fiber
wav%f;er:s:Lo?um) 190’?6 1,06 1,07
Efficiency (%) 5-20 o d”e‘ppﬂ‘:n”;f’% o 10 - 30
it B i 1o
Pump source (:Ii_zllsecﬁgrcg?el Flashla:jriré%gr laser Laser diode
"prods (hy 2000 10000 (Diode pump) 25000

Another important parameter to control is the chamber temperature. In the case of semi
crystalline polymers, such as polyamide 12, the surface of the part bed should be heated
above the onset crystallization temperature (Tc) and under the onset melting temperature
(Tm) of the material. This range is called SLS window [99], represented in Figure 1.19. The
heating of the powder bed is responsible to avoid the curling effect, i.e., deformation defects
in the part, usually of polymers, during cooling. Thus, it is important to have a larger SLS
window in order to avoid defects promoted from the temperature gradient in the powder
bed. The heating temperature should be as closer as possible to the onset of melting

temperature, but if it is higher than the Tm all the powder will melt and it will be impossible
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to remove the printed part [99]. If the temperature is too close to the Tc, a premature
crystallization will occur leading to defective parts [99]. The feeding bed are also pre heated,
usually slightly lower temperature than the part bed, in order to avoid temperature gradients
between the new layer and the layers already sintered. The temperature gradients also
occur in the part bed area, where the maximum temperature is achieved in the center and

may decrease towards the part bed edges.

Differential Scanning Calorimetry

SLS Sintering
Window:

AT= (Tm'TC)onset

Metastable area

with two phases
Cooling

\ Tmcnset

Heating

[Specific Heat Flow [W/g]]

Tm

peak

Figure 1.19: Representation of SLS window, using Differential Scanning Calorimetry.

(adapted from [99])

There are two different approaches to use SLS to produce printed objects: direct and
indirect. Direct SLS is when the powder material is directly sintered by the laser beam. This
approach reduces production time and post processing steps. However, regarding the case
of ceramic materials, due to its high melting temperature, the difference in the temperatures
of the cross section being sintered and the adjacent layers and loose powder, leads to
residual stress and crack formation, poor surface finish and geometric irregularities
[100][101]. One way to avoid these issues is pre-heating the powder bed up to close of
sintering temperature, as demonstrated by Hagedorn and Wilkes [102][103] (Figure 1.21)
and repeated by Liu et al [104] with Yttria-stabilised Zirconia powders. One of the
disadvantages of preheating the ceramic powders is the thermal shock induce by the
deposition of the new layer with cold ceramic powders, as demonstrated by Hagedorn et al.
[102]. Also, commercial machines, usually prepared for polymers and metals, aren’t set for
those temperatures (> 1500 °C). Deckers et al. [105] used the direct SLS approach to

produce alumina parts. The authors heated the powder bed at 800 °C and with a low laser

38



Chapter 1 - Introduction and state of the art

power (2 W) were able to produce printed parts with 85 % of densification. Commercial
porcelain, with a mean particle size of 5 um, was also subject of study by Danezan et al.
[106] for direct SLS. The authors used different laser energy densities (E), proposed by

Nelson et al. [107], defined in the following equation,

[J/cm?] (Eq 1.1)

where P is the laser power, D is the laser beam diameter and V is the laser scanning speed,
finding that E should be comprised between 180 and 280 J/cm?, as higher energy densities
leads to the melt of the material and lower ones leads to no densification of the parts. The
authors reached a minimum of total porosity in the green porcelain bodies of 57 £ 5 %,
which was decreased to 45 + 5 %, after sintering at 1350 °C for 2 h, under vacuum
atmosphere. Tian et al. [95] assessed the effect of direct SLS process parameters of
commercial porcelain in shrinkage, bulk density and bending strength of the ceramic bodies.
For that, the authors used a Taguchi method approach defining three levels for each
process parameter: laser power (40, 50 and 60 W), scan speed (85, 100 and 150 mm/s)
and hatching space (0,3, 0,45 and 0,6 mm). The effect of the energy density (Eq. 1.1.) was
also assessed. The authors found that the volume shrinkage of the green ceramic body
increases with the decrease of laser power, the increase in laser scan and the increase in
the hatching space, varying between 30 and 40 % in all the cases. The bending strength
increases with the decrease of laser power, the increase in the scan speed and hatching
space, reaching a maximum of 24 MPa and a minimum of 16 MPa. Finally, the bulk density
reaches a minimum for the intermediate value of laser powder (50 W) and increases for
lower and higher values of laser power, varying between 2,01 and 2,08 g/cm?®. The bulk
density also increases with the increase in the scan speed and hatching space, varying
between 1,95 g/cm® and 2,11 g/cm?®. Concerning the energy density and the hatching space
and its influence in the temperature of the sintering zone (measured by a pyrometer directed
to the sintering zone), as illustrated in Figure 1.20, the authors found that delamination
occurs for temperatures < 1050 °C (low energy density and high hatching space) due to
inadequate sintering and cracks formation are observed for sintering temperatures
> 1400 °C (high energy density and low hatching space). The optimal range of temperatures
for defect free parts is compressed between 1050 °C and 1400 °C. As conclusion, the group
found that ceramic bodies produced using 50 W, 85 mm/s and 0,6 mm of laser power, laser

scan speed and hatching space, respectively, reached the best results.
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Figure 1.20: Influence of energy density and hatching space in the temperature of the

sintering zone, in SLS of commercial porcelain [95].

In this sense, the indirect SLS appears as an option for ceramic materials. In this approach,
a sacrificial binder, usually polymeric material, is mixed with ceramic powder. This binder
will be the material to be sintered, instead of the ceramic powder. This approach uses lower
working temperatures than the direct one, improving the surface finish of printed parts, avoid
crack and thermal stress formation and better dimensional control. However, the green
parts have higher porosity and post processing steps are needed in order to remove the
binder and improve density of printed parts. Post processing steps, such as infiltration and
isostatic pressing, are also required in order to improve density of printed parts. The indirect
SLS approach will be discussed in detail in the section dedicated to the in-bed binders for
SLS (section 1.5)
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Figure 1.21: Effect in the microstructure of preheating of powder bed. [103]

Summarizing, the chamber temperature and the laser characteristics have an important
impact in the SLS of ceramics. The direct approach may lead to thermal stresses, due to
thermal gradients and, as consequence, crack formation in the ceramic body, as opposed
to the indirect SLS via, in which a sacrificial in-bed binder is used, but post conformation

steps are required to remove the binder and reach full densification of the ceramic body.

1.3. Powders for AM

Powders for AM techniques have some requirements regarding properties such as particle
size, particle size distribution, morphology and flowability. These are the properties
described in the literature as the ones with higher influence, whether in the process itself
and in the properties of green and final parts, such as porosity, density, mechanical behavior
and dimensional stability. The concept of printability of powders for AM has been used in

the literature with different definitions. Mukherjee et al. [108] defined the printability of
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metallic alloys as the ability of powders to avoid distortions, compositional changes and lack
of fusion defects during the printing process, while Butscher et al. [109] defined the
printability of g-tricalcium phosphate powders as the essential powder characteristics for
binder jet printing, such as reactivity, flowability and wettability. In addition, depending on
the AM technique used, other powder characteristics may influence the properties of the
printed parts as well. For instance the wettability by the liquid binder of the powder in BJP,
or the absorptance of the powder material in different wavelengths of the lase, in the case
of SLS. In this section, we focus on the characteristics of powders for powder bed AM

processes.

1.3.1. Particle size, particle size distribution and morphology

The particle size and particle size distribution (PSD) influences the flowability of powders,
and as consequence the packing of powders in the powder bed. This effect as
repercussions in the density of the printed part and printing resolution. Sun et al. [110]
studied the effect of the particle size gradation in the density and bending strength of parts
printed with glass-ceramic powders. The authors found that a mixture of 80 wt.% of coarse
particles and 20 wt.% of fine particles was the one where the tapped density reached the
maximum. However, a powder mixture of 60 wt.% of particles with 45 — 100 um and 40 wt.%
of particles with 0 — 25 um has good density (1,60 g/cm?®) and satisfactory bending strength
for biomedical applications. Another conclusion in this work, regarding the particle size, is
that a fine powder, in this case 100 wt.% of 0 — 25 um, which has a bad flowability,
jeopardizes homogenous layers in the BJP process, leading to a harder process and shifting

of printed layers, as shown in Figure 1.22, due to roller action.
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Figure 1.22: Example of layers shifting in a print with fine glass-ceramic powders. [110]

Butscher et al. [109] reported a complete study on the printability of calcium phosphate
scaffolds in BJP. For that, the authors used six calcium phosphate powders with different
particles sizes, ranging from the small sized powder with D90 of 14 um to the coarse one
with D90 of 75 um. The first observation was that a peak in the density of the deposited
powder occurred for an intermedium particle size (D90 of 39 um). With fine particles the
flowability is jeopardize due to inter particle forces, while for coarse particles, although they
have better flowability, the void space between particles will increase and the powder bed
density decreases. Regarding the printability, i.e., the ability to produce defect free parts,
both fine and coarse powders lead to defective parts, as the intermediate particle size
(D90 = 54 um) lead to better printability. Zhou et al. [111] studied the printability of calcium
phosphate powders in BJP, by using mixtures of powders with different particle size and
PSD. The authors found that the use of coarse particles (D90 = 94 um) leads to a higher
powder packing in the powder bed (38 %) than with powders with fine particles (D90 = 3,5
um) with a powder bed packing of 25 %. The authors also found that the use of fine particles
jeopardizes the drop penetration time, increasing from 0,75 s with coarse particles up to
4,80 s with fine particles. Finally, the authors also found that the use of fine particles
decreases the wettability of the powder by the liquid binder, decreasing from 1,05 % of
wettability for coarse particles to 0,45 % for fine particles. PSD of lithium alumino-silicate
powders for BJP was also studied by Zocca et al. [93], founding that printed parts with larger
PSD (D90 = 368 um) could be used with wider range of parameters, due to its better
flowability, although parts printed with finer particles (D90 = 157 um) would allow better
dimensional precision and higher green density. Miyanaji et al. [112] used two metallic
powders to study the wettability of the powder bed by the liquid binder: a 420 SS powder

with a monomodal distribution peaking at 35 um and a Ti-6Al-4V powder with bimodal
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distribution peaking at 6 um and 32 um. The differences of the PSD have an impact in the
packing density of the powder bed, reaching 55 % for the 420 SS powder and 66 % for the
Ti-6Al-4V one. In addition, the 420 SS powder has a contact angle with the liquid binder
drop of 25 °, while the Ti-6Al-4V powder has 40 °, which leads to higher saturation of the
powder bed by the 420 SS powders.

The morphology of particles is also important in powder bed AM techniques influencing the
powder flowability, the powder packing in the bed, the density of the printed and the contact
between particles. The shape from commercial powders for BJP have been improved
regarding the morphology. While the morphology of particles will depend in the type, brand
and model of the printer, due to the powder feeding system, the particle size will be similar
for all the powders. Miyajima et al. [113], in a study using 25 different powders of glass,
mullite and silica with different shapes, sizes and densities. In this broad study, the authors
conclude that spherical particles improve either the flowability of the powder and, as
consequence, the compaction in the powder bed. In the study of Suwanprateeb et al. [114],
the group used two different powders of hydroxyapatite: spray dried (spherical) and milled
(irregular). The group found that the spray dried powder had better tap density, however the
parts produced with milled powder showed a 32 % higher densification after sintering.
Irregular shaped particles have worse flowability but provides higher green mechanical
strength to the part due to higher inter particle contact area than the spherical ones. The
use of spherical particles increases the flowability and the powder bed density, however,

these particles leads to green parts with lower green strength.

The particle size distribution is one of the parameters that influences the most the green
density of parts, and as consequence, the final density. In this sense, it is common to use
a bimodal particle size distribution in order to reach higher densities due to better packing
in the powder bed. Finer PSDs leads to an increase in the density; however these powders
have more reactivity promoting agglomeration, leading to heterogeneous powder
distribution in the printing bed. Coarser PSDs increase the flowability of the powder and
leads to homogenous parts, however, the density of these parts decreases, when compared
with finer powders. In the case of morphology, the spherical shape is preferred to reach

better flowability, however, it hinders the mechanical strength of the green parts.
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1.3.2. Hausner ratio and flowability

The flowability of powders is the property of powders to flow under certain circumstances
[115], such as humidity, flowing area and temperature, among others. But also depends in
the characteristics of powders such as morphology and particle size distribution. Several
techniques are used to characterize the flowability of powders. One of them, the Hausner

Ratio, is one of the most used in characterization of powders for AM.

Hausner ratio (HR), named by Grey and Beddow [116] gives information regarding the

flowability and packing of powders [117] and it is defined as the following equation (Eq. 1.2),

HR = —ltapped (Eq. 1.2)

Pfree settled

where piapped is the density of the powder after tapping and pree settiea is the density of the
powder after being freely settled in the bed. By this equation, as HR closer to 1 as better

flowability a powder has.

As a matter of fact, this coefficient is being used for AM techniques, in order to evaluate the
flowability of powders for AM. Abdullah et al. [118] used fluid cracking catalyst and aluminum
trihydroxide fire retardant filler to produce different powder mixtures. The authors showed
that a powder with HR < 1,25 has good flowability and a powder with HR > 1,40 has bad
flowability. Butscher et al. [109] found promising results for calcium phosphate powders with
a HR, called compaction rate in this work, between 1,30 and 1,40, using powders with
different PSD. In the same work, the authors conclude that the use of plasma treatment in
the surface of the particles may improve the flowability of powders. Zocca et al. [119] also
used HR to evaluate the flowability of powders, finding, in accordance with previous work,
that coarser powders (63 — 125 pym) have better flowability than fine powders (17 um).
Moghadasi et al. [120] assessed the effect of the particle size on the feedstock powder
characteristics and the properties of the final parts. For that, the authors used the
commercial ceramic powder TP80 (Microjet Technologies Co.), with a composition of 50 %
quartz, 25 % of potassium feldspar and 25 % of kaolinite, sieved with three different particle
size ranges: < 53 ym (fine), 53 - 90 ym (medium) and 90 - 150 ym (coarse), and printed
using a water based commercial liquid binder (TB-31 N). The main results regarding the HR
highlights the decrease of HR from 2,7 to 1,3 with the increase in the particle size from fine

to coarse, supporting that coarser powders have higher flowability than the fine ones. In
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addition, the bulk density of printed and sintered parts at a maximum temperature of
1250 °C for 30 min, exhibits a maximum for the medium particle size. The authors attribute
the decrease in the bulk density for fine particles to the worse flowability of the powders and
for coarse particles due to the decrease in the sinterability of coarse powders, i.e.,
appearance of larger porous between the ceramic particles, even though the flowability of
coarse powders is higher than for medium and fine ones. In conclusion, the authors relate
the particle size of the ceramic powders with the bulk density by firstly increase from fine to
medium particle size powders, due to improvement in the flowability of the feedstock, and
then decreasing from medium to coarse particles due to the reduction in the sinterability of
the powders. The flowability of the powders 316L powders in SLM was studied by Chen et
al. [121] by numerical modelling and experimental validation. The authors found that Van
der Waals forces rise for particles with a radius < 21, 8 ym, jeopardizing the flowability of
the powder. Finally, moisture and humidity can affect the flowability of the powders in two
opposite ways: decrease the flowability by creating bridges between particles or acting as
lubricant, reducing the inter-particle forces and improving the flowability [122][123]. The
binder jet printing of porcelain powders studies found in the literature, typically refer to dental
porcelain such as in the works of Miyanaiji et al. [94][124] and Zhang et al. [125]. The three
works focused on the BJP process parameters such as liquid binder amount, drying time,
powder amount and powder spread speed, and the sintering schedule of the printed parts.
One of the main information in the three works concerns in the fact that the use of irregular
shaped particles jeopardizes the spread of powder and fumed silica is used in order to

improve the spread of powder.

Although the HR is an important measurement to understand the flowability of a powder, in
our opinion is not enough to characterize the packing of the powders. The reason is that
coarse powders have usually low HR, which means it has better flowability. However, in this
case more void space will be formed between the particles decreasing the sinterability of
the powders and, as consequence, the density of the final parts. On the other hand, fine
particles have usually worse HR, translating in poor flowability, but may reach higher density
in the powder bed by reducing the void space between particles and improving the packing.
In this sense, the value of free settled density (pree settiea) iS also an important characteristic
to assess, once prree seted Of @ powder is closest to the density of the powder in the powder
bed. The powder characteristics effect in the printability of the feedstock is not addressed
and in the case of industrial porcelain powders for tableware parts production there is a lack

of reported works in the literature under our scope.
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1.3.3. Reuse of powders

From the industrial point of view, the reuse of exceeding powders from powder bed AM
technologies is crucial for its implementation at industrial scale, as it decreases the cost of
the process and maximizes the material use in these technologies. According to Bourell et
al. [126] only 10 to 20 % of the powder is used in the part and the recycling of powder is
common in SLS after the depowdering of parts and overflow chambers and the recovery of
these powders. Kruth et al. [127] reports that mixing the polyamide reused powder with new
powder in a ratio of 30/70 % decreases the surface of the parts have higher roughness for
parts processed in SLS. Also, the thermal degradation of the material and the increase of
melt flow index (MFI) leads to worse mechanical properties. Shahzad et al. [128], even
without studying it, refers that the non-melted powder (zirconia with polypropylene as
binder) was sieved and reused in indirect SLS in order to reduce the impact of agglomerates

formed during SLS process.

The use of powders in powder bed technologies rise challenges in the powder segregation
and the homogeneity of particle size through the process, especially in powder feedstocks
with broad range of particle size. The segregation of powders occurs in several steps of the
processing and affects the PSD in each layer of the printing process, and as consequence,
the printed parts may have different characteristics in its different sections. According to
Mostafaei et al. [129] in a recent review paper, the most common segregation mechanisms
in powder bed AM processes are: trajectory segregation, where the segregation occurs
when the particles are in movement and body forces and air drag act in the particles and
predominantly body forces act in coarse particles and air drag act in fine particles, leading
to different trajectories of the particles; sieving segregation, where the fine particles of the
feedstock move downwards in the void space between large particles due gravity forces;
percolation segregation, where the fine particles move in the void space between stationary
large particles, and comparing to sieving segregation, which occurs mainly during printing
process, the percolation segregation occurs when the feedstock is stored; push-away
segregation, where heavier particles push lighter ones aside due to gravitational forces and
is especially important in feedstock mixtures of powders with different densities (for
instance, in feedstock for powder bed AM technologies with in-bed binders); and finally
agglomeration, which occurs especially for fine particles which have inter particles forces
leading to agglomeration [130][131]. Material related factors, such as particle size and

shape, particle size distribution and material density, operational factors such as powder
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feeding system and spread of layer, and handling and feeding the feedstock to the 3D
printer, are some of the most important factors for powder segregation [129][131]. One
example reported in the literature by Strondl et al. [132], where the authors study the reuse
of a nickel alloy powder, founding that in the case of SLS, properties are almost comparable
with parts printed with new powder. However, an increase in the flowability of the powders
was observed, in accordance with the decrease of finer particles, due to powder
manipulation. This difference leads to a slightly higher porosity in the printed parts. Although
this work was done with metallic powders, the same behavior is expected in the case of

polymers and ceramics, since it is a common appearance during powder manipulation.

As conclusion, even if the reused powders can affect the properties of printed parts,
especially in SLS which requires the use of temperature for the process, however this can
be controlled with the addition of virgin powder. At an industrial scale, the powder
manipulation, such as handling, feeding the 3D printer and storage, is expected to have a
higher effect in the properties of printed parts due to its effect in the PSD of the feedstock,
and the processing features both in SLS and BJP, which may lead to powder segregation

during the process.

1.4. Binder selection

As discussed previously, the use of powder bed AM technologies can be used in an indirect
way, where in-bed binders are used as sacrificial binders, forming a binder skeleton to bond
the ceramic particles in order to provide enough mechanical resistance to the green printed
parts for handling in post conformation processing. Usually, the in-bed binder is then
removed. This approach is especially important for materials for which particles are not
bonded by the deposition of the liquid binder, in the case of BJP, or by the laser, in the case
of SLS.

In BJP process two different agents are used to bond ceramic particles in the powder bed
using this approach: the liquid binder deposited by the printhead and the in-bed binder
mixed with ceramic powder. As the most common liquid binders are water-based, one of
the requirements for the in-bed binder is to be water soluble. In the case of SLS the binder
must sinter or melt when interact with the laser beam and has absorptance in the

wavelength of the laser type used, as discussed previously.
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In the case of the in-bed binder two main approaches are reported in the literature for both
BJP and SLS technologies: (1) composite form, where dry binder powder mixed with the
ceramic powder and (2) coating form, where the binder is used as coating for the ceramic
particles [133]. In our work, we aim at in-bed binders that can be removed thermally, without
leaving any residue, and which can provide enough mechanical resistance to green printed
parts for further handling. In addition, from the industrial point of view, an in-bed binder that
can be used in powder form and dry mixed with the ceramic powder is preferable over the

use of in-bed binder as coatings, due to its easier application at industrial scale.

In this section we present and discuss the use of different types of in-bed binders for BJP

and SLS processes.

1.4.1. Binders in Binder Jet Printing

The core process of BJP is the use of binders to effectively bind the powders. Consequently,
the success of rendering a 3D object by BJP depends not only on the printing process, but
also on the ideal formulation of the feedstock and binder. Both the physical and chemical
properties of binders have a substantial effect on the quality of the ceramic printed parts
[133]. Feedstock and binders together with the process details for printing and post-
processing, all play a major role in defining the mechanical response of the printed parts.
The ideal feedstock depends directly on the interaction between the binder jet and powder
particles; turning the effective selection of the binder system and binding method the key to

the accomplishment.

There are different ways for choosing an appropriate binder, being the most common the
binding location. The binding location can be divide into two different methods: in-liquid
binding and in-bed binding [134]. The in-liquid binding uses only liquid binder that contains
all the necessary components for binding the powders. However, its use with solutions
containing several chemicals may lead to clog printheads and being chemically aggressive
to the feeding system. The in-bed binding uses typically a solid binder mixed with the
powder to be printed, which interacts with a liquid binder to promote the bond of particles

and provides enough mechanical strength to the green part [133] [134].

Liquid binders are dispensed during the printing process as the powder bed is formed and

as described above. There are two different types of liquid binders: i) trigger powder reactive
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and ii) self-adhesive, classified according to the way that they interact to the powder and
provide mechanical strength [133]. The interaction between the powder to be printed and
the liquid binder needs to be optimal, i.e., the liquid must interact with and bind the powder
to reach a successful printing. Accordingly, the most relevant parameters of liquid binders
include: the viscosity and surface tension [135]. If the viscosity is too high the ability to
spread is delayed and even jeopardized; while if it is too low the stability of the powder bed
becomes questionable. If the surface tension is too high, the liquid binder does not wet the
powder surface an acceptable system is not formed jeopardizing the printing, albeit both
individually, powder and binder, fulfill the requirements to be printed. The liquid binder
should spread ideally over the powder, not absorbing too much and resulting in a rough
surface texture. The interactions between powders and liquid binders, as formation
mechanism of binder droplets and droplet-infiliration kinetics, have been frequently
addressed in the literature and comprehensive reviews of the binding methods and
formulation can be found in references [133] and [134]. The use of self-adhesive of liquid
binders has been reported with organic liquid binders that harden after UV or heat curing
for materials systems such as lithium alumino-silicate (LAS) [93], alumina [136], aluminum
nitride (AIN) [137] and tungsten carbide (WC) [138]. In recent developments, ceramic
suspensions were used as liquid binders and in this way increasing the relative density of
the printed parts, even after sintering and reducing the linear shrinkage [139]. In this work,
Zhao et al. [139] prepared a nanozirconia suspension of 20 wt.% of zirconia nanoparticles

in ethyl alcohol and Polyvinylpyrrolidone (PVP) medium and produced CaO parts by BJP.

On the contrary, solid binders or in-bed binders, are added to (mixed with) the powder to be
printed during the feedstock preparation. An ideal in-bed binder should interact with the
liquid binder used in the printing, dissolving and penetrating the powder bed. The in-bed
binder must provide enough mechanical strength to the green part in order to be
manipulated when being removed from the powder bed and in post-conformation steps as
well. In addition, ideally the binder should be able to be removed thermally without leaving
residues [134]. There are two main types of in-bed binders [133]: in composite form and in
coating form. The first type, designated as in-bed binder pre-mixing, implies that the solid
binder particles are mixed with ceramic powders. The powder feedstocks become a mixture
of ceramic powders and solid (in-bed) binder particles [140][141][142]. The second type,
designated as the binder pre-coating, involves the dispersion of ceramic powders and solid
binder particles in water, followed by spray-drying [143] or drying, milling and sieving [144]-

[147]. Ceramic powders with a surface coated with solid binder can then be obtained. Once
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the liquid binder is deposited, a binding reaction between the solid binder and the ceramic
powders is triggered, strengthening the green body. Comparatively, the latter type (coating
form) may be more expensive and difficult to implement at an industrial scale, raising the
interest in the use of the in-bed binders by dry mixing of powders. Indeed, while for
commercial powders for BJP, usually plaster based ones, the liquid binder is enough to give
mechanical resistance to the green printed parts, for the majority of ceramic materials extra
binding action might be needed to provide enough mechanical strength to the as-printed
part to be handled in the post conformation processes [133]. On the other hand, if a common
commercial printer is to be used to print ceramic feedstocks using only water based liquid
binders, this may require the modification of the liquid binder feeding system of the printer
(tubes and printheads), as Inzana et al. [148] reported for the use of acidic binder solutions,
or even the binder system itself. In this context, the use of an in-bed binder, which reacts
with the water based liquid binder to better bond the ceramic particles, providing the needed
mechanical behavior for the green parts, is currently the most used approach for binder jet

printing of ceramic powders, especially for industrial scale applications.

Usually, and more related with the sustainability of the industrial processes, commercial
liquid binders are water-based; furthermore, water-soluble binders have been the most used
in BJP of technical ceramics. To be considered as well is that the use of an in-bed binder
requires its removal, which leads to porosity creation in the final parts. While this is quite
suitable for applications as in biomaterials [149][150], or applications such as cooling
systems, filtration or refractory applications [151], for which porosity is a key parameter, in
the case of dense ceramics, as tableware, porosity is a limiting parameter. How the removal
of the in-bed binder affects the properties of printed porcelain is for example currently not

known.

Several studies have been conducted to optimize BJP of ceramic powders, to get best
strength and optimized performance for the printed parts. In this sense several in-bed
binders and liquid binders combinations and in-liquid binders were used in the BJP of
different ceramic systems, as presented in Table 1.1V. This is the case of dextrin, used by
Fu et al. [140] to print SiSiC lattice structures by binder jet printing. A fraction of 18 vol.% in
the dry powder blend of Si/SiC/dextrin composites was used and printed with water-based
liquid binder and to produce as-printed parts with 55-60 % of porosity and the whole binder
was eliminated. Melcher et al. [145] used dextrin as in-bed binder with alumina powders. In

this case the dextrin was used as coating for the alumina powders with 6 wt.%, and then
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printed using a layer thickness of 100 um and a binder saturation of 200 %. Although the
green density of the printed parts is not disclosed, the authors were able to reach 64 % of
densification, after sintering at 1600 °C for 4 h. Maltodextrin is usually employed as a pre
coating of ceramic particles; as an example maltodextrin coated hydroxyapatite (HA) exhibit
50-60 % of porosity [114] in the printed parts and 60-65 % of density after sintering
[114][143]. Maltodextrin was also used as solid in-bed binder for BJP of porcelain [152],
using a fraction of 16,7 wt.%, with the addition of sugar powder also in 16,7 wt.%, mixed in
66,7 wt.% of dry clay powder. The ceramics were sintered at 1316 °C for 2 h, producing
sintered ceramics with a minimum of porosity of 58 %. In addition, maltodextrin was also
used as solid in-bed binder by Suwanprateeb et al. [153]. The authors found that changing
the mixtures of polystyrene, as main material, and maltodextrin, as solid in-bed binder, is
possible to control the porous structure of printed parts, for example, designing a
macroporous feature changing the particle size of polystyrene and maltodextrin,
composition of the mixture and processing temperature. Polyvinyl Alcohol (PVA) was also
reported as in-bed binder for binder jet printing of HA powders [154] with average particle
size of 3.5+ 0.4 um and 70.9 + 12.7 for PVA and HA powders, respectively. In this case,
only mixtures with 50 wt.% of PVA were mechanically suitable for post conformation steps,
producing sintered printed parts with a total porosity of ~55 %. PVA was used as in-bed
binder for BJP of spray dried alumina powders, in 10 wt.% amount, using a mixture of water
and alcohol as liquid binder, as well [155]. Printed green parts with relative density 20-25 %
and sintered parts with relative density of 35-40 % were achieved [155]. Basalah et al. [156]
used PVA as in-bed binder, mixed with titanium powders in 3, 5 and 10 wt.% ratios. The
authors used a jar milling to produce the powder formulations reaching a minimum of
porosity of 31 %. The same organic binder was used by Shanjani et al. [157] with CaP
powders. In this study both powders were mixed trough jar milling process and tested with
commercial liquid binder ZB58 (ZCorporation, USA), a water based binder. The authors
found that parts produced by BJP will have better mechanical properties, when compared
with the conventional route to fabricate porous structures of CaP. Sodium alginate, a water-
soluble organic, was used in ink-jet printing of alumina slurries providing good mechanical
resistance to the green parts even used in small amount (0,3 wt.%) [158]. Cellulose-based
in-bed binders have also been used for BJP of calcium phosphate (CaP) based materials,

as reported by Vorndran et al. [149].
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Table 1.1V: Classification of binders for BJP and the most typical in-bed binders and liquid

binders currently in use. (adapted from [133])

Binders Additives System Obs.
Methanol, TiC-TiO2 [141][142]
Ethanol, Porcelain [152]
Polyethylene CaP-based
glycol, 92][114][143][149][154][159
Water based Glycerol, 921l ][SiSig)[ [14g] 9]
Glycerin, .
Citric Acid, Al,O3 [145][146][155] Trigger
Polyvinyl TiC [144] powder
Alcohol HA-Bioactive Glass [147] reactive
Liquid Phosphoric Isopropancl CaP-based [109][148][149]
binders acid prop B-TCP-Bioactive Glass [150]
Citric acid CaP-based [149]
LAS [93]
. Al203[136]
Commercial AIN [137] Set
WC[138] adhesive
Nanoparticle | Polyvinylpyrr CaO [139]
suspension olidone
. Al2O3 [155]
Polyvinyl alcohol (PVA) CaP-based [92][154][157]
TiC-TiO2 [141][142] .

. Porcelain [152] Requires
bﬁ%‘(‘;’rs CaP-based [114][143][159] thgf‘fe
(in-bed) Dextrin / Maltodextrin SiSiC [140] liquid

TiC [144] binder
AlL,O3 [145][146]
HA-Bioactive Glass [147]
Cellulose-based CaP-based [149]

In spite the interactions between powders and liquid binders are thoroughly described in the
literature [133][134], the same in not valid for the systematic information on the role of in-bed
binders. In addition, although recently, several reports have demonstrated the potential of

BJP for AM of ceramics using solid in-bed binders, nearly all of these reports are related
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with technical ceramics and almost none with traditional ceramics with added value, as the

porcelain and possible industrialization.

1.4.2. Binders in Selective Laser Sintering

As described previously, the use of in-bed binders for SLS of ceramics allows the indirect
SLS approach, where a sacrificial binder is used during SLS process and removed from the
ceramic body in post-conformation steps. In this way, thermal gradients in the printed part
and defects formed based on them may be avoided. In Table 1.V the most used in-bed
binders and the ceramic materials used are presented. An overall overview highlights the

use of organic materials, such as thermosets and thermoplastic organic materials.

A complete study in the indirect SLS of ceramics was reported by Deckers et al. [160],
where the authors discuss the use of different in-bed binders for SLS of alumina parts, such
as polyamide (PA), polystyrene (PS), polypropylene (PP) and wax, and different ways to
produce the feedstock, such as ball milling, dispersion polymerization and thermally induced
phase separation (TIPS). The authors found that the powder deposition during SLS, was
classified as excellent for the TIPS produced powders, while the feedstock produced by
dispersion polymerization was good and for the ball milling feedstock it was poor due to the
irregular shaped agglomerates. Concerning the relative density of the green bodies, as
consequence of poor powder deposition, the ball milled powders only reached 37 %, while
a maximum of 66 % was reached for dispersion polymerization powders and TIPS powders.
Comparing the different binders, the feedstock prepared using PA lead to green parts with
55 % of relative density, while a minimum of 51 % was observed with PP as binder and a
maximum of 66 % was reached using wax as binder. After solid state sintering the parts
produced with ball milled feedstock exhibit a relative density varying between 83 - 93 %,
while for the other processes the relative density varied between 48 - 83 %. As conclusion,
the feedstocks using PA as in-bed binder reached higher relative densities than the ones
with PP, PS and Wax. Bai et al. [161] used PMMA/wax as binder for Al,O3/ZrO./TiC
powders. The authors mixed the ceramic powders with the liquid binder, followed by dry
and crush, until reach powder with 56 ym maximal particle size. Mechanical properties
comparable to parts produced by conventional methods were obtained. Using ceramic
particles coated with polymeric binder was also studied by Shahzad et al. [162]. The authors
used high pure alumina and coated it with PA 12 (DuraForm PA, 3D Systems, USA) and

used the phase inversion technique to produce microspheres of alumina coated with 50 and
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60 vol.% of PA. The results showed a maximum relative density of 50% after sintering, due
to the intersphere space formed during SLS process. Another interesting result was the
higher green and sintered density of parts produced with lower content of ceramic powders
when compared with the feedstock with higher amount. The group conclude that, despite
the fact of the other formulation has 10 vol.% more of ceramics, the plastic flow of the binder
during SLS, increase the interparticle contact area, leading to higher density in parts. A
similar experiment using polypropylene [163] instead of polyamide was also reported. In
this study the authors reached only 34 % of densification, however, after some post
processing steps, 89 % of densification was reached. Cardon et al. [164] also used alumina
powders for indirect SLS. In this work, polystyrene was used as coating (30 and 39 wt.%)
on the ceramic particles, trough dispersion polymerization, showing that is suitable for
indirect SLS. Another technique used to coat particles for indirect SLS is chemical vapor
deposition (CVD) [165], which Davydova et al. used to coat B4C particles with a 2 ym layer
of cobalt. The result is a metallic matrix with ceramic particles inclusions. However, due to
the high porosity (37 %), the printed parts were not suitable for the targeted application of
the group: cutting tools. From the point of view of industry, a ball milling process to produce
feedstock is more economically viable than producing ceramic particles coated with the
binder, as previously discussed. This process was used by Deckers et al. [166] to produce
alumina powders feedstock with polyamide as binder (22 wt.%) reaching 85 — 92 % of

relative density.
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Table 1.V: Classification and the most used in-bed binders for SLS of ceramics. (adapt.
from [167])

Binder System
HBO, AlLO3[1 68].
Inorganic Al>O3 glass-ceramic [169]
Cobalt B4C [165]
Acid Stearic acid ZrB»>[170]
Wax Carnauba wax Al203[160][171]
Phenolic resin SiC [172]
Thermoset
Epoxy resin Porcelain [173]
Polyamide (PA) Al,O3[162][166][174][160]

Organic

Polypropylene (PP) V205-2102[128]

Al,O3[163][160]
Thermoplast Polystyrene (PS) Al,O3[164][175][160]
Al,O3[176]
PMMA Al,O3-TiC—-ZrO, [161]
Acrylic Apatite-mullite glass-ceramic [177]

Summarizing, the use of organic in-bed binders, especially in the thermoplastic class is a
viable option to produce ceramic parts through indirect SLS. However, reaching full
densification is not reported in the literature and often post-conformation processing is

required to improve relative density of the ceramic bodies.

1.5. Post-conformation processing

Due to the nature of powder bed AM techniques, the green parts produced through these
techniques have high porosity. In some cases, as materials for bioapplications, this
remaining porosity is an advantage, but for the general ceramic materials, applications
require high densification. Furthermore, post-conformation processing is required in order
to reach near full or full densification in printed parts. A variety of processes are reported in

literature as enhancement for the relative density of ceramic printed parts by BJP and SLS,

56



Chapter 1 - Introduction and state of the art

as exhibited in Table 1.VI. A general overview of the table highlights that furnace sintering,
i.e., thermal processing, is the most one used, as it is also used in ceramic parts produced
through conventional routes. Although the furnace sintering can be the only post
conformation processing step [143] or in combination with a debinding step [92][110][162],

it is often used in combination with processes as isostatic pressing and infiltration.

Both in BJP and SLS, the use of binder is a limitation regarding reaching the maximum
density of ceramic parts. Furthermore, a complete removal of binder during debinding is a
crucial step in the processing of AM parts. In this sense, thermal processing is the most
common way for binder removal and densification of the ceramic body. Shahzad et al. [162]
showed that a lower heating rate (0,1 °C/min) during debinding process is better to reach
fully removal of binder and avoid crack and distortions in printed parts by SLS, using alumina
powders with polyamide as in-bed binder. Sun et al. [110] produced glass ceramic parts by
BJP and performed a thermal cycle comprising a debinding stage from room temperature
up to 400 °C with a heating rate of 5 °C/min, followed by a heating rate of 10 °C/min up to
720 °C with a dwell time of 1 h and a final heating up to 1050 °C, with a heating rate of
15 °C/min and a dwell time of 1 h. The authors were able to produce parts with a minimum

of 47 % of porosity.
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Table 1.VI: Materials, binders and post conformation steps of ceramic parts produced

through powder bed AM techniques, with highlight for the main results concerning

porosity.
P ity (%
Material Binder Technique POSt. oros! y.( ) Ref.
processing | Green | Sintered
Calcium
Polyphos PVA BJP DEB, FS n.d. 35 [92]
(n.d.)
phate
Glass- Commercial BJP FS nd. 47 [110]
ceramic
SiC/Si Commercial BJP Pl, DEB, LSI n.d. 0,5 [140]
Hydroxya .
. Maltodextrin BJP FS n.d. 65 [143]
-patite
TisSiC2 Dextrin BJP FS, LSI n.d. 2,4 [144]
Al2O3 Polyvinyl Alcohol BJP DEB, VI, FS 63 14 [155]
Al2O3 n.d. BJP FS 73 45 [178]
PI, WIP,
ZrO2 Polypropylene SLS DEB, FS 64 8 [128]
Al2O3 Polyamide SLS DEB, FS 45 50 [162]
PI, WIP,
Al203 Polypropylene SLS DEB, FS 66 11 [163]
Al2O3 Polyamide SLS CIPi:gEB’ 76 59 [166]
K20- .
Al205- Epoxy resin SLS CIP, DEB, 63 n.d. [173]
. E-12 FS
SiO2
, DEB, FS,
Al203 Polyamide SLS PI. PLI, WIP n.d. 29 [174]
A0s | T VA*Epoxy sLsS CIP.DEB, | g6 8 [179]
resin FS

Note: DEB — Debinding; FS — Furnace Sintering; Pl — Pressure Infiltration; PLI — Pressureless
Infiltration; VI — Vacuum Infiltration; WIP — Warm Isostatic Pressing; CIP — Cold Isostatic

Pressing; LSI - Liquid Silicon Infiltration; n.d. — non-defined
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Deckers et al. [174] reported a complete study in post conformation processing to improve
the density of alumina parts produced by SLS. The authors used a debinding cycle with
0,1 °C/min, with a dwell of 2 h at 600 °C. However, the authors found later the need of
another thermal cycle (5 °C/min, 2 h, 1050 °C) in order to reach enough strength of the part
to be able of post processing steps. The authors also used WIP (Warm Isostatic Pressing),
which is similar to CIP (Cold Isostatic Pressing) but temperature is applied at the same time
as pressure is. In this case, the temperature used is 110 °C, which is above the Tg of the
in-bed binder used (polyamide). The main advantage found by the authors using WIP over
CIP, is that with the temperature, the polymer fraction increases its ductility and promotes
the elimination of porosity between the particles. The authors found an increase in the
relative density of the final sintered parts from 48 % (without any processing) to 64 %.
Finally, the authors studied the process of pressureless infiltration, using a submicrometric
alumina dispersed in ethanol in green parts and after the debinding step, concluding that
the infiltration performed in the green parts reduce the shrinkage during furnace sintering
but do not increase the density of the final parts, while the infiltration performed after the
debinding step does not reduce the shrinkage of the part but increase the density of the

final part without crack formation.

Isostatic pressing was also used as cold isostatic pressing (CIP) [166], hot isostatic pressing
(HIP) and as combination with infiltration. As a matter of fact, Shahzad et al. [163] studied
pressure infiltration (P1), warm isostatic pressing (WIP) and WIP/PI combination as different
routes after SLS process with alumina powders. The results show a 53% densification of
pressure infiltrated parts and 93% for warm isostatically pressed parts, as green density.
After sintering, parts present 64 and 89% of densification for Pl and WIP, respectively. Liu
et al. [179] reached 92 % of densification after CIP and sintering, of Al2O3 and resin epoxy

composite parts produced by SLS.

Maleksaeedi et al. [155] used vacuum infiltration in 3D printed alumina parts. The authors
reached an increase from 37 to 86 % of densification after sintering, using a slurry with
50 vol. % of infiltrant solid loading. They also conclude that slurries with higher content of
solid (> 40 vol. %) will lead to an incomplete infiltration, while with slurries with lower content
of solids, the infiltration is complete, but the densification behavior is not as good as for
parts impregnated with slurries with higher amount of solids content. The mechanical
behavior was studied as well, with an increase up to 15 times for slurries with lower content

of solids (< 40 vol. %). In the work of Nan et al. [144] TizSiC>-based ceramics were produced
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by BJP and liquid silicon infiltration (LSI). The authors were able to reach 2,4 % of open
porosity after infiltration at 1700 °C. The results also show an increase of more than
240 MPa in the bending strength, after infiltration. Preceramic materials were also used in
infiltration of printed parts. Fu et al. [140] used polymethylphenylhydrogensilsesquioxane, a
preceramic resin, as infiltrant agent in SiSiC structures. Combined with infiltration with liquid

silicon, the group was able to reach a dense microstructure with 70 vol.% of Si.

Higher retractions after sintering of printed parts is one of the limitations of parts produced
through powder bed AM techniques. It is even more crucial in a product driven company as
Porcelanas da Costa Verde, where all the product designs are made. Deckers et al. [174]
found that infiltration of green parts can reduce the linear shrinkage from 29-30 % to
24-25 %. The retraction is also high after isostatic pressing, as shown by Liu et al. [173]
reaching a 57 % shrinkage in glass-ceramic for dental applications. The fact that the parts
are produced in a layer-by-layer process, usually leads to anisotropic shrinkage of the parts.
This fact was observed by Shanjani et al. [92] using calcium phosphate powders in 3D
printing. The group observed higher shrinkage (17 %) in the directions parallel to the layers
and 12 % in directions perpendicular to the layers. Yao et al. [178] were able to produce
alumina parts with near no retraction. The group used alumina powders (< 25 um) to
produce alumina parts with macroporous after sintering. The oxidation process performed
before high temperature sintering allowed the parts to reach high bonding between particles

and near zero retraction.

As conclusion, the post conformation steps to improve the density of the final parts is
required for objects produced through powder bed AM techniques. From the industrial point
of view, the thermal processing, isostatic pressing and infiltration are the most interesting
due to its ease of application at industrial scale. In addition, it is not reported, in the literature
under our scope, the use of post conformation processing for parts produced through
powder bed AM techniques regarding traditional ceramics, such as porcelain, and a

comparison between the parts produced through the different ways.
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Abstract

In this chapter we present materials and methods details that are common to the several
chapters of practical work. Porcelain powders production, powder materials and feedstocks
characterization, such as Hausner Ratio, free settled density and morphology, and printed
parts characterization such as relative density and variation of dimensions to virtual designs
are common to several chapters and are here presented. The main characterization at the
different stages of the process is schematically represented in Figure 2.1. The chapters will
refer to this one for the methods here described in detail. However, specific materials, such
as feedstock composition, or methods of the chapters are presented in the respective

experimental chapter section.

Mixture AM Post-conformation

Raw materials | — Feedstock — Green part —_— Final part

Hausner Ratio * Hausner Ratio * Relative density (geometrical) « Relative density (geometrical)

Free settled density » Free settled density * Relative density (Archimedes) -« Relative density (Archimedes)
« Tapped density « Tapped density » Dimensions variations *  Water absorption

DSC/TG * Absorption time * Apparent porosity

Particle size distribution (dry) » Dimensions variations

Particle size distribution (wet) * Microstructure assess

Particle morphology
« Crystallographic analysis
« Specific Surface Area
Density (He pycnometer)

Figure 2.1: Characterization flowchart of the materials and the parts at the different

stages of processing.

2.1. Materials

2.1.1. Porcelain powders production

The powders used in this work, here after defined as porcelain powders, were produced by
industrial spray drying using a ceramic suspension, with 50 % of kaolin and clay, 25 % of
quartz and 25 % of feldspar in water medium. The spray drying was performed in a mixed
flow spray dryer with 0,9 mm of hydraulic nozzles diameter, 10 bar of porcelain suspension
feeding pressure and 147 Pa of the cyclone depression. The porcelain suspension was

prepared with 1580 g/L of density and without the use of any additives.
Some of these powders were heat treated, in the industrial continuous furnace, with a

maximum temperature of 1000 °C, for 15 h 30 min, under oxidant atmosphere. Here after,

the porcelain powders before the heat treatment will be designated as raw porcelain

79



Chapter 2 - Experimental

powders and the ones after the heat treatment will be designated as heat-treated porcelain

powders.

The industrial porcelain powders, both raw and heat-treated, were sieved at 80 um in order
to be used in BJP. For the case of porcelain powders for SLS, the powders were sieved at
150 pm.

2.1.2. Feedstock preparation

The term feedstock used in this work refers to the mixture used in powder bed AM
technologies, which comprises the porcelain powders mixed with the in-bed binders. In the
case of BJP, the in-bed binders used are: Polyvinyl Alcohol (C:HsO), (Zschimmer &
Schwarz) here after designated as PVA, Maltodextrin (CsH10Os)» (Fagron), here after
designated as Malto, Sodium Alginate (CeéH7OsNa), (PanReac AppliChem), here after
designated as Algin, and Carboxymethylcellulose (CsH11O7Na)n (Zschimmer & Schwarz),
here after designated as CMC. Polyamide 12 (PA 650, Advanced Laser Materials, USA)

was used as in-bed binder in the feedstock for SLS.

The feedstocks were prepared by dry rotational mixing for 24 h at 55 rpm. In the case of
BJP, the feedstocks were prepared in 4 kg batches and for the case of SLS the feedstocks

were prepared in 15 kg batches.

The feedstocks and the in-bed binders used are described in the materials and methods
section of the respective chapter, once different feedstocks were prepared for the different

subjects assessed in this thesis.

2.1.3. Rheological characterization

Powders and feedstocks were characterized regarding their rheological behavior, focusing
in Hausner Ratio (HR) gives information of the flowability and packing of powders [1], of
utmost relevance for the printing process. HR, as per Eq. 2.1 [2], is determined by the ratio
between tapped and free settled powder densities. Free settled density (prree settled) Was
determined by measuring the free settled volume (Viwee settea) Of @ known mass of powder

(mpowder) in @ graduated cylinder beaker (Eq. 2.2). After 250 taps, in a manual homemade
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device, the volume of the compact powder (Viappea) Was measured and the tapped density

(ptapped) Was calculated (Eq. 2.3).

HR = —Ptapped (Eq. 2.1)

Pfree settled

Mpowder

Pfreesettled = 5. [g/cm3] (Eq 22)

Vfree settled

Mpowder

Ptapped = [g/cm3] (Eq 23)

Vtapped

To assess these properties, the process described in Figure 2.2 was performed in a
self-made equipment. The first step is the free deposition of a known mass of powder,
between 50 g and 80 g, Figure 2.2 (A), and the respective measurement of the free settled
volume, Figure 2.2 (B). Then the powder is compacted (tapped), using the process shown
in Figure 2.2 (C) for 250 taps (rotations). The tapped volume is then assessed, Figure

2.2 (D), and the tapped density is calculated.
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Figure 2.2: Steps to assess the free settled density and the Hausner Ratio of powders

and feedstocks: (A) free deposition of powder, (B) assessment of free settled density,
(C) 250 taps and (D) assessment of tapped density.
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2.1.4. Morphological characterization

The particle size distribution of the dried porcelain and binders powders, was assessed in
dry state, by Aero Mode Mastersizer 3000 (Malvern) using air pressure and obscuration
values of 0,5 bar and 4 %, respectively. In the same analysis the Dv10, Dv50 and Dv90
were determined for each powder, representing respectively 10%, 50% and 90% of the

powder amount (in vol.%) under the measured values in micrometers (um).

The same equipment was used to measure the particle size distribution in water of the raw

and heat-treated porcelain powders in the Chapter IV.

The morphology of the dried powders was assessed by Scanning Electron Microscopy
(SEM) using a Hitachi S4100 microscope, at 25 keV. The samples for observation were
prepared by free deposition of powders in a carbon tape, followed by coating the powders

with carbon using a carbon evaporator.

2.1.5. Thermal characterization

The thermal behavior of the in-bed binders powders was analyzed by a Simultaneous
Thermal Analyzer, STA 449F5 Jupiter (Netzsch) with a heating rate of 10 °C/min, from room
temperature up to 1000 °C, under air atmosphere. The analysis comprise the
thermogravimetric loss (TG) and the differential scanning calorimetry (DSC) and its

derivatives.

In the case of the in-bed binder for SLS, polyamide 12, the DSC analysis was performed
using a DSC-60 (Shimadzu) from 30 to 250 °C, with heating and cooling rates of 10 °C/min.

Raw and heat-treated porcelain powders were also characterized regarding its thermal
behavior, using a STA 449F5 Jupiter (Netzsch) with a heating rate of 10 °C/min, from room
temperature up to 1200 °C, under air atmosphere, and TG and DSC and their respective

derivatives were obtained.
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2.1.6. Physical characterization

For each in-bed binder powders for BJP, the density was measured by Helium Pycnometer
analysis using a Quantachrome Multi Pycnometer (Anton Paar, Austria), using Helium as

gas medium and a sample size between 2,2 g and 2,5 g of dry in-bed binders powders.

The specific surface area (SSA) of the porcelain powders, was assessed based on
Brunauer, Emmet Teller (BET) isotherm method, using a Micromeritics Instrument Corp.,
with the software Gemini V2.0, at 10 relative pressure points. The gas used was N at
100 °C.

2.1.7. Crystallographic characterization

The crystallographic phases of the porcelain powders were assessed using an XRD
Panalytical - X’pert-PRO equipment, at room temperature, equipped with a copper target
X-ray source. The wavelength of the radiation Ka1 is 1.54060 and of Ka2 is 1.54443 A. The
scan range was from 26 = 10.0021 ° until 26 = 79,9681 °, with a step size of 0.0260 °, with

a scanning step time of ~96.4 s.

2.1.8. Absorption time

A Kino Optical Contact Angle Meter & Interfacial Tensiometer SL200HT (USA Kino Industry
Co., Ltd), combined with the software Drop Shape Analysis System, CAST® 3.0, was used
to assess the time absorption of the liquid binder by the OHT and 100HT feedstock
formulations for BJP, by recording the absorption of the drops with a high resolution video
camera. A schematic representation of the system is shown in Figure 2.3. The liquid used
was the commercial liquid binder Visidet PXL Clear (3D Systems), with 2 uL drops. The
feedstock formulations were freely deposited in a Petri dish and a ruler was used to remove
the excess of powder and turn the surface of the feedstock flat, to mimic the powder bed

surface during the BJP process.
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Syringe

Liquid drop

High resolution
recording camera

Powder

Figure 2.3: Scheme of the setup to assess the absorption time of the liquid binder by the

powder formulation.

2.2. Additive manufacturing process
2.2.1. Binder Jet Printing

The printing tests were performed in a ZPrinter 650 (ZCorporation, USA). The prints were
done using a layer thickness of 0,1 mm and binder saturation of 180%, programmed using
the 3DPrint Software, version 1.03.8 (3D Systems, USA). The liquid binder used during the
printing was the commercial binder Visidet PXL Clear (3D Systems, USA). In the case of
Chapter VI, different set of layer thickness and binder saturation were used and are

presented in the Materials and Methods section of the chapter.

The layer thickness corresponds to the height of each layer used in the process and the
binder saturation corresponds to the ratio of the liquid binder volume deposited and the
volume of void space between the powder particles in the powder bed [3]. As discussed in
Chapter 1 (Figure 1.15), the printed parts are divided in two sections: core and shell. The
core correspond to the inner section of the printed part and the shell corresponds to the
outer section of the printed parts in the three directions (x, y and z). The shell thickness
used for all the printed parts is 2 mm and the binder saturation of 180 % corresponds to

0,21 in the core section and 0,43 in the shell section of the part.
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2.2.2. Selective Laser Sintering

Green parts were produced by indirect SLS using a Sinterstation HiQ+HiS (3D Systems),
equipped with a CO; laser. The feed beds were heated at 140 °C and the part bed was
heated at 170 °C. The layer thickness, laser power and hatching space were kept constant

for all tests at 100 ym, 32 W and 300 pm, respectively.

The virtual designs of the printed parts and the post-conformation steps of the printed parts,
such as industrial sintering, are described in the Materials and Methods section of each

chapter.

2.3. Part characterization

2.3.1. Dimension variation

Cylinders were produced in the different chapters to control the dimension variations to the
virtual design ones (diameter and length) of the green and sintered parts. A caliper was
used to measure the diameter and the length of the parts. 10 measurements were taken for
each sample. The diameter variation was calculated using Eq. 2.4 and for the length
variation Eq. 2.5 was used.

_ Df=Dj

AD x 100  [%] (Eq. 2.4)

i

_ Le-L

AL x 100  [%] (Eq. 2.5)

i

where AD and AL are the diameter variation and the length variation, Dr and L;are the
diameter and the length of the part and Di and L; are the diameter and the length of the

virtual design.
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2.3.2. Physical characterization

The geometric density, pgeom » Of the green and sintered parts was calculated using Eq.
2.6,

m

Pgeom = TxrZxl [g/cms] (Eq- 2-6)

where m is the mass of the part in the dry state and r and | are the radius and the length of

the cylinder, respectively.

The relative geometric density (%pgeom) Of the green printed cylinders was calculated using

Eq. 2.7 and for the sintered parts the Eq. 2.8 was used,

%opgeom = "= X 100 [%] (Eq. 2.7)
%oPgeom = pgp—p"‘ x 100 [%] (Eq. 2.8)

where pgeom is the geometric density, p, is the reference density of Costa Verde porcelain

(2,44 glcm®) and p. is the reference density of the composite feedstock powders with the
different types and contents of in-bed binders, calculated using the Rule of Mixtures [5],
defined by the Eq. 2.9,

Pc = ppr +ppVp (Eq. 2.9)

where p, and V;, are the density and the volume of the porcelain fraction, respectively, and

pp and Vy, are the density and the volume of the in-bed binder fraction. In each chapter the

reference density of the different feedstocks is presented.

The sintered parts were characterized regarding their density, par., (Eq. 2.10), water
absorption, WA, (Eq. 2.11), and apparent porosity, AP, (Eqg. 2.12), by Archimedes method
according with ASTM C373-14a [5], using an AND GR200 analytical balance with AD-1653
Archimedes setup (A&D Company) and the following equations. The parts weighted in dry

state, mg,,, were then soaked with water after 5 h in boiling water and 24 h in cold water,
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using a wet paper towel to remove the excess of water on the surface of the sample, and
weighted, mg,,x, and the weight immersed in water, m;y,;,, at room temperature (25 °C).

The liquid medium used for Archimedes method was water (po = 1,001 g/cm?).

mgqr
Pare = msoakd—r}rllimp X Po [g/cm3] (Eq 210)
WA = e 24 100 (%] (Eq. 2.11)
Mmqry
AP = TsoakT Ty o100 %) (Eq. 2.12)

Mgoak™ Mimp

The relative density assessed by Archimedes method, %pa.., Was calculated using
Eq. 2.13,

%oparc = ppA—p x 100 [%] (Eq. 2.13)

where p,,. is the density measured by Archimedes density and p;, is the reference density

of porcelain (2,44 g/cm?®) from Porcelanas da Costa Verde.
2.3.3. Microstructural characterization

The microstructure of the sintered parts was assessed by Scanning Electron Microscopy
(SEM) using a Hitachi S4100 microscope, at 25 keV. The parts for observation were broken
and polished using SiC grind paper, followed by polishing using diamond paste. The
samples were glue to the sample holder using carbon cement and the surface was coated
with carbon using a carbon evaporator. In addition, the fresh fracture zone, before the

polishing was also observed.
2.4. Standard deviation

The standard deviation, o, was calculate, Eq. 2.14, and the standard error, o5 , Eq. 2.15,
was assessed for the different measurements, using a sample size, n, of 10, where x is the

mean of the measurements.
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n — )2
o= /Zm(lr(:itl)x)_ (Eq. 2.14)

Og = (Eq. 2.15)

°
Vvn
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Abstract

The additive manufacturing of ceramic powders by binder jet printing requires the use of a
liquid binder and, in some cases, in-bed binders in the feedstock, to guarantee the needed
mechanical strength for the next processing steps. Although known for technical ceramics,
much remains to be understood for industrial porcelain powders. In this work a systematic
study of different in-bed binders is used to elucidate its role in binder jet printing of industrial
porcelain powders. Differences are demonstrated between polyvinyl alcohol (PVA),
carboxymethylcellulose (CMC), Sodium alginate and Maltodextrin. PVA is a suitable and
industrial viable in-bed binder for the production of porcelain parts by binder jet printing,
allowing to produce near defect free porcelain parts after industrial sintering. CMC due to
its fiber-type particles jeopardizes the printing process. The thermal degradation behavior
of sodium alginate leads to the fracture of the printed porcelain parts during the sintering.
Maltodextrin allows to produce printed parts without major defects both as green and
sintered parts, although its price might be a relevant limitation from an industrial point of
view. This work adds understanding on additive manufacturing of ceramics and

demonstrates the potential to industrialize the binder jet printing of porcelain powders.

Keywords: Binders, In-bed Binders, Binder Jet Printing, Additive Manufacturing, Porcelain,

Industrialization

3.1. Introduction

As discussed in Chapter 1, the use of in-bed binders is required for a successful BJP
process of ceramics and a list of liquid and in-bed binders was presented in Table 1.1V. The
most common in-bed binders used in BJP of ceramics are water-based and can be

thermally removed.

A fundamental understanding of the in-bed binders role for industrial production of porcelain
parts by BJP and its effect on the printability of the feedstocks with industrial porcelain
powders and properties of the final parts is not known and is critical to this disruptive

technology and its industrialization.
In the present chapter we systematically study different organic, water-soluble and thermally

removed in-bed powder binders for the production of porcelain parts by BJP and its effect

on the printability of the feedstocks and properties of the final parts. The in-bed binders
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chosen for this study are polyvinyl alcohol (PVA), carboxymethylcellulose (CMC), Sodium
alginate and Maltodextrin. This selection choice is also related, among other factors above
mentioned, to the fact that some of these binders are already utilized in different steps of

conventional production of porcelain.

3.2. Materials and methods

Spray dried industrial porcelain powders were produced and provided by Porcelanas da
Costa Verde, Portugal using the conditions described in Chapter 2. In this chapter industrial
raw porcelain powders were used and the in-bed binders used were PVA, maltodextrin,

sodium alginate and CMC, as presented in Chapter 2.

The feedstocks of porcelain and in-bed binder powders were prepared as described in

Chapter 2 and its composition is presented in Table 3.1.

Table 3.1: Feedstock formulation of industrial porcelain and in-bed binder powders for

binder jet printing, with in-bed binder and porcelain weight content specifications.

In-bed binder
Feedstock | Porcelain wt.% .
designation | wt.% PVA | Maltodextrin |~ Sodum CMC
(C2H40), (CeH1005)n (CeHg705Na)n (CsH1107Na)n
PP-5PVA 5
PP-5Malto 5
PP5AgGn | 0 5
PP-5CMC -
PP-TPVA | 925 75
PP-10PVA | 90,0 10,0
PP-12PVA | 875 12,5
PP-15PVA | 850 15,0
PP-17PVA | 825 17,5
PP-20PVA | 80,0 20,0

The individual materials and the feedstocks were characterized regarding its particle size
distribution, Hausner Ratio, free settled density and tapped density. The thermal behavior
of the in-bed binders was analyzed by STA. The analysis conditions are presented in
Chapter 2.
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Printing was performed in a ZPrinter 650 (ZCorp) as described in Chapter 2, and cylindrical
parts (Figure 3.1 A) were produced to evaluate the density and shrinkage of the green and
sintered printed parts. To assess printability and to evaluate designs limitation, rectangular
parts with different thicknesses of walls (Figure 3.1 B) and parts with overhangs with
different angles (Figure 3.1 C) were also printed and processed. The diameter variation
(AD), the geometric density (pgeom) and relative geometric density (%pg.0m) Were assessed

using the procedure described in chapter 2.

A B C

Figure 3.1: Schematic representation of the virtual design of the (A) cylinders and the
parts to be printed with: (B) different wall thicknesses: 10,5,3,2,1,0,5 and 0,1 mm
(from left to right, respectively) and (C) different overhang angles: 90 °, 75 °, 60 °, 45 °,

30 ° and 15 ° (from left to right, respectively).

The printed parts were sintered in an industrial continuous kiln of Costa Verde, Portugal,
using a maximum temperature of 1345 °C, measured with process temperature control
rings, PTCR-STH (Ferro Corporation), for a total time cycle of 5 h 30 min. The sintered
cylinders were characterized regarding its geometrical relative density (%pgeom), Water
absorption (WA), apparent porosity (AP) and relative density using the Archimedes method
(%p 4rc ), Using the procedure described in Chapter 2. The microstructure of the printed parts

was analyzed by SEM as described in Chapter 2, as well.

For the calculation of the green part reference density (p.), the density of porcelain powders
designated as p, is 2,44 g/cm?, and for each in-bed binder powders the density was
measured by helium pycnometer, as presented in Chapter 2. The calculations and values

used are presented in Table 3.11.
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Table 3.1I: Reference density for the powder feedstocks for each in-bed binder and

porcelain composition and calculated according Eq. 2.9.

Reference | Porcelain | Porcelain In-bed In-bed
. . binder binder
density density volume .

Feedstock fracti density volume

/pc 3 lp” 3 ra; fon Pb fraction
PP-5PVA 2,32 0,905 1,22 + 0,02 0,095
PP-5Malto 2,31 0,903 1,19 £ 0,01 0,097
PP-5Algin 2,37 0,927 1,62 + 0,01 0,073
PP-5CMC 2,37 0,926 1,60 + 0,02 0,074
PP-7PVA 2,27 244 0,860 0,140
PP-10PVA 2,22 ’ 0,821 0,179
PP-12PVA 2,17 0,782 0,218

1,22 + 0,02

PP-15PVA 2,13 0,745 0,255
PP-17PVA 2,09 0,710 0,290
PP-20PVA 2,04 0,676 0,324

3.3. Results and discussion

To understand in-bed binders role and printability of porcelain in binder jet printing, the

porcelain and in-bed binder powders were systematically characterized.

The porcelain powders sieved at 80 ym are composed of both irregular and spherical
shaped particles (Figure 3.2, A) and their particle size distribution is bimodal with a major
peak at 48 um, with a shoulder in the fine side of the PSD and a smaller peak at 2 ym
(Figure 3.2, B), with Dv10, Dv50 and Dv90 values of 10 um, 38 um and 74 um, respectively.
These powders exhibit a HR of 1,40 + 0,02 and a free settled density of 0,90 + 0,01 g/cm?.
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Figure 3.2: Morphology of porcelain powders: (A) SEM micrograph of porcelain particles
sieved at 80 um, composed of both irregular and spherical shaped particles, and (B)
Particle size distribution of porcelain powders, as bimodal distribution with a major peak at
48 um.

In terms of dry particle size distribution (PSD) the in-bed binders powders used in this work
present mainly monomodal similar distributions (Figure 3.3), with peaks between 40 and
65 um and the respective Dv10, Dv50 and Dv90 values presented in Table 3.1ll. The
narrower PSD curve is exhibited by PVA and Maltodextrin has the wider one. The curve of
PVA peaks at 62 ym, with Dv50 and Dv90 values of 51 and 94 uym, respectively. The curves
of Algin and CMC peak both at 55 um, but they are broader than the one of PVA, with an
increase in the finer particles for the case of Algin, as a Dv50 of 43 um suggests, and an

increase in the coarser particles for CMC, with a Dv90 value of 124 ym. On the other hand,

97



Chapter 3 — The role of in-bed binders in the printability of porcelain powders feedstock in Binder Jet Printing

Maltodextrin exhibits a broader monomodal PSD that peaks at 48 um, with a shoulder type
on the side of the finer particles and values of Dv50 and Dv90 of 31 and 84 um, respectively.
The curves of Malto, Algin and CMC seem to present a second peak in the range 0,3 - 0,8
um, however the vol.% of these particles is < 0,1 % through this range, which may be

considered a continuous vol.% of particles < 1 pm.

Comparing with the PSD of porcelain powders (Figure 3.2, B), PVA, Algin and CMC present
values of Dv10, Dv50 and Dv90 higher than the ones for porcelain, while the maltodextrin
powders have Dv10 and Dv50 smaller which may lead to a better packing of the powders
due to possible better filling of space between porcelain particles by maltodextrin ones,

when compared with PVA, sodium alginate and CMC powders.

12
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Figure 3.3: Particle size distribution of dry powders of PVA, Malto, Algin and CMC
powders after sieving at 80 um. The in-bed binders present mainly monomodal

distributions with peaks between 40 and 65 pm.
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Table 3.1lII: Dv10, Dv50 and Dv90 values from the particle size distribution curves of PVA,

Maltodextrin, Sodium Alginate and CMC powders, measured in dry state.

PVA Malto Algin CMC
Dv10 (um) 18 7 12 19
Dv50 (um) 51 31 43 52
Dv90 (um) 94 84 95 124

In terms of particle morphology (Figure 3.4) PVA, maltodextrin and Algin have irregular
shaped particles, while CMC has both irregular shaped and fiber type shaped particles. To
aid the discussion, we provide illustrations of these types of particles with different aspect
ratio, with indication of the minimum dimension, Dmin, and maximum dimension, Dmax, in
Figure 3.4 E and F.

Although the dry sieving of the in-bed binder and porcelain powders is performed at 80 um,
some particles larger than 80 um still pass through the mesh of the sieve. Here we advocate
that these observations are related with the irregular morphology of the powders; if the
equivalent minimum dimension (Dmin) of these irregular particles is lower than the mesh
aperture of the sieve (< 80 um), the particles can align along with Dmin and pass through the
sieve, even though they have one dimension (Dmax) bigger than the sieve mesh (Figure 3.4
E and F). These evidences are maximized for the fiber type particles of CMC, leading to a
PSD with the highest Dv90 of 124 ym and minimized for the porcelain powders that revealed
a more nuanced effect. Another contribution for this error may be related with the dry PSD
analysis, where some agglomeration of the in-bed binder powders can occur during
measuring, however the agglomeration is not noticeable in SEM micrographs (Figure 3.4)
furthermore, its contribution may be residual. Even though this effect can be attribute to the
dry sieving of the powders, the wet sieving and analysis is not possible because the in-bed
binders are soluble in water and the porcelain powders processing in water leads to

deagglomeration of powders.
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Figure 3.4: SEM micrographs of the in-bed binders used in this work: (A) PVA, (B) Malto,
(C) Algin and (D) CMC powders, after sieving (< 80 um), highlighting the irregular shaped
particles of PVA, Maltodextrin and Algin, and the mixture of irregular and fiber type
shaped particles of CMC. Schematic representation of (E) irregular and (F) fiber shaped
particles of the in-bed binders used in this work. Dmax represents the maximum dimension

and Dmin represents the minimum dimension of both particles.

As mentioned above, the use of in-bed binders requires their removal prior to the final
densification what may lead to open porosity which jeopardizes the mechanical resistance
of the printed parts. Knowing their burning behavior is hence fundamental. Figure 3.5
presents the thermogravimetry analysis of each in-bed binder for a thermal cycle up to

1000 °C, at a heating rate of 10 °C/min, under atmospheric air. The thermogravimetric
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weight loss (TG) and its derivative (DTG), also known as burning rate, are presented as a

function of temperature, in which the nuanced alterations of the TG curve are highlighted.

CMC TG curve is characterized by a major mass loss of 36 wt.% between 270 and 300 °C,
with a maximum burning rate of 57 %/min at 290 °C. On further temperature increasing, a
second mass loss of 3 wt.% with a peak at 657 °C, at a burning rate of 9 %/min, appeared.
At 1000 °C, the total mass loss of CMC is 87 wt.%. Algin presents the first major mass loss
of 30 wt.% between 230 and 260 °C, with a maximum burning rate of 22 %/min at 245 °C,
followed by other mass loss of 15 wt.% between 340 and 355 °C, with a maximum burning
rate of 85 %/min at 346 °C. On further increasing of temperature two other mass loss of 1
wt.% at 535 and 570 °C appear, both with a burning rate of 8 %/min. At 1000 °C, the total
mass loss of sodium alginate is 87 wt.%. Malto presents a major mass loss of 50 wt.%
between 290 and 330 °C, with a maximum burning rate of 20 %/min, followed by a
continuous elimination of 35 wt.% until 560 °C, which is the temperature that maltodextrin
is completely eliminated. In what concerns PVA, the thermogravimetry presents a
continuous elimination of 85 wt.% between 300 and 520 °C, with a maximum burning rate
of 10 %/min between 300 and 320 °C, being completely eliminated at 520 °C.

101



Chapter 3 — The role of in-bed binders in the printability of porcelain powders feedstock in Binder Jet Printing

100
80
60

40 |

20

100
80
60
40
20

100
80
60

Mass (%)

40 |

20

100

80 -

60
40
20

——CMC (TG)  —m CMC (DTG)

..... -,

657 °C
290 °C

\ E

_—IAléin (i'G) | I Algiln (IjTG)

f
i 535°C  570°C
245°C : 1-40

346 °C

. L R . . L .
—— Malto (TG) e Malto (DTG)

e == o, A .vz.,'j/"" R R

15
1-10
1-15
I 4 -20

DTG (%/min)

............ pVIA (IjTG)

A
478 °C 410

200 400 600 800 1000

Temperature (°C)

Figure 3.5: Thermogravimetry analysis of each in-bed binder. Thermogravimetric weight
loss (TG) and its derivate (DTG) of PVA, Malto, Algin and CMC as a function of

temperature. The temperatures of DTG peaks are identified for each in-bed binder.

If we compare the TG behavior of all the in-bed binders, as represented in Figure 3.6 A,
although all the major loss weight occurs between 200 and 600 °C, PVA (at 520 °C) and

maltodextrin (at 560 °C) are completely eliminated before reaching 600 °C, while both

sodium alginate and CMC still have a mass fraction around 13 wt.% at 1000 °C. In addition,

the burning process of sodium alginate and CMC occurs abruptly with accelerated kinetics,

with 85 %/min at 346 °C and 59 %/min at 290 °C burning rates, respectively, as presented

in Figure 3.6 B.
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Figure 3.6: Comparison of the thermogravimetric behavior of the in-bed binders in air
atmosphere up to 1000 °C, with a heating rate of 10 °C/min. (A) Weight loss and (B)
burning rate, i.e. the derivative of the thermogravimetric curve. At 1000 °C, Algin and CMC
present an incomplete mass loss, with 13 wt.% remaining, presenting also the highest

burning rates.

These studies were further corroborated and complemented by differential scanning
calorimetry (DSC) analysis of each in-bed binder (Figure 3.7). CMC presents initially two
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exothermic peaks related with the onset of the thermal decomposition of CMC [1][2]; the
first one identified as (1) in Figure 3.7, peaks at 293 °C, and corresponds to the peak at
290 °C, observed in the DTG curve (Figure 3.5), followed by a small one at 373 °C, identified
as (2) (Figure 3.7). A third exothermic peak appears at 656 °C, identified as (3), which
corresponds to the peak at 657 °C (Figure 3.5) and is related with the second stage of its
thermal decomposition [2]. As per sodium alginate four peaks are clearly visible in the DSC
chart up to 600 °C. The two first exothermic peaks, identified as (4) and (5) in Figure 3.7,
occur at 249 °C and 356 °C, respectively and correspond to the two major peaks registered
in the DTG curve (Figure 3.5), at 245 °C and 346 °C respectively, and are related with the
thermal decomposition of sodium alginate. The two other exothermic peaks found at 548 °C
and 575 °C (identified as 6 and 7 in Figure 3.7) are related with Na,COs formation, as
previously reported [3], and are associated with the peaks at 535 °C and 570 °C in the DTG
curve. Maltodextrin presents an exothermic broaden peak that extends in the temperature
range from 300 to 600 °C (identified as 8), related to its thermal decomposition and matches
with the broader DTG peak previously registered (Figure 3.5). While PVA presents a major
exothermic peak starting at a temperature around 350 °C, reaching a maximum at 485 °C
(identified as 9 in Figure 3.7), corresponding to the two step thermal degradation of PVA
[4]. The typical endothermic peaks of organic compounds as glass transition temperature
(Tg) and melting temperature (Tm) were not identified due to the smaller intensity of the
peaks comparing with the exothermic ones. In this sense, a sensitive DSC equipment in

low temperatures should be used in further studies to find these temperatures.
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Figure 3.7: DSC analysis of PVA, maltodextrin, Sodium Alginate and CMC binders, with

identification of points of interest.

The examination of the thermal behavior of the in-bed binders of this study have highlighted
the main thermal differences among them. CMC and sodium alginate are not fully
decomposed at 1000 °C with a mass fraction of 13 wt.%, in the case of Algin related with
the incomplete decomposition of Na,COs [5]. Also, the kinetics of the low temperature
decomposition is abrupt and at lower temperatures when compared with PVA and
maltodextrin, which present lower rates of decomposition and are completely decomposed
before the cycle reaches 600 °C. Indeed, from the industrial point of view and related with

the sintering cycle of porcelain it is of the utmost importance the additives to be fully
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decomposed before the final densification step and not abruptly, in order to avoid internal
mechanical fragilities that may lead to the cracking of parts at a further stage of the
processing. Under this perspective PVA and maltodextrin are good in-bed binder choices

for the binder jet printing of porcelain powders.

The other relevant aspect for a successful binder jet printing is related with the powder bed
which implies the knowledge about the rheology of powder materials (in-bed binder and
industrial porcelain) and feedstocks. HR, determined by the ratio between tapped and free
settled powder densities, is an adequate tool to characterize powder flowability and packing
behavior. To further explore the in-bed binders behavior and their implications for porcelain
binder jet printing, the rheology of the materials (Table 3.1V) and feedstocks (Table 3.V) was

assessed.

The bulk density of the in-bed binders powders was assessed by He pycnometer analysis
and PVA and Malto present lower values (1,22 and 1,19 g/cm?, respectively) than Algin and
CMC (1,62 and 1,60 g/cm?, respectively). In terms of free settled density, the same trend
was observed, with similar values between PVA and maltodextrin with 0,39 and 0,40 g/cm?,
respectively, and comparable densities between sodium alginate and CMC with 0,47 and
0,48 g/lcm?, respectively. The free settled density of each material depends will depend on
the particle morphology, PSD and density of the material. Considering the particle shape of
particles, CMC powders should have presented the lowest free settled density among the
in-bed binders studied, once its particles shape is composed by both irregular and fiber type
particles, as presented in Figure 3.4 D, which typically leads to more void space between
particles, and as consequence, should decrease the packing density. However, this was
not observed, and CMC presents the highest value of free settled density. On the other
hand, the broader PSD curve of Malto (Figure 3.3) was expected to lead to the highest free
settled density, once the fine particles will fill the void space between the coarse ones and
promoting higher packing and free settled density than the in-bed binders with narrower
PSD, but his was not observed as well and maltodextrin one of the lowest free settled
density. In this sense, considering the in-bed binder characteristics studied in this work, the
bulk density has the highest impact in the free settled density of the in-bed binder powders,
once the ones with the highest free settled density, Algin and CMC, have also the highest
bulk density (~1,60 g/cm?), while PVA and Malto, which present the lowest and similar free

settled density, have also similar values of bulk density (~1,20 g/cm?). Other properties such
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as surface energy, functionalization, among others, may also influence the free settled

density, however they were not subject of study in this work.

As per HR, the lowest value was obtained for Malto and the highest for Algin. Since the HR
is the ratio between the tapped density and the free settled density, this means that as close
to 1 the HR is, the tapped and free settled densities have the same value and less variation
in the density is observed after the tapping. In this sense, free settled Malto powders present
better packing than the other in-bed binders and, based on the previous characterization of
PSD, this fact regards in the broader PSD which supports the previous explanation that fine

particles fill the void space among coarse particles.

Table 3.IV: Rheological characteristics of in-bed binders studied in this work.

PVA Malto Algin CMC
Density
Db 1,22+0,02 | 1,19+£0,01 | 1,62+0,01 | 1,60+0,02
(g/cm?)

Free settled
density | 0,39£0,01 | 0,40£0,01 | 047+0,01 | 0,48+0,01

Pfree settled
(g/lcm®)
Tapped
density | 053+0,01 | 0,5040,01 | 0,66+0,01 | 0,6220,01
ptapped
(g/cm?®)

HR 1,36 +0,02 | 1,25+0,01 | 1,41+£0,01 | 1,30+ 0,01

In Table 3.V the rheological characteristics of the feedstocks prepared using different in-bed
binders are presented. The free settled density of the PP-5PVA, PP-5Malto and PP-5Algin
exhibits values between 0,61 and 0,63 g/lcm®, while PP-5CMC feedstock presents the
lowest value (0,56 g/cm?®), not following the trend described above for each individual in-bed
binder. We advocate here that the particle shape of the in-bed binders plays a key role in
the settling of the powders, i.e. for the case of the feedstock with CMC powders, due to the
fiber type shape particles (Figure 3.4 D), when the particles freely settled the packing will
be determined by the orientation of the individual particles and expectably the occupied
volume will be higher and the free settled density of the feedstock decreases. In the case
of the PP-5PVA, PP-5Malto and PP-5AIgin, the in-bed binders are composed by irregular
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shaped particles and the variation among them is residual. However, the PP-5Malto
feedstock exhibits the highest free settled density value and this fact is attributed to the

broader PSD (Figure 3.3) when compared with the Algin and PVA ones.

Regarding the HR of the feedstock, as opposed to the observations for the in-bed binders
as individual materials, there is not significative differences among the different feedstock,
varying between 1,38 and 1,42. This fact is explained by the amount of porcelain in the
feedstock (95 wt.%) and its value of HR (1,40). This is even more preeminent in the case
of PP-5Malto, once the Malto has the lowest HR as in-bed binder (Table 3.1V) but similar
HR to the other feedstock prepared. The PP-5CMC feedstock has the highest HR
registered, meaning a poorer flowability when compared to the other ones, and, as detailed

above, this fact may be attributed to the fiber type shape particles of CMC.

Table 3.V: Rheological and density characteristics of the feedstock (5 wt.% of in-bed

binder and 95 wt.% of porcelain powders), presented in Table 3.1.

PP-5PVA PP-5Malto | PP-5Algin PP-5CMC

Free settled
density

pfree settled

(g/cm’)

0,62+0,01 | 0,63+0,01 | 0,61+0,01 | 0,56 +0,01

Tapped density
Ptapped 0,86 +0,01 | 0,89+0,01 | 0,84 £0,01 0,80 + 0,03
(g/cm?®)

HR 1,39+0,02 | 1,41+0,01 | 1,38+0,02 | 1,42+0,03

As discussed, and detailed above, the particle shape of the in-bed binders has an impact in
the rheological behavior of the feedstock for BJP, supported by the lower free settled density
and higher HR of PP-5CMC, which has fiber type shaped CMC particles. In the case of the
feedstock prepared with PVA, Malto and Algin, all of them composed by irregular shaped
particles, there was not significative differences and we advocate that the reason is
explained by the high amount of porcelain powders (95 wt.%) in the mixture and, as
consequence, higher impact in the feedstock characteristics than the in-bed binder

powders.
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With the rheological characteristics of the different feedstocks analyzed, it is now important
to observe their behavior during the binder jet printing process. In Figure 3.8 the powder
bed of (A) PP-5PVA, (B) PP-5Malto, (C) PP-5Algin and (D) PP-5CMC feedstocks, after the
deposition of the liquid binder during the printing process are presented. No significative
differences can be observed in the powder bed of (A) PP-5PVA, (B) PP-5Malto and (C)
PP-5Algin feedstocks. However, in the case of (D) PP-5CMC feedstock, two different
defects can be observed: (a) lack of binder deposition and (b) accumulation of the liquid
binder drops in the powder bed. As highlighted in Figure 3.8 D (a), during the printing
process a deposition lack of liquid binder was observed due to obstruction of the printhead
with particles from the powder bed (Figure 3.9). Due to this obstruction, the liquid binder
which is not deposited in the powder bed starts accumulating in the printhead forming drops,
which fall from the printhead to the powder bed, originating the defect observed in detail in
Figure 3.8 D (b). The obstruction of the printhead with particles from the powder bed was
only observed during the printing process of PP-5CMC feedstock.
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Figure 3.8: Images of the powder bed images of (A) PP-5PVA, (B) PP-5Malto, (C)
PP-5Algin and (D) PP-5CMC feedstocks, after the deposition of the liquid binder, during
the printing process. While for the powder bed of PP-5PVA, PP-5Malto and PP-5Algin the
deposition is defect free, in the case of PP-5CMC, two types of defects were found: (a)
lack of binder deposition and (b) accumulation of liquid binder drops. In detail, the defects

found are illustrated in images D (a) and D (b).

Figure 3.9: Obstructed printhead after binder jet printing of the PP-5CMC feedstock.
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The indicated defaults in the powder bed are only observed for the feedstock with CMC as
in-bed binder. Here we advocate that the obstruction of the printhead (Figure 3.9) might be
related to the fiber type shaped particles of CMC and its bigger size than the other in-bed
binders, as indicated by its PSD curve (Figure 3.3 and Table 3.III). Because the printing
process was performed using a layer thickness of 100 um, the contact between the coarser
and fiber type particles of CMC and the printhead is favored leading to the obstruction of
the printhead. This does not rule out any particle surface effect that might be associated

with the feedstock particles.

After observing the behavior of the feedstock prepared with different in-bed binders (Table
3.1), cylindrical parts (Figure 3.1 A) were printed, in the case of PP-5CMC, the printing
process was paused in order to clean the printhead every time that the deposition of the
liquid binder was defective, allowing the production of samples for further characterization,
to assess the geometric relative density and the diameter variation to the virtual design.
Due to the industrial interest for the production of porcelain parts by BJP, the variation of
the dimensions of the green and sintered object to the dimensions of the virtual design is
crucial for industrial implementation of the process. Although both diameter and length
dimension variation are important, during the printing process with all the formulations
tested, a layer shifting from the initial layers was observed. Due to the high impact as error

that this defect would have in the length variation, only the diameter variation is presented.

The geometric relative density and diameter variation of the green printed parts is presented
in Table 3.VI. The green density of the printed parts is in general quite small, varying
between 32 % for PP-5CMC formulation to the highest geometric relative density of 41 %
for PP-5Malto. The green density of printed parts is influenced, among others, by the free
settled density, HR and PSD of the powders. In the case of the feedstock used in this work,
PP-5CMC has the lowest free settled density (Table 3.V) and as consequence, the green
printed part presents the lowest geometric relative density. The free settled density of PP-
5PVA, PP-5MAIlto and PP-5AIgin are similar (Table 3.V) and do not explain the highest
relative density of PP-5Malto green printed part, however, as discussed above, the PSD of
Malto (Figure 3.3) is broader than the ones of PVA and Algin, promoting a better packing of
particles and increase of the green printed part. The diameter variation measured for all the
feedstocks has negative values, i.e., the diameter of the green printed part is lower than the
diameter of the virtual design. This is explained by the deposition of the liquid binder which

dissolves the in-bed binders and deagglomerate the porcelain particles, which leads to an
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approximation of the particles in the green printed part. Bigger variation for PP-5Algin and
PP-5CMC feedstocks (~ - 6 %) than for PP-5PVA and PP-5Malto (~ -3 %) was observed.
Additionally, during the measuring process, it was observed that green printed parts with
PP-5Algin and PP-5CMC loose powder from the surface due to the handling of the parts.
This effect directly affects the diameter of the cylinders, reducing it and, as consequence,
increasing the diameter variation to the virtual design. The loose of powder suggest poor
mechanical resistance and poor bond of the particles. Although the lower in-bed binder
volume fraction for PP-5Algin and PP-5CMC (0,073 and 0,074, respectively) than for
PP-5PVA and PP-5Malto (0,095 and 0,097, respectively) could imply worse bond of
particles, the difference is around 2 vol.% and should not have this impact. Additionally, the
free settled density may also directly influence the mechanical strength of the green parts,
however similar values of free settled density were observed for PP-5PVA, PP-5Malto and
PP-5AIgin (Table 3.V), and only for PP-5Algin this effect was observed. In this sense, other
factors not subject of study in this work, such as in-bed binder wettability, solubility of in-
bed binder in the liquid binder and liquid binder penetration, might play an important role in
the bond of particles and, as consequence, in the mechanical strength and green density

of printed parts.

Table 3.VI: Relative density and diameter variation of the green cylinders printed with the

different feedstock.

PP-5PVA PP-5Malto | PP-5Algin | PP-5CMC

Geometric relative
density
%pgeom

(%)

359+04 41,3+0,2 33,0£0,2 | 32,1+0,3

Diameter variation
AD -3,5+0,1 -3,4+0,1 -6,7+0,1 -6,1+0,3
(%)

The cylindrical parts were then sintered with a maximum temperature of 1345 °C for 15 h
30 min under industrial conditions of Costa Verde. The values of density, diameter variation
to virtual design, water absorption and apparent porosity are presented in Table 3.VII. A
general overview permits to conclude that the relative density values measured by
Archimedes method are 13 - 17 % higher than the geometric relative density for the same

parts, because using Archimedes method, possible geometric inconsistencies do not affect
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its measure, while for geometric measurement, there is an assumption that the parts are

perfect cylinders.

The PP-5CMC sintered printed parts exhibit the highest relative density, both measured by
geometrical (62 %) and Archimedes (77 %) methods. This was not expected as PP-5CMC
presented the lowest relative density of green parts, however this fact might be explained
by deformation of the parts and fissures formed during the sintering process, which are not
considered in the geometric and in Archimedes method. This is supported by the highest
error registered (+ 1,8 %), which suggest that the 10 sintered parts used for this
measurement have higher differences among them, than the ones for the other feedstocks.
The variation among the parts produced with the same PP-5CMC feedstock is related with
the defects observed during the binder jet printing process (Figure 3.8). The values of water
absorption (13 %) and apparent porosity (24 %) were also the lowest among the different
feedstock used. As described above the fissures and fractures in the sintered parts, are big
enough to not retain water inside as a porous does during the Archimedes method. In this
way, fissures and fractures are measured as porous and the water absorption and apparent

porosity is reduced.

Regarding the relative density PP-5PVA, PP-5Malto and PP-5Algin there was not
significative differences among them, varying between 57 and 62 %, when measured by
geometric method, and varying between 72 and 75 % when measured by Archimedes
method. As the density of the green parts usually influences the density of a ceramic
sintered body, it was expected that the sintered printed parts produced with PP-5Malto
feedstock presented significantly higher relative density than the ones from PP-5PVA and
PP-5Algin, once the green parts have the highest relative density (Table 3.VI). The
explanation for the similar values of the sintered parts with the different feedstock regards
in the high amount of porcelain powders (95 wt.%) in the feedstock, which leads to printed
parts with similar relative density values after the thermal removal of the in-bed binders.
Both water absorption and apparent porosity of the sintered parts also do not present
significative variance, once the first varies between 15 and 16 % and the latter varies
between 25 and 28 %.

In the case of diameter variation to the virtual design, the same trend observed for the green
parts (Table 3.VI) was observed as well for the sintered parts (Table 3.VII). The PP-5PVA
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and PP-5Malto sintered parts exhibit similar values (~ -22 %), while for PP-5AIgin and
PP-5CMC present also similar values (~ -27 %).

Table 3.VII: Relative density, diameter variation, water absorption and apparent porosity

of the industrially sintered cylinders printed with the different feedstock.

PP-5PVA PP-5Malto PP-5Algin PP-5CMC

Geometric
relative density
%pgeom

(%)

58,2+ 0,7 60,8 +0,3 57,6 +0,5 62,0+ 0,5

Diameter
variation
AD
(%)

-224+01 | -219+01 | -26,7+0,2 |-26,9+0,1

Relative
density

%pArc
(%)

Water
absorption
WA
(%)

72,0+0,7 73,3+0,4 745+0,5 774+138

15,3+0,6 16,2+0,3 152+0,4 13,2+1,0

Apparent
porosity
AP
(%)

253+0,8 28,5+04 27,2+0,5 244 +1,1

In Figure 3.10 the polished fracture zone microstructures of the industrially sintered parts,
produced with the different feedstock are presented. A general overview of all the images
permits to conclude that no significative differences are noticeable among them. In addition,
the porous microstructures observed are in accordance with the relative densities measured
(72 - 77 %), as presented in Table 3.VIl. The similarity among the microstructures is

explained again by the high amount of porcelain powders used in the feedstock (95 wt.%).
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Figure 3.10: SEM micrographs of polished fracture zone, after industrial sintering at
1345 °C, of porcelain parts printed with (A) PP-5PVA, (B) PP-5Malto, (C) PP-5Algin and
(D) PP-5CMC feedstock formulations. The images illustrate porous microstructures for all

the feedstock and are in accordance with the measurements of relative density.

As general overview of the properties of the sintered printed parts with the feedstock using
PVA, Malto, Algin and CMC as in-bed binders, concludes that no significative differences
among them are noticeable. This is especially relevant when for porcelain parts
conventionally produced the desired relative density is > 99,5 %, while for the industrially
sintered printed parts of this work, the maximum relative densities are far from this value.
However, it is important to refer that the conventionally porcelain parts production of Costa
Verde uses two sintering steps, and the parts studied in this work were produced using only
one, since the first sintering step of Costa Verde occurs at temperatures which does not
allow the production of printed parts with enough mechanical strength to be handled.
Furthermore, a debinding step or a first sintering step may be important for the thermal
processing of porcelain parts produced by binder jet printing at industrial scale in order to
reach porcelain parts with comparable densities to the ones produced via conventional
routes.
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After recognizing that the role of the in-bed binders, due to the small amount in which they
are used, does not affect markedly the post sintering characteristics of the printed parts,
understand the effect of the different in-bed binders in the parts design limitations is crucial.
The part design limitation in this work, concerns in the study of design features, such as
wall thickness, and what is the minimum thickness that can be printed and processed
without deformation. The same rational is used for the minimum overhang able to be printed
and processed. In this sense, parts with different wall thicknesses (Figure 3.1 B) and parts
with different overhangs (Figure 3.1 C) were printed using the different feedstocks with
different in-bed binders and industrially sintered. The parts in green state and after sintering

are presented in Figure 3.11, for wall thickness, and in Figure 3.12, for overhangs.

As general observation of the parts with different wall thicknesses in green and sintered
stage, printed with the different feedstocks, the walls with thicknesses of 10 mm, 5 mm,
3 mm and 2 mm were able to be printed and sintered without major problems (Figure 3.11).
The minimum thickness able to be printed and removed from the powder bed was the 1 mm
wall in the parts printed using PP-5PVA (Figure 3.11 A) and PP-5Malto (Figure 3.11 C)
feedstock, while in the case of PP-5Algin (Figure 3.11 E) and PP-5CMC (Figure 3.11 G) the
minimum wall thickness in the green part is the 2 mm wall. After industrial sintering, 1 mm
walls present in the green parts broke for both PP-5PVA (Figure 3.11 B) and PP-5Malto
(Figure 3.11 D) formulations, and the minimum thickness wall observed for sintered parts
was 2 mm, as for PP-5Algin (Figure 3.11 F) and PP-5CMC (Figure 3.11 H) the minimum
wall thickness of 2 mm was also observed. The minimum thickness able to be printed relates
with the green density of the parts (Table 3.Vl) which was higher for PP-5PVA and
PP-5Malto than for PP-5AIgin and PP-5CMC. In addition, the 1 mm wall of the PP-5Malto
green part (Figure 3.11 C) is defect free, while the one of PP-5PVA (Figure 3.11 A) has a
small defect on the top. Based on our results, this small difference may be related with the
broader PSD of Malto (Figure 3.3) than the one of PVA, which leads to better packing of
particles and, as consequence, the printing of a thinner wall. In the case of sintered parts,
even for PP-5PVA and PP-5Malto, the 1 mm wall was not possible to print, due to the
thermal removal of the in-bed binder followed to retraction of the wall, which is ~ 22 % after
sintering (Table 3.VIl), leading to an extremely thin wall which deforms and breaks during

sintering.

116



Chapter 3 — The role of in-bed binders in the printability of porcelain powders feedstock in Binder Jet Printing

Figure 3.11: Printed parts to assess wall thickness as green part (A, C, E and G) and

sintered part (B, D, F and H) at 1345 °C in an industrial kiln, produced with feedstock

formulation (95 wt.% of porcelain + 5 wt.% of in-bed binder), using the following in-bed
binders: (A, B) PVA, (C, D) Maltodextrin, (E, F) Sodium Alginate and (G, H) CMC.

As green parts, the overhangs were printed in all angles with all the feedstocks, without any
noticeable difference among them (Figure 3.12). However, after industrial sintering, a small
deformation was observed for the 30 ° and 15 ° overhang using PP-5PVA formulation
(Figure 3.12 B), while in the case of the formulation PP-5Malto any major deformation was
observed (Figure 3.12 D). In the case of PP-5AIlgin and PP-5CMC formulations, the parts
present broken overhangs for the angles of 45 °, 30 ° and 15 °, as is possible to observe in
Figure 3.12 F and Figure 3.12 H, respectively. During the industrial sintering, the lower
angle overhangs break due to gravity forces associated with the lack of supports for the
PP-5PVA. In addition, the lower green density of PP-5PVA contributes as well for the
deformation, as opposed to the higher green density of PP-5Malto parts, which did not have
any major defect. In the case of PP-5Algin and PP-5CMC the lower angles completely break
during industrial sintering. Based on our results of this work, we advocate that are two major
contributions for this effect: i) the lower green density of the parts, as presented in Table
3.VI and ii) the thermal degradation of Algin and CMC as in-bed binders. The low green

density means that particles have more space among them and, as consequence,
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jeopardizes the matter diffusion and the densification of the body. And the thermal
degradation of Algin and Malto, as discussed above (Figure 3.5), occurs in multi steps and
abruptly, with high burning rates, as opposed to PVA and Malto, for which the fractures of
sintered parts were not observed after sintering. As discussed above, other factors may
contribute to this effect, namely the liquid binder penetration, the wettability of in-bed binders
and the solubility of in-bed binders in the liquid binder, however, these characteristics were

not subject of study in this work and further investigation should be done in this sense.

Figure 3.12: Printed parts to assess overhang angles as green part (A, C, E and G) and
sintered part (B, D, F and H) at 1345 °C in an industrial kiln, produced with feedstock
formulation (95 wt.% of porcelain + 5 wt.% of in-bed binder), using the following in-bed
binders: (A, B) PVA, (C, D) Maltodextrin, (E, F) Sodium Alginate and (G, H) CMC.

The relative density achieved with maltodextrin (73 %) is higher than found in the literature,
where Suwanprateeb et al. [6] reached a maximum of 49 % of relative density with sintered
parts of hydroxyapatite, while Marchelli et al. [7] reached a maximum of 60 % of apparent
density of porcelain bodies with maltodextrin as binder. The apparent porosity reached in
this work is also lower than the reported in the literature by Chumnanklang et al. [8],
reaching a minimum value of apparent porosity of 59 %, with hydroxyapatite powders and

maltodextrin as binder coating the particles. Also with hydroxyapatite and using PVA as
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binder, the reported values of relative density by Cox et al. [9], with average values of 45 %
of relative density, are lower than we found with porcelain. Although these works regards
on hydroxyapatite, a biomaterial where the porosity may be interesting, with alumina
powders [10] the sintered parts also presented values of relative density (< 40 %) lower
than we reached in this work. Alginate was also used as binder for AM production of alumina
parts, however with slurry based techniques, reaching almost 100 % of relative density [11],

but we need to emphasize that slurry based processes, typically, leads to denser parts.

Summarizing, we were able to compare PVA, maltodextrin, sodium alginate and CMC used
as in-bed binders in the production of porcelain parts by binder jet printing. The first
consideration regards on CMC, which has fiber type particles, a shape of particles that
jeopardizes the printing process of porcelain powders, due to defects in the deposition of
the liquid binder, resulted from the obstruction of the printhead (Figure 3.9). In the case of
sodium alginate, even though it does not affect the printing process, it leads to fracture of
parts after industrial sintering, especially low angle overhangs, and the presented results
lead us to advocate the reason is its thermal degradation behavior (Figure 3.5) associated
with the lower green density (Table 3.VI). Both PVA and maltodextrin allowed the printing
of porcelain parts without major defects and its sintering as well. However, due to its costs
and availability at industrial scale in porcelain parts production, the PVA as in-bed binder
appears as the most suitable option for industrial implementation of by binder jet printing for
porcelain parts production. Nevertheless, both binders exhibit a limitation in the printing of
parts with details, especially in the printing of thinner walls (Figure 3.11 B and D), an
important feature for product design driven companies, such as Costa Verde is. Hence,
further investigation, regarding the amount of binder is needed, in order to improve the

printability of detailed parts.

As stated, there are limitations in the design features possible to print with PP-5PVA
formulation, especially thinner walls. In this sense, the amount of PVA was increased in
steps of 2,5 wt.%, from 5 up to 20 wt.% (Table 3.1). We need to emphasize that without any
in-bed binder added and with 2,5 wt.% of PVA, it was not possible to print porcelain objects
by binder jet printing, due to the lack of bond among the porcelain particles, leading to loose
powder in the powder bed and the impossibility to remove and handle parts. In further

images these formulations will be identified as a non printable area.
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The free settled density of the feedstock formulation is presented in Figure 3.13, starting
with the value for porcelain powder without any addition of in-bed binder
(0,90 £ 0,01 g/cm?®). With the addition of 5,0, 7,5 and 10,0 wt.% of PVA, the value decrease
to 0,62 + 0,01 g/cm?® for the three formulations. PP-12PVA and PP-15PVA formulations
exhibit values of 0,64 + 0,01 g/cm® and 0,65 + 0,01 g/lcm®, respectively. With further
increase of the wt.% amount of PVA, the free settled density decreases to 0,56 + 0,01 g/cm?®
and 0,55 + 0,01 g/cm? for PP-17PVA and PP-20PVA formulations, respectively. The HR of
the different formulations is presented in Figure 3.14, starting with the porcelain powder
(1,40 £ 0,02) and decreasing with the addition of PVA, reaching a minimum of 1,37 + 0,01
for PP-12PVA formulation. With the further addition of PVA an increase is observed for PP-
15PVA formulation, with a value of 1,38 + 0,01 and even more noticeable for PP-17PVA
and PP-20PVA formulations with values of 1,42 + 0,03 and 1,43 + 0,04, respectively.
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Figure 3.13: Free settled density of porcelain powders (A ) and of the feedstock
formulation with variation of the amount of in-bed binder PVA (m). Highlight for the non
printable formulations (< 5,0 wt.% of PVA).
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Figure 3.14: Hausner Ratio of porcelain powders (A) and of the feedstock formulation
with variation of the amount of in-bed binder PVA (m). Highlight for the non printable
formulations (< 5,0 wt.% of PVA).

Regarding HR, the addition of PVA appears to not have a significative impact in the
feedstock formulation, especially up to values of 15 wt.% and considering the errors
associated with each feedstock formulation. This lower change in the values is explained
by the similar HR values of porcelain (1,40 £ 0,02) and PVA (1,36 + 0,02, Table 3.1V).
However, for higher amounts of PVA, the HR and its associated error increases, showing
higher variation of feedstock characteristics. The cause for this effect may be related with
the heterogeneity in the feedstock mixture, due to difficulties in proper dry mixing, caused
by the high amounts of PVA, corresponding to 0,290 (29 %) and 0,324 (32 %) volume
fraction (Vy) of PVA for PP-17PVA and PP-20PVA feedstocks, respectively (Table 3.11). The
free settled density trend matches the HR one, where higher free settled densities are
reached for lower HR values, due to better powder packing, however there is no significative
differences for feedstock formulations with equal or less than 15 wt.% of PVA., while for PP-
17PVA and PP-20PVA the impact is higher, decreasing its values of free settled density. In
all the studied feedstock formulations, as opposed to HR, the free settled density decreases
when compared with the starting porcelain powders, due to lower density of PVA (Table
3.1).

As for the comparison of in-bed binders, cylindrical parts (Figure 3.1 A) were printed using

the feedstocks with different amounts of PVA and its geometric relative density are
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presented in Figure 3.15. The green parts exhibit an increase in the relative density with the
increase of PVA amount, from 35,9 + 0,3 % to 43,7 £ 0,7 %, corresponding to PP-5PVA
and PP-20PVA feedstock. In the case of sintered parts, although having higher relative
density when compared with its green part, present a decrease in relative density with the
increase of PVA amount from 58,3 + 0,1 % to 49,6 + 0,4 %, for PP-5PVA and PP-20PVA
feedstock, respectively (Figure 3.15). In Figure 3.16 the diameter variation of the cylinders
to the virtual design with the variation of PVA content is presented and is possible to observe
a negative variation for all the feedstock formulations while it increases for higher amounts
of PVA, from - 3,5 + 0,1 % for PP-5PVA to - 6,9 + 0,2 % for PP-20PVA. The same trend in
the diameter variation to virtual design is observed after industrial sintering process,
however the is an increase in the values of variation to - 22,4 £ 0,1 % and - 24,2 £ 0,1 %
for sintered parts of PP-5PVA and PP-20PVA, respectively.

Although the free settled density of the different feedstock did no show significative
differences (Figure 3.13), the diameter variation of the cylinders is higher, i.e. the diameter
of the green cylinders is smaller, with the increase of PVA content (Figure 3.16), leading to
an increase in the geometric relative density of the green parts. This happens with liquid
binder deposition, as it dissolves the PVA particles leading to higher compaction between
porcelain particle. As the PVA amount increases, the space between particles is better filled
by the PVA solution (PVA powder + liquid binder), reducing the diameter of the green
sample and increasing its relative density. After the industrial sintering of parts, although
the same trend in diameter variation was observed, with higher variations for higher
contents of PVA (Figure 3.16), an opposite variation was observed in the geometric relative
density (Figure 3.15) with lower values for higher amounts of PVA. This fact is explained by
the thermal degradation of PVA, which leaves open porosity in the parts, and has higher

impact as higher amount of PVA is used.
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Figure 3.15: Geometric relative density of printed parts with feedstock formulation
prepared with different amounts of in-bed binder PVA in the green state (m) and after

industrial sintering at 1345 °C (e). Highlight for the non printable formulations (< 5,0 wt.%
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Figure 3.16: Diameter variation to virtual design of printed parts with feedstock
formulation prepared with different amounts of in-bed binder PVA in the green state (m)
and after industrial sintering at 1345 °C (e). Highlight for the non printable formulations

(< 5,0 wt.% of PVA).

The relative density measured by Archimedes method presented the same trend as the

geometric relative density after industrial sintering, decreasing from 72,0 + 0,7 % with
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PP-5PVA to 58,4 +0,5 % for PP-20PVA (Figure 3.17). The water absorption and the
apparent porosity increased with the increase in the PVA amount from 15,3 + 0,6 % (PP-
5PVA) to 26,1 +£0,5 % (PP-20PVA) and from 25,3 £ 0,8 % (PP-5PVA) to 37,2+0,4 %
(PP-20PVA), respectively. Any significative difference was observed for feedstocks using
less than 15 wt.% of PVA as in-bed binder. However, for the case of PP-17PVA and
PP-20PVA the difference is noticeable. As discussed above, the reason of this fact is related
with the dry mixing of the feedstock which is jeopardized by the high amount of PVA in the
mixture. Also, as the amount of PVA increases, the relative density of sintered parts

decreases due to the thermal removal of the in-bed binder.
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Figure 3.17: Relative density (m), water absorption (e) and apparent porosity (A),
measured by Archimedes Method, of parts produced with feedstock formulation with

different amounts of in-bed binder PVA, after industrial sintering at 1345 °C.

As the results exhibit higher relative density for parts produced using PP-5PVA than for the
other feedstocks, the difference for amounts up to 15 wt.% is not significative and the
objective of increasing the amount of PVA is to understand its impact in design features of
printed parts, as discussed previously. In that sense the parts with different wall thicknesses

(Figure 3.1 B) and different overhang angles (Figure 3.1 C).
The use of wall thicknesses higher than 2 mm in the part design, do not show any challenge

using PVA as in-bed binder from 5 wt.% to 20 wt.%, as is possible to see that both in green

state and after industrial sintering the parts have this wall (Figure 3.18). While the 1 mm
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wall was printed for all the used formulations, in the case of PP-5PVA (Figure 3.18 A) and
PP-7PVA (Figure 3.18 C) formulations, it breaks during removal from powder bed and
depowdering process. After industrial sintering only parts printed with PP-10PVA (Figure
3.18 F), PP-12PVA (Figure 3.18 H) and PP-15PVA (Figure 3.18 J) have it. However, it is
possible to observe a slight deformation in these walls. In the case of overhang angles there
was not a significative difference among the different formulations used, with all of them
presenting green parts with all overhangs and, after sintering, small deformation was

observed in 30 ° and 15 ° overhangs (Figure 3.19).
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Figure 3.18: Printed parts to assess wall thickness as green part (A, C, E, G, |, Kand M)
and sintered part (B, D, F, H, J, L and N) at 1345 °C in an industrial kiln, produced with the
following feedstock formulation: (A, B) PP-5PVA, (C, D) PP-7PVA, (E, F) PP-10PVA, (G,
H) PP-12PVA, (I, J) PP-15PVA, (K, L) PP-17PVA and (M, N) PP-20PVA.
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Figure 3.19: Printed parts to assess overhang angles as green part (A, C, E, G, |, Kand

M) and sintered part (B, D, F, H, J, L and N) at 1345 °C in an industrial kiln, produced with

the following feedstock formulation: (A, B) PP-5PVA, (C, D) PP-7PVA, (E, F) PP-10PVA,
(G, H) PP-12PVA, (I, J) PP-15PVA, (K, L) PP-17PVA and (M, N) PP-20PVA.

As per Figure 3.19 the variation of the amount of PVA did not present a significative

difference regarding the overhang angles able to be produced, this is not the case of the

wall thickness (Figure 3.18) where a minimum wall thickness of 1 mm was produced using
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PP-10PVA, PP-12PVA and PP-15PVA formulations, which were the same formulations with
slight higher free settled density (Figure 3.13) and lower HR (Figure 3.14). The 1 mm wall
broke in the green part for PP-5PVA and PP-7PVA formulations and in during sintering for
PP-17PVA and PP-20PVA formulations. In this sense, we can group the feedstock
formulations in three groups due to its similar behavior: low amount of binder (PP-5PVA
and PP-7PVA), adequate amount of binder (PP-10PVA, PP-12PVA and PP-15PVA) and
high amount of binder (PP-17PVA and PP-20PVA).

In the low amount of binder group, as presented above, although it was possible to print
1 mm walls, the same presented low mechanical resistance and broke during removal from
powder bed or during depowdering process. The low amount of binder, as schematically
represented in Figure 3.20, does not fill the space between porcelain particles in the green
parts, leading to walls without enough mechanical resistance to be removed from the
powder bed and handled. As is possible to observe Figure 3.18 A, the top of the 1 mm wall

has a small defect and in Figure 3.18 C the 1 mm wall broke.

In the high amount of binder group, the binder content leads to the fracture of thinner walls
during the sintering process, as schematically represented in Figure 3.21, due to the high
porosity between porcelain particles as result from the thermal removal of the in-bed binder,
promoting the fracture of thinner walls. Another cause for the defect may be related with the
liquid binder deposition and the incomplete solution of PVA particles due to the high content

of PVA which may hinder the full penetration in the liquid binder drops.
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Figure 3.20: Defects observed in thinner walls (< 1mm) of the green parts with low
(5,0 wt.% and 7,5 wt.%) amount of PVA as opposed to the parts with adequate (10,0, 12,5
and 15,0 wt.%) amount of PVA. The illustration highlights that with reduced amount of

PVA the thinner walls do not have enough bond among particles and break.

© Porcelain @ PVA

Figure 3.21: Defects observed in thinner walls (< 1Tmm) of the sintered parts with high
(17,5 and 20,0 wt.%) amount of PVA as opposed to the parts with adequate (10,0, 12,5
and 15,0 wt.%) amount of PVA. The illustration highlights the effect of high amount of
PVA, which after thermal removal leads high porosity which leads to fracture of the thinner

walls.
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Maleksaeedi et al. [10] were able to produce alumina parts using 10 wt.% of PVA mixed
with the spray dried alumina powder. The group produced green parts with 20 — 25 % of
relative density and sintered parts with 35 — 40 % of relative density. They found that the
majority of the porosity resulted either from the removal of the PVA or the porosity created
due to the poor packing of particles in the powder bed. Comparing with our work, especially
the formulation with 10 wt.% of PVA, we were able to reach 37 % of relative geometrical
density in the green part and 55 % of relative geometrical density in the sintered part,
corresponding to 70 % of relative density measured by Archimedes method. One of the
reasons is related with the particle size which was < 100 ym in the work of Maleksaeedi et
al. [10], and < 80 um in our work. As explained by the authors, one of the sources of porosity
is the low packing of the powders in the powder bed, which increases when we decrease

the particle size.

Shanjani et al. [12] showed a retraction, after sintering, in the planar direction of 17 %, in
the binder jet printing of calcium polyphosphate with 10 wt.% of PVA. The retraction
measured by the group used the dimensions of the green part as reference, while in our
work we presented the retraction using the CAD file dimensions. If we use the same
reference and the same amount of binder, we observe that we reached the same value of

linear retraction (17 %) in the planar (diameter) direction.

Although this work shown to be possible to produce porcelain parts by BJP using PVA as
in-bed binder, defects were observed for all the formulations tested in this work, for the initial
layers of the binder jet printing process. These defects, as presented in Figure 3.22, lead to
layer shifting by action of the roller. The defect was observed only in the initial layers of
each print and it is the reason that the length variation of the printed cylinders was not
evaluated in this work, because it would be mainly affected by this defect. In this sense,
further investigation should be done in order to improve the printability, i.e., produce defect
free porcelain parts, of porcelain powder feedstock with PVA as in-bed binder in binder jet

printing process.
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.

Figure 3.22: Layer shifting in binder jet printing of porcelain powders formulation.

Occurring during the initial layers of each printing test.

3.4. Conclusions

In this work we studied the use of the in-bed binder for the production of porcelain parts by
binder jet printing at industrial scale. To achieved so, we studied four different water soluble
in-bed binders: PVA, maltodextrin, sodium alginate and CMC. Although it was possible to
produce porcelain printed parts with all the in-bed binders, the fiber type shaped particles
of CMC jeopardize the printing process, leading to the obstruction of the printheads, and as
consequence, defective parts due to the lack of deposition of the liquid binder. Also, broken
design features were observed after industrial sintering, such as low angle overhangs, and
it was attributed to two main reasons: i) low green relative density of printed parts with PP-
5Algin and PP-5CMC feedstock and ii) multistep thermal degradation associated with high
burning rates of sodium alginate and CMC as in-bed binders. In this sense, PVA and
maltodextrin are the most suitable in-bed binders for porcelain parts production due to
comparable densification and thermal behavior, leading to almost defect free sintered parts.
However, due to the industrial application of this work, allied to the fact that PVA binders
are already used for porcelain conventional production, PVA was chosen as in-bed binder
for porcelain powder formulations, to study the possibility to print parts with design features

such as overhangs and wall thicknesses.

The defects observed for parts produced with high amount of PVA were attributed to the

poor dry mixing of porcelain and PVA powders, and to the excessive porosity in the sintered
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parts. While the low amount of PVA lead to green parts with mechanical strength. In this

sense, with intermediate amounts of PVA (10 - 15 wt.%) it was possible to print parts with

lower wall thickness (1 mm), while low angle overhangs (< 30 °) showed to have

deformation during sintering for all the formulations studied. However, the 90 wt.% of

porcelain with 10 wt.% of PVA shown to have the best combination of design features and

relative density of sintered parts, among the several formulations studied.
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Abstract of the chapter

In the previous chapter the role of the in-bed binders was assessed and PVA was identified,
among the binders studied, as the in-bed binder to use in the binder jet printing of industrial
porcelain parts. However, the printed porcelain parts were not defect free and further
studies are needed in order to improve the printability of porcelain powders feedstock, i.e.,
produce defect free parts. In this sense, this chapter focus on the influence of the particle
size of the feedstock as well as the role of heat treatment to the feedstock powders. Our
observations reveal that large particles of the in-bed binder (100-150 ym) leads to clog of
the printhead, jeopardizing the liquid binder deposition and as consequence, defective
parts. We also found that large porcelain particles, which tend to be spherical, have higher
flowability than the fine ones, promoting layer shifting during the printing process, and as
consequence, lead to defective parts as well. On the other hand, the beneficial of the heat-
treated porcelain powders use in the feedstock was clearly observed to eliminate design
defects in the final parts. The heat treatment of porcelain powders transforms the porcelain
agglomerates into aggregates, preventing its deagglomeration during the liquid binder
deposition. This fact improves the printability of porcelain powders feedstock leading to

defect free industrial porcelain parts produced by binder jet printing.

Keywords of the chapter

Printability, industrial porcelain powders, binder jet printing, additive manufacturing,

ceramics

4.1. Introduction

Powders for AM techniques should fulfill requirements regarding properties such as particle
size distribution, morphology and flowability, as described in Chapter 1. These properties
are described in the literature as the ones more impactful both in the process itself and in
the properties of green and final parts, such as porosity, density, mechanical behavior and
dimensional stability. In addition, printability of powders was defined as the ability to produce
design defect free objects by AM. As described in the previous chapter, the parts produced

by BJP using raw porcelain powders lead to parts with defects due to layer shifting.

137



Chapter 4 — Printability of porcelain powders in Binder Jet Printing

In this chapter we study the printability of feedstock with industrial porcelain powders, i.e.,
the ability to produce defect free printed parts, namely addressing the effect of the powder
feedstock characteristics, as particle size distribution and heat treatment of the powders on
the HR and free settled density of the powders formulations, and on the relative density of

the green and sintered defect free porcelain parts.

4.2. Materials and methods

Spray dried industrial porcelain powders were produced and provided by Porcelanas da
Costa Verde, Portugal using the conditions described in Chapter 2. In this chapter industrial
raw porcelain powders and heat-treated porcelain powders were used and, based on the
results of the previous chapter, 15 wt.% of Polyvinyl Alcohol (Zschimmer & Schwarz), PVA,
was used as the in-bed binder in all feedstock formulations, prepared according to the
procedure described in Chapter 2. Both raw and heat-treated porcelain powders were
characterized regarding their thermal behavior, specific surface area, particle size

distribution and crystallographic phases using the procedura described in Chapter 2.

For comparison purposes, ZP131 (3D Systems, USA) [1], ZP140 (ZCorporation, USA) [2]
and Visidet PXL Core (3D Systems, USA) [3] commercial powders for BJP were also
characterized and used as reference powders. These powders are plaster based powders
and are used by Porcelanas da Costa Verde, Portugal, for prototyping parts, using the BJP
printer ZPrinter 650 (ZCorporation, USA).

The Taguchi method was used to study the influence of the particle size distribution of the
components of the feedstock formulation for binder jet printing. In this sense, raw porcelain
powders, heat-treated porcelain powders and PVA powders were individually dry sieved
using 100 - 150 pum (defined as coarse), 100 - 80 um (defined as medium) and
Base - 80 um (defined as fine) granulometric intervals, as presented in Figure 4.1. The
feedstocks were prepared as described in Chapter 2, using 42,5 wt.% of raw porcelain
powders, 42,5 wt.% of heat-treated porcelain powders and 15 wt.% of PVA, using the array

of combination presented in Table 4.I.
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Figure 4.1: Granulometric cuts, 100 - 150 uym (coarse), 100 - 80 ym (medium) and
base - 80 pym (fine), of raw porcelain powders, heat-treated porcelain powders and PVA

powders, for the Taguchi study.

Table 4.1: Array of combination of three different powders (raw, heat-treated and PVA)
with three different granulometric cuts (fine, medium, coarse), used for the Taguchi
method. The powders were dry mixed using the following amounts: 42,5 wt.% of raw

porcelain powders, 42,5 wt.% of heat-treated porcelain powders and 15 wt.% of PVA

powders.

Feedstock Raw Heat-treated PVA
T Fine Fine Fine
T2 Fine Medium Medium
T3 Fine Coarse Coarse
T4 Medium Fine Medium
T5 Medium Medium Coarse
T6 Medium Coarse Fine
T7 Coarse Fine Coarse
T8 Coarse Medium Fine
T9 Coarse Coarse Medium

The individual materials after the granulometric cut were characterized regarding its
Hausner Ratio, free settled density, particle size distribution and shape, using the procedure
described in Chapter 2. In addition, the Hausner Ratio of the prepared feedstocks was also

assessed using the procedure described.
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Fine powders (0 - 80 um) of raw porcelain, heat-treated porcelain and PVA, were used to
study the influence of heat-treated powders in the printability if porcelain. The feedstocks
were prepared using the procedure described in Chapter 2 producing the feedstock
formulations presented in the Table 4.1I. The in-bed binder (PVA) amount was 15 wt.% for

all the formulations.

Table 4.1I: Feedstock formulations prepared for the study of the heat-treated (HT)
porcelain powders effect, using fine (0 - 80 um) powders of raw porcelain, heat-treated

porcelain and PVA.

Porcelain
fl:::;ﬁ::i% I; (total: 85 wt.%)
HT (%) Raw (%)

100HT 100 0
75HT 75 25
50HT 50 50
25HT 25 75
OHT 0 100

PVA

(total: 15 wt.%)

The Hausner Ratio and free settled density of the feedstocks were analysed using the
procedure described in Chapter 2. In addition, the time absorption of the liquid binder by
the OHT and 100HT feedstocks was assessed using the procedure described as well in the
Chapter 2.

Printing was performed in a ZPrinter 650 (ZCorp) as described in Chapter 2, and cylindrical
parts (Figure 4.2 A) were produced to evaluate the density and shrinkage of the green and
sintered printed parts. To assess printability and to evaluate designs limitation, a cube
(Figure 4.2 B) and parts with different length bridges (Figure 4.2 C) were also printed and
processed. The diameter variation (AD), the geometric density (pgeom) and relative geometric

density (%p4e00m) Were assessed using the procedure described in chapter 2.
g
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—

8

7 mm

Figure 4.2: Representative image of the virtual design of (A) cylinders, (B) a cube with
15x15x15 mm dimensions and (C) a part with different bridges lengths: 40 mm, 20 mm,
10 mm and 5 mm, from left to right, respectively. These designs were used to evaluate

relative density, dimension variations and evaluate the printability of the feedstocks.

The printed parts were sintered in an industrial continuous kiln of Costa Verde, Portugal,
using a maximum temperature of 1345 °C, measured with process temperature control
rings, PTCR-STH (Ferro Corporation), for a total time cycle of 5 h 30 min. The sintered
cylinders were characterized regarding its geometrical relative density (%pgeom), Water
absorption (WA), apparent porosity (AP) and relative density using the Archimedes method
(%p 4rc ), Using the procedure described in Chapter 2. The microstructure of the printed parts

was analysed by SEM as described in Chapter 2, as well.

4.3. Results and discussion

The microstructure of the particles of raw and heat-treated porcelain powders are presented
in Figure 4.3. Both powders are similar and show spherical and irregular shaped particles.
In terms of particle size distribution (PSD) both raw and heat-treated porcelain powders
present a similar curve, as exhibit in Figure 4.4. Both powders have mainly a monomodal
PSD peaking at 118 ym. There is however a minor peak, observable for the PSD curve of
raw powders, peaking at 13 uym, clearly pointing the presence of a finer particles fraction.
This shoulder is not visible for the heat-treated powders curve. This absence is
accompanied by an increase of the peak intensity at 118 um from 9,9 % for the raw powders
curve to 11,4 % for the heat-treated powders curve, and by a narrower curve for the
heat-treated powders than the one of raw powders as the value of Dv10 increases from
50 pym (raw) to 57 um (heat-treated) and the value of Dv90 decreases from 233 um (raw)

to 210 ym (heat-treated), as exhibited in Table 4.11l. This is an indication that fine particles
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of the raw porcelain powders have reacted and became aggregated during the heat

treatment.

The differences in the PSD curves of the powders, mainly the reduction in the fraction of
finer particles, have impact in the HR and free settled density of the powders, as
heat-treated powders present a lower HR (1,22 £ 0,01) than the raw powders (1,26 + 0,02),
while the free settled density also decreases from 0,94 + 0,01 g/cm?® to 0,87 + 0,01 g/cm?.
The SSA analysis showed values of 9,7 m?/g for the raw porcelain powders and 6,6 m?/g
supporting the previous results.

exhibiting both irregular and spherical shaped patrticles.
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Figure 4.4: Particle size distribution of raw and heat-treated porcelain powders in dry

state. The inset of the graph zooms the region between 1 and 30 um.

Table 4.1ll: Dv10, Dv50 and Dv90 values from the particle size distribution curves of raw

and heat-treated porcelain powders, measured in dry state.

Raw Heat-treated

Dv10 (um) 51 57
Dv50 (um) 110 112
Dv90 (um) 233 210

With the heat treatment at high temperature, as 1000 °C, matter diffusion may occur within
the initial porcelain powders agglomerates originating stronger bonds between the particles
and the agglomerates originate aggregates, as schematically represented in Figure 4.5.
The small particles and agglomerates of raw powders with high reactivity tend also to react
among them, forming aggregates. As consequence, the ratio of small particles tends to

decrease, as well seen in the PSD curve (Figure 4.4).
The main difference between agglomerates (raw porcelain powders) and aggregates (heat-

treated porcelain powders) regards on bond strength between the particles inside each one,

where the aggregates have stronger bonds among the particles as compared with the
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agglomerates [4]. This is supported by the PSD analysis (Figure 4.6), where both powders
were analyzed in dry state and in water medium. It is possible to observe that the raw
powders deagglomerate once they are in water, while the heat-treated powders have similar

PSD curves both as in dry and wet state.

Heat-treated

Figure 4.5: Schematic representation of changes inside the agglomerates of spray dried
raw powders during heat treatment, with the formation of aggregates resulting from the
matter diffusion and bond creation under the high temperature treatment. Simultaneously,

the small individual particles or agglomerates react as well.
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Figure 4.6: Particle size distribution of raw and heat-treated porcelain powders in dry
state and in water medium. The main difference among the curves concerns in the raw
porcelain powders measured in water medium, leading to deagglomeration and as

consequence, increase the small particles fraction.
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Figure 4.7 shows the diffractograms of raw and heat-treated porcelain powders. The
difference between both powders resides mainly in the presence of the kaolinite phase in
the raw powders. As expected, during the heat treatment of the powders, the kaolinite
transforms into metakaolin, by dihydroxylation [5][6]. This transformation occurs around
550 °C, corresponding to the endothermic reaction illustrated in Figure 4.8. The
thermogravimetric analysis (Figure 4.9) exhibits a mass loss of around 6 % in the same
range of temperature, corresponding mainly to the loss of hydroxyl groups for the case of
raw powders and an almost loss free curve for the case of the heat-treated ones, as
expected. At 573 °C the a- to B-quartz inversion occurs followed by the exothermic
transformation around 990 °C and corresponds to the transformation of metakaolin to a
spinel-type structure and free silica [7][8]. As the temperature further increase for
temperatures higher than 1075 °C the spinel structures transforms into mullite [5] and above
1200 °C the quartz starts to transform into cristobalite and the prismatic crystals of mullite
growth. The common transformation in both powders is the reversible inversion of quartz a
in quartz 8. The XRD pattern depicted in Figure 4.7 evidences the presence of SiO; in the

heat-treated powder.

i 4 — Heat-treated |
Raw
;:\ .l ' e ® o ° L4 - |
LU, I L " e L . L__._..A " 1
>
= .
C
8 F i
£
‘ L J
I ‘ " \ LS % » g ° ¢ °
" 1 n 1 1 1 N 1 " 1 1 1 1 1 n 1
0 10 20 30 40 50 60 70 80

20 (°)
@® AQuariz - SiO, ‘ Kaolinite - AI28i205(OH)4v Microcline - KAISi;Og Albite - NaAlISi;Og

Figure 4.7: XRD patterns and phase identification of raw and heat-treated porcelain
powders. The kaolinite phase was suppressed due to the heat treatment performed in the

raw porcelain powders.
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Figure 4.8: DSC analysis of raw (black) and heat-treated (red) porcelain powders, where
the main differences regards on the transformations at 550 °C and at 990 °C for the raw

powders, which were not visible for the heat-treated porcelain powders.
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Figure 4.9: Thermogravimetric analysis of raw and heat-treated porcelain powders. The

heat-treated powders (red curve) present near zero mass loss.

While the heat treatment performed in the raw porcelain agglomerates, turning into

aggregates, do not change the morphology of the powders (Figure 4.3), it has an impact in
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the PSD of the powders (Figure 4.4), with a decrease in the smaller particles fraction. As
consequence, the HR and free settled density of powders also decrease and may have an
impact in the printing process of these powders. In this sense, the commercial powders
ZP131, ZP140 and Visidet PXL were analyzed for comparison with both raw and heat-

treated porcelain powders.

In Figure 4.10 SEM micrographs of the commercial powders for binder jet printing are
presented. The three powders exhibit irregular shaped particles, however, in the case of
Visijet PXL powder (Figure 4.10, C) small spherical particles are visible. In the case of the
HR (Table 4.1V), the three powders present similar values varying from 1,20 £ 0,01 (ZP140)
to 1,25 + 0,01 (ZP131). Regarding the PSD of the commercial powders, depicted in Figure
4.11, the curves have a major peak at 48 ym (Visijet PXL), 55 ym (ZP131) and 71 ym
(ZP140), accompanied by a shoulder for smaller particles (< 20 um). For the three
commercial powders studied the Dv10 value varied between 10 and 17 pm, while the Dv50
varied between 41 and 58 um. In the case of Dv90 the difference is variation is higher,
where VisiJet PXL exhibits a value of 81,6 um while ZP131 and ZP140 exhibit 119 ym and

124 um, respectively.
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(B) ZP131 and (C) Visijet PXL. The images present mostly irregular shaped particles for

the commercial powders.

Table 4.1IV: Hausner Ratio of commercial powders for binder jet printing.

ZP140 ZP131 VisiJet PXL

HR 1,20+0,01 | 1,25+0,01 | 1,23 +0,01
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Figure 4.11: Particle size distribution, in the dry state, of the commercial powders for
binder jet printing ZP131, ZP140 and Visijet PXL. The curves present mainly a

monomodal distribution, with shoulders on the side of smaller particles.

Table 4.V: Dv10, Dv50 and Dv90 values from the particle size distribution curves of
ZP131, ZP140 and Visijet PXL powders, measured in dry state.

ZP140 ZP131 Visijet PXL
Dv10 (um) 10 16 11
DV50 (um) | 57 49 41
DvO0 (um) | 124 119 82

Comparing the morphology of the commercial powders for BJP (Figure 4.10) with the raw
and porcelain powders (Figure 4.3) the main difference regards on the fact that both
porcelain powders have spherical and irregular shaped particles, while the commercial
powders have mostly irregular shaped particles. Concerning the HR, the porcelain powders
exhibit values between 1,22 and 1,26, while the commercial powders have similar values,

varying between 1,20 and 1,25.
The PSD is the main difference between the porcelain powders (Figure 4.4) and the

commercial powders (Figure 4.11). As a general overview, both raw and heat-treated

porcelain powders present powders with bigger particles than the ones of commercial
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powders. The PSD curves of the porcelain powders peak at 118 um, while the commercial
powders exhibit the major peak at 48 um (Visijet PXL), 55 uym (ZP131) and 71 pym (ZP140).
The same trend is observed when comparing the Dv10 values lower than 20 ym for
commercial powders (Table 4.V), while for porcelain powders the Dv10 values reach
50,6 um (raw) and 56,9 um (heat-treated). The Dv90 values for porcelain powders are
higher than 210 pym, while for commercial powders are compressed between 80 ym and
125 pm.

Considering this discussion, the PSD of raw and heat-treated porcelain powders as
produced may be not suitable for BJP, considering the PSD of commercial powders, and

there is a need to sieve the powders in order to reach a PSD with finer particles.
4.3.1. Effect of particle size and particle size distribution

With the objective to study the PSD effect in the printing process, the raw porcelain, heat-
treated porcelain and PVA powders were sieved. The granulometric cuts were chosen
considering the layer thickness used in the printing process, 100 ym, where the fine
particles (< 80 um) are lower than the layer thickness, the medium particles (80 - 100 um)
have a size similar to the layer thickness and the coarse particles (100 - 150 um) have a

size higher than the layer thickness.

Table 4.VI presents the HR and the prree settied Of the different powders used in this part of the
work. HR decreases with the increase of the particle size, in the three powders, while the
prree setiled dOES NOt have significant differences through the different particle sizes. Both raw
and heat-treated porcelain powders present similar values for HR, decreasing from 1,38 to
1,10 and 1,34 to 1,10, respectively, with the increase of the particle size from fine to coarse
powders. The raw porcelain powders (0,93 g/cm®) and the heat-treated powders (0,90
g/lem?®) present similar values of free settled density. In the case of the PVA powders, the
values are higher than the porcelain ones, presenting an HR of 1,44 for fine particles
decreasing to 1,28 for coarse powders. The prree setiied Of the PVA powders are lower than
the porcelain powders (< 0,76 g/cm®). These differences in the HR are explained by the
shape of the particles, as it is possible to observe in Figure 4.12. While the medium and
coarse particles of the porcelain powders are spherical, in the case of PVA particles the
shape is irregular, which decreases the flowability of the powder and the increase of the
HR.
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Raw and heat-treated porcelain powders present spherical particles of medium and coarse
granulometric cuts (Figure 4.12), while the fine ones of both porcelain powders, present
spherical and irregular shaped particles. In the case of PVA, powders have irregular shape
for the three granulometric cuts. The PSD of the raw (Figure 4.13) present bi modal curve
for medium and coarse powders, while the fine powders present a broader monomodal
distribution with a shoulder on the side of smaller particles. The coarse powders have major
peak at 104 ym and a minor one at 17 ym, while the medium powders have a major peak
at 81 um and a minor one at 15 ym. The fine powders peaks at 48 um, presenting also a
shoulder for particles < 20 um. When compared with the PSD of the raw porcelain starting
powders (Figure 4.4) it is noticeable the increase in the smaller particles, due to the
suppression of coarse particles through sieving. The increase of smaller particles after the
granulometric cuts, occurs in the range of 13 um, which is the range of a minor peak visible
in the starting raw porcelain powders (Figure 4.4). In the case of heat-treated porcelain
powders, the PSD curves (Figure 4.14) the curve of coarse powder presents monomodal
distributions peaking at 104 um, while the medium and fine powders present a bi-modal
distribution peaking at 71 ym and 48 pm, respectively, with a minor peak under 10 ym. The
same type of PSD was observed for the starting heat-treated porcelain powders (Figure
4.4), however, with different peaks positions, due to the granulometric cut. PVA exhibits bi-
modal PSD (Figure 4.15) for medium and coarse powders, with a major peak at 104 ym
and minor one at 20 um, in the case of medium powders, and a major peak at 134 um and
a minor one at 23 um for the coarse powders. The fine powders present a monomodal
distribution, peaking at 63 um, with a small shoulder for particles < 20 um. Comparing the
PSD curves of PVA with the ones of both porcelain powders, it is noticeable that PVA
present powders with bigger particles for the same granulometric cuts. The raw porcelain
powders (Figure 4.13) and the PVA ones (Figure 4.15) exhibit minor peaks for smaller
particles, in the case of medium and coarse powders, which should pass through the mesh
of the sieve, suggesting that the dry sieving process is not efficient is not efficient for these

powders.
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Table 4.VI: Hausner Ratio and free settled density of raw porcelain, heat-treated porcelain

and PVA powders, used in the Taguchi method.

Powder Hausner Ratio | Pfree settled

(g/cm®)
Raw porcelain fine (< 80 ym) 1,35+ 0,02 0,92 £ 0,02
Raw porcelain medium (80 - 100 um) 1,12 £ 0,01 0,93 £ 0,01
Raw porcelain coarse (100 - 150 ym) 1,10 £ 0,02 0,93 +£0,02
Heat-treated porcelain fine (< 80 uym) 1,34 £ 0,01 0,88 + 0,02
Heat-treated porcelain medium (80 - 100 um) 1,12 £ 0,01 0,90 + 0,01
Heat-treated porcelain coarse (100 - 150 ym) 1,10 £ 0,01 0,90 + 0,01
PVA fine (< 80 um) 1,44 + 0,03 0,73 £ 0,05
PVA medium (80 - 100 ym) 1,36 + 0,06 0,75+ 0,03
PVA coarse (100 - 150 ym) 1,28 + 0,03 0,76 £ 0,04

fine, (B) Raw porcelain medium, (C) Raw porcelain coarse, (D) Heat-treated porcelain

fine, (E) Heat-treated porcelain medium, (F) Heat-treated porcelain coarse, (G) PVA fine,
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(H) PVA medium and (l) PVA coarse. The porcelain powders present mostly spherical
shaped particles for medium and coarse powders, while for finer particles there is both
spherical and irregular particles. In the case of PVA, powders exhibit irregular shaped

particles for the three granulometric cuts.
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Figure 4.13: Particle size distribution, in the dry state, of raw porcelain powders for the
Taguchi method. The coarse and medium powders present bi-modal distributions, while

for fine powders the curve is monomodal with a shoulder in the smaller particles region.
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Figure 4.14: Particle size distribution, in the dry state, of heat-treated porcelain powders
for the Taguchi method. The three granulometric cuts present a narrow monomodal

distribution.
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Figure 4.15: Particle size distribution, in the dry state, of PVA powders for the Taguchi
method. The coarse and medium powders exhibit a bimodal distribution, while the fine

powders exhibit a monomodal distribution with a broad peak.

Taguchi method was used to assess the effect of the PSD of raw porcelain, heat-treated

porcelain and PVA powders in the HR of the feedstock for BJP. As presented before, fine,
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medium and coarse particles, of each powder were dry mixed, using the composition of
feedstock as described in Table 4.1. In Table 4.VII the HR values of the different formulations
are presented. It is noticeable that the formulation T1, which has fine powders of the three
components, has the higher HR (1,27), while the T9 formulation which has coarse powders
of raw and heat-treated porcelain and medium powders of PVA presents the lowest HR
(1,13). The rest of the formulations studied present HR between 1,16 and 1,19. In Figure
4.16 the effect of the particle size of each component (raw porcelain, heat-treated porcelain
and PVA) in the HR of the porcelain powders formulations is presented. For each feedstock
formulation of Table 4.VII, the respective granulometric cut (fine, medium and coarse) of
each component (raw, heat-treated and PVA) was represented in the graph (Figure 4.16)
and a linear influence was represented by lines. It is noticeable that with the increase of
particle size, the trend is HR to decrease, for the three powders used. This is explained by
the lower reactivity of bigger particles, leading to higher flowability and, as consequence, a
decrease in the HR. It is also visible that heat-treated powders have higher influence in the
HR, once the slope of the represented line (red) is higher than the one from raw and PVA

powders.

Table 4.VII: HR measured for the feedstock formulations prepared according the Taguchi
method, where fine (0 - 80 uym), medium (80 - 100 um) and coarse (100 - 150 um)

granulometric cuts of raw porcelain, heat-treated porcelain and PVA powders were used.

Sample Raw Heat-treated PVA Haus_ner

(pm) (Hm) (pm) Ratio
T1 0-80 0-80 0-80 1,27
T2 0-80 80 -100 80-100 1,19
T3 0-80 100 - 150 100-150 1,17
T4 80-100 0-80 80-100 1,19
T5 80-100 80 -100 100-150 1,16
T6 80-100 100 - 150 0-80 1,19
T7 100 - 150 0-80 100-150 1,19
T8 100 - 150 80 -100 0-80 1,19
T9 100 - 150 100 - 150 80-100 1,13
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Figure 4.16: Effect of the particle size of each component in the Hausner Ratio of the
porcelain powder formulation. For the three components, raw, heat-treated and PVA

powders, with the increase of particle size class, the Hausner Ration tends to decrease.

Figure 4.17 presents the obtained part produced by binder jet printing, using T3, TS and T7
feedstock formulations (Table 4.1) which have in common the use of coarse PVA powders.
The object to be printed is a cube (Figure 4.2, B), however, as it is possible to observe, the
part is highly damaged. This result is explained by the use of coarse PVA powders, with a
size of 100 - 150 um, while the layer thickness parameter used in the binder jet printing
process is 100 ym. The fact that PVA particles are bigger than the layer thickness will
promote the contact between these particles and the printhead of the binder jet printer,
during the deposition of the liquid binder. The fact that PVA is water soluble and the
printhead is depositing the liquid binder, leads to the clog of the printhead orifices
jeopardizing the printing process. This effect is noticeable in Figure 4.18, where the
printhead is presented before and after the printing process with T3, T5 and T7 formulations,

and leads to defective liquid binder deposition, and as consequence, defective printed parts.
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Figure 4.17: Printed part (cube) using T3, T5 and T7 formulations, which have in common

the coarse particles of PVA powders.
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Figure 4.18: Clean (left) and clogged (right) printhead during the binder jet printing of T3,

T5 and T7 formulations, which have PVA coarse particles in their composition.

In Figure 4.19 a printed part, produced with T9 formulation is presented. The part exhibits
a continuous defect due to layer shifting. As T9 formulations presents the lowest HR among
the formulations prepared, it also means it has the highest flowability. In this case, the higher
flowability of the powders, comparing with the other formulations, leads to layer shifting due
to roller action, pushing the first layers forward, as schematically represented in Figure 4.20.
Although this defect may happen during the whole printing process, it has higher impact in
the initial layers. This is result of the lowest amount of powder in the bed, leading to lower
resistance to movement by the printed part. Once the printing process continues and the
number of printed layers increases, the higher amount of powders in front of the printed part
prevents the part to keep moving by the roller action. This defect was also observed in the
case of printing with T5 formulation, which presents a HR of 1,16, however in this case the
defect was not as clear as for the printing with T9 formulation. Layer shifting was also
observed by Sun et al. [9] with glass ceramics in BJP, but in this case the effect was only

found for fine particles (< 25 ym).
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Figure 4.19: Printed part (cube) with T9 formulation, which exhibits the lowest Hausner
Ratio and higher flowability.
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Figure 4.20: Schematic representation of layer shifting defect, formed during printing

process, due to roller action and maximized by the higher flowability of powders.

With the T1 formulation, which is prepared using fine powders of raw and heat-treated
porcelain and PVA, the printing process occurred without major defects in the printed part,
as itis visible in Figure 4.21. As presented in Figure 4.12, the fine powders of raw and heat-
treated porcelain have irregular shaped particles which prevent the spherical ones to move,
as schematically represented in Figure 4.22. This fact leads to lower flowability, supported
by the higher value of HR than with the other formulations, and eliminates the layer shifting

defects observed in Figure 4.19.
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Figure 4.22: Schematic representation of the behavior of spherical and irregular shaped
particles in the powder bed, where the irregular shaped particles prevent the spherical

ones to roll, which leads to lower flowability of powders,

The use of finer particles lead to printed parts of porcelain without major defect, once it
avoids the clog of the printhead as observed for feedstock formulations with coarse PVA
particles (Figure 4.17), due to the fact that PVA particles are bigger than 100 uym, which is
the layer thickness used and avoids the layer shifting defect as observed for feedstock

formulations with low HR (Figure 4.19), due to the higher HR and worse flowability.
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The printed parts with T2, T4, T6 and T8, which have medium size powders of raw porcelain,
heat-treated porcelain and PVA showed low mechanical resistance to handling, breaking
during the removal from powder bed of the printer. This fact may be attributed to the use of
medium particles, as opposed in formulation T1, which was prepared using fine powders.
As presented in Figure 4.12, the medium powders of raw and heat-treated porcelain exhibit
mainly spherical particles. Spherical particles in a green part will have low initial surface
contact area between particles, leading to lower mechanical resistance [10]. This is
especially important in green parts produced by BJP which have lower density when

compared with other production processes.

The printing test with T1 formulation, which was prepared with fine powders of raw
porcelain, heat-treated porcelain and PVA, exhibited better results (Figure 4.21) than the
tests printing with the other formulations (T2 - T9), since the printed part (cube) retained its
shape as it should and did not break during the removal from the powder bed. In this sense,
the use of fine (< 80 um) particles is more suitable for the binder jet printing of porcelain
powders than the use of formulations with medium (80 - 100 uym) and coarse (100 - 150 ym)

powders.

Although the use of porcelain and PVA particles with the granulometric cut at 80 um, proved
to lead to defect free printed parts, it was observed in Chapter 3 that the use of only raw
porcelain and PVA powders may lead to defective parts. The T1 formulation was prepared
using 42,5 wt.% of raw porcelain powders, 42,5 wt.% of heat-treated porcelain powders and
15 wt.% PVA. However, it is not clear that a ratio of 50/50 of raw porcelain and heat-treated
porcelain leads to the best results, and in this sense, there is a need to study the amount of
raw and heat-treated porcelain powders in the feedstock formulations for industrial binder

jet printing of porcelain.

4.3.2. Effect of heat-treated porcelain powders in the printability

As presented in Table 4.1, feedstock formulations with different ratios of raw porcelain
powders and heat-treated porcelain powders were prepared, after a granulometric cut at
80 um. All the formulations were produced using 15 wt.% of PVA powders after the

granulometric cut at 80 ym.
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In Figure 4.23 and Figure 4.24 the free settled density and the HR of feedstock formulations
with different amounts of heat-treated porcelain powders are presented. The free settled
density varies from 0,66 + 0,00 g/cm?® for OHT and 100HT feedstock formulations and
reaches a maximum of 0,71 + 0,00 g/cm?® for 50HT feedstock formulation. In the case of HR
the OHT exhibits the maximum value (1,38 + 0,01) and a minimum value was found for the
50HT formulation (1,32 £ 0,01).

The main observation regards in the 50HT which presents the lowest HR, and as
consequence, the highest flowability of powders among the formulations presented. This
fact leads to the highest free settled density observed in these results. Considering the error
values for the formulations 50HT, 75HT and 100HT, the difference of the HR among them
are not significative, however a relation with the increase of the heat-treated porcelain
powders amount is visible, suggesting that the heat-treated powders may improve the

flowability of the feedstock.

Among these three feedstock formulations (50HT, 75HT and 100HT) the highest free settled
density is observed for the 50HT formulation, which is the one with the highest amount of
raw porcelain powders. Although the OHT formulation did not present the highest value of
free settled density, the raw porcelain powder, with a granulometric cut at 80 um, exhibits a
slightly higher free settled density value (0,92 + 0,02 g/cm?®) than the heat-treated porcelain
powder with the same granulometric cut (0,88 + 0,02 g/cm?®), as presented in Table 4.VI.
This fact explains the higher free settled density of 50HT than the ones for 75HT and 100HT,

due to the higher amount of raw porcelain powder.
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Figure 4.23: Free settled density of porcelain powders formulations with different amounts
of raw and heat-treated porcelain powders. The graph exhibits a maximum for the 50HT

formulation.
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Figure 4.24: Hausner Ratio of porcelain powders formulations with different amounts of
heat-treated and raw porcelain powders. The formulations exhibit a trend of lower HR for

50HT, 75HT and 100HT, which have higher amount of heat-treated porcelain powders.

During the binder jet printing process, an effect was observed in the OHT formulation (high

amount of raw porcelain powders). After the deposition of the liquid binder, the powder in
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the powder bed, slightly raises above the powder bed surface, and by the roller action, the
initial layers of the printed part are moved forward in the powder bed, as identified by the
dash red circle (initial position) and the solid red circle (final position) in Figure 4.25. In the
same figure are also identified green solid circles, which exhibit printed parts (in the case
cylinders) for which this defect was not observed, suggesting that in these cases the powder

did not raise above the powder bed surface enough to be moved by roller action.

This defect was assuaged in the case of the 25HT and eliminated in the case of 50HT,
75HT and 100HT formulations, as presented in Figure 4.26, where the part produced with
OHT formulation (Figure 4.26, A) exhibits the layer shifting in the bottom, while 25HT part
(Figure 4.26, B) presents a slight curvature in the initial layers and 75HT (Figure 4.26,D)
exhibits a small deformation after industrial sintering , while for the 50HT (Figure 4.26, C),
and 100HT (Figure 4.26, E) the defect was eliminated.

Roller
movement

Figure 4.25: Movement of initial layers during the printing process with OHT and 25HT
formulations. The green circles highlight the parts which did not shift position, while the
dash red circles indicate the initial position of layers which end up in solid red circle

positions.
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Figure 4.26: Printed parts with (A) OHT, (B) 25HT, (C) 50HT, (D) 75HT and (E) 100HT
feedstock formulations, after industrial sintering at 1345 °C. The images present the layer
shifting defect in the bottom of the OHT part (A), which was eliminated adding heat-treated

powders to the feedstock formulations.

In order to understand the behavior observed with the different feedstock formulations, the
interaction of the liquid binder with the powder bed was studied using the setup described
in Chapter 2 and the absorption time of the commercial liquid binder VisiJet PXL was
assessed. The interaction of the liquid binder with the OHT and 100HT feedstock
formulations is illustrated in Figure 4.27. The images A-D present the interaction of VisiJet
PXL with the OHT formulation, using two drops of binder, where the second liquid drop was
deposited after the first one was totally absorbed. The first drop takes 4,41 s to be
completely absorbed, while the second drop is never totally absorbed by the powder. The
images E-H correspond to the interaction of the liquid binder with the 100HT formulation,
where the first drop of liquid binder is absorbed in under 1 s, and the second drop is totally

absorbed in less than 3 s.
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Figure 4.28 schematically presents the interaction of the liquid binder, Visidet PXL, with the
OHT and 100HT powder formulations. As explained before in this chapter, the raw porcelain
powders are agglomerates, which deagglomerate when in interaction with the liquid binder,
turning the powder bed into a paste-like form. This effect is what prevents the powder to
absorb the second drop of liquid binder, as shown in Figure 4.27, D. In the case of 100HT
formulation, which has heat-treated powders, after the deposition of the liquid binder, the
particles retain their shape, as they are aggregates, and this fact allows the powder bed of
100HT to absorb the second liquid binder drop and absorb both drops faster than the OHT

formulation.
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Figure 4.27: Absorption of the liquid binder (Visidet PXL) by formulations OHT (A-D) and
100HT (E-H) for one and two drops of binder. While the second drop of Visidet PXL is
never totally absorbed by the OHT formulation, in the case of 100HT the absortion of both

first and second drop of liquid binder is complete and faster than for OHT formulation.
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Figure 4.28: Schematic representation of OHT and 100HT formulations behavior during
the interaction with commercial liquid binder Visidet PXL drops. In the case of OHT
formulations, the raw porcelain agglomerates deagglomerate after the deposition of the
liquid binder, while for the 100HT the heat-treated porcelain aggregates retain its form

after the deposition of the liquid binder.

The printing process of the OHT formulation is schematically represented in Figure 4.29.
After the deposition of the liquid binder, the raw porcelain powder deagglomerate in the
powder bed, creating an impediment to the absorption of the following deposited liquid
binder. During the deposition of the following layer of OHT powder, the raw porcelain
powders will be quickly saturated in liquid binder and deagglomerate as well, rising above
the powder bed surface (Figure 4.29, B). Then, by the roller movement the layer is shifted
forward in the powder bed (Figure 4.29, C).

This effect is not observed during the BJP with 100HT formulation, as represented in Figure
4.30. With the heat-treated powders, which do not deagglomerate with the liquid binder,
there is a complete absorption of the liquid binder in every layer, Figure 4.30 (B), and the

powders do not rise above the powder surface, keeping a smooth and flat surface. In this
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case the movement of the roller do not move the initial layers forward in the printing bed,
as represented in Figure 4.30 (C). The lack of this effect promotes better adhesion of the
layer with the previous one, keeping the surface of the powder bed smooth and avoiding

the layer shifting during the printing, leading to defect free printed parts.

(A)

Roller + Printhead

@1

Building
platform

(B)

Roller Printhead

Powder bed surface

Wet

Building .
OHT formulation

platform

(C)

Roller + Printhead

Building
platform

Figure 4.29: Schematic of the binder jet printing process of OHT formulation (A). The
detail illustrates the deagglomeration of powders and rise of powder above of powder bed
surface, especially in the external limits of the part (B), promoting the shifting of the initial

layers by roller movement (C).

170



Chapter 4 — Printability of porcelain powders in Binder Jet Printing

(A)

Roller + Printhead

_— -
Q E — Powder bed surface
V) 47, A2 5 2
O Dy . 4 y 4 2 Ko : / 4 / /{

Building Dry
platform 100HT formulation
~_
(B) .
Roller Printhead
Powder bed surface
Building ripl gl Wet
platform U 100HT formulation
(C)
Roller + Printhead
Building 5
platform

Figure 4.30: Schematic of the binder jet printing process of 100HT formulation (A). The
detail illustrates the form retention by the aggregates, preventing the powders to rise

above of powder bed surface (B) and leading to a proper initial layer (C).

This layer shifting defect is different from the one observed before, in the printing tests with
medium size particles (spherical particles) and illustrated in Figure 4.19. In the first case
(Figure 4.19) the layer shifting is continuous and occurs due to the higher flowability of the
powders, while in the second one (Figure 4.26, A) the defect occurs by the deagglomeration
of raw porcelain powders. This effect is attributed to the deposition of the liquid binder. In
this work we used 180 % of binder saturation, corresponding to 0,22 in the core section and
0,43 in the shell section. It is expected that a reduction in the binder saturation in the shell
section may reduce the observed defect, however, because the binder saturation in the
shell and in the core sections of the printed part have a relation, we are not able to reduce
the binder saturation only in the shell. Reducing the binder saturation for the whole part

implies a reduction in the binder saturation of the core which leads to printed parts with poor

171



Chapter 4 — Printability of porcelain powders in Binder Jet Printing

mechanical strength due to the lack of liquid binder to dissolve PVA particles, jeopardizing

the post-conformation steps.

Regarding the printed parts with the different feedstock formulations, Figure 4.31 presents
its relative geometrical density. As green part, the parts produced with S0HT formulation
presented the highest relative density (42,8 + 0,1 %), while for the other formulations the
geometric relative density varied between 37 and 40 %. This result is directly associated
with the higher free settled density of the 50HT formulation when compared with the OHT,
25HT, 75HT and 100HT (Figure 4.23). In the case of the geometric relative density of the
industrial sintered parts, the ones produced with OHT formulation presented highest relative
geometrical density (55,2 £ 0,8 %), closely followed by the ones prepared with 50HT
formulation (54,1 + 0,4 %), while the parts produced with 25HT, 75HT and 100HT exhibit
values varying between 47 and 50 %. This result is explained by the use of raw porcelain
powders in OHT formulation, which deagglomerate during the binder jet printing process,
which reduces the space between the intra-agglomerate particles and promotes the mass
diffusion during the industrial sintering, and as consequence, increases the density of the
final parts. In the case of 50HT formulation, the fact that 50HT formulation has higher free
settled density in the powder bed then the OHT one, compensate the fact that the heat-
treated powders do not deagglomerate, and as consequence prevents the intra-
agglomerate particles of raw powders to reduce the space among them, and leads to a
close geometric relative density. On the other hand, the parts prepared with 75HT and
100HT, which are formulations with high fraction of heat-treated porcelain powders, have
lower relative density after industrial sintering than the ones for OHT, 25HT and 50HT, due
to the same effect. In this case, the heat-treated porcelain aggregates, do not
deagglomerate, increasing the space between particles, and as consequence, jeopardizes

the mass diffusion and densification during the industrial sintering.

As expected, the relative density of all parts measured by Archimedes method (Figure 4.32)
is higher than the relative density measured by geometric method, because it disregards
open porosity and design deformations of the parts. However, it is still noticeable the same
trend of lower relative density for parts produced with 75HT (58,3 + 0,4 %) and 100HT
(59,6 £ 0,4 %) formulations, than for OHT (69,7 £ 0,1 %), 25HT (68,2 + 0,5 %) and 50HT
(68,6 £ 0,5 %). Regarding the microstructure of the parts, Figure 4.33 illustrates the
microstructure of a fresh fracture zone of green parts and Figure 4.34 exhibits the polished

microstructure of the industrial sintered parts, produced with the different formulations. No
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significative differences are visible among the microstructure of the different parts, even
though 75HT and 100HT parts have lower relative density than the ones of OHT, 25HT and
50HT.
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Figure 4.31: Geometric density of green and industrial sintered parts at 1345 °C, using
formulations with different amounts of raw and heat-treated porcelain powders. The graph
presents a maximum relative density in the green state for 50HT formulation and similar

relative density of sintered parts for OHT and 50HT formulations.
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Figure 4.32: Relative density, water absorption and apparent porosity, measured by
Archimedes method, of industrial sintered parts produced by binder jet printing with

different amounts of raw and heat-treated porcelain powders. The relative density of parts
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decreases with formulations with high amount of heat-treated porcelain powders (75HT
and 100HT)

( 8.5 Ot | e o a s 500 pm
Figure 4.33: SEM micrographs of fresh fracture zone of green parts of (A) OHT, (B) 25HT,
(C) 50HT, (D) 75HT and (E) 100HT formulations. The images do not present significative
differences among them.
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e R i

Figure 4.34: SEM micrographs of polished fracture zone of industrial sintered parts of (A)

OHT, (B) 25HT, (C) 50HT, (D) 75HT and (E) 100HT formulations. The images do not
present significative differences among them.

Due to the industrial aim of this work, as a product design driven company, it is relevant for
Costa Verde to know how the dimensions of a part evolve during the several steps of the
production process. With this in mind, in Figure 4.35 the diameter variation of cylinders,
relative to the virtual design dimensions (Figure 4.2, A) is presented for the formulations
with different amounts of heat-treated porcelain powders. As general overview, the increase
of the heat-treated porcelain powders fraction in the feedstock for binder jet printing,
reduces the variation of the diameter from -4,95+ 0,13 % for OHT formulation to
- 1,15+ 0,11 % for the 100HT one, in the green part, and from - 23,35 + 0,22 % (OHT) to
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- 20,69 + 0,21 % (100HT), in the case of industrial sintered part. These results are in
accordance with the ones observed for the relative density. On one hand, the raw powders
present in OHT formulation, deagglomerate during the deposition of the liquid binder,
leading to a paste-like form in the powder bed and approximate the intra-agglomerate
particles of raw powders. This fact leads to a higher variation in the diameter of the cylinder,
than for feedstock with heat-treated porcelain powders. This is supported by the fact that
the variation is negative, meaning a reduction in the diameter, when compared with the
virtual design dimension. On the other hand, after the industrial sintering, the parts produced
with high fraction of heat-treated porcelain, present the lowest variation (in absolute value),
due to the fact that heat-treated aggregates have higher space among them, preventing the

mass diffusion during sintering, and as consequence the densification of the part.

Industrial sintered complex shaped parts, with bridges with different lengths, are presented
in Figure 4.36, for the different feedstock formulations used. While the bridges with low
length (5 and 10 mm) did not deformed during the sintering process for all the formulations,
in the case of the 20 mm bridge the deformation is more noticeable for 75HT (Figure 4.36,
D) and 100HT (Figure 4.36, E). In the case of the longer bridge (40 mm), different behaviors
were observed for the different formulations after the industrial sintering. In the case of OHT,
25HT and 50HT, where the fraction of raw porcelain powders is higher or equal to the heat-
treated one, the bridge presents a plastic deformation, while for 75HT and 100HT
formulations, the bridge broke. This difference is once again explained by the higher
distance among the heat-treated porcelain aggregates, preventing its densification and
leading to fracture, then for the intra-agglomerate particles, which, resulting from the
deagglomeration during the liquid binder deposition, have lower space among them
promoting the densification of the body during industrial sintering, which avoids the type of

fracture observed for parts produced with 75HT and 100HT formulations.
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Figure 4.35: Diameter variation of green and industrial sintered parts (cylinders) to virtual
design, prepared using the feedstock formulations with different amounts of raw and heat-
treated porcelain powders. The increase in the amount of heat-treated porcelain powders

reduces the diameter variation to the virtual design dimensions.
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Figure 4.36: Complex shaped parts, after industrial sintering, with different length bridges,
produced by binder jet printing with the (A) OHT, (B) 25HT, (C) 50HT, (D) 75HT and (E)
100HT formulations. Image (F) represents the virtual design with the desired part. The

longer bridge deforms for OHT, 25HT and 50HT formulations, while it breaks in the

extremes for the 75HT and 100HT formulations.

Considering the results of this chapter, we proved that the use of heat-treated porcelain
powders improves the printability of porcelain powder feedstock, by leading to defect free
final parts. However, its use compromises physical properties, such as relative density, of

the industrial sintered parts. The use of 50HT formulation, which has the same amount of
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raw porcelain powders and heat-treated ones, balances the elimination of defects in the

final parts, while do not lead to low relative density parts.

4.4. Conclusions

The printability of industrial porcelain powder feedstock for binder jet printing was assessed
by studying the effect of the particle size distribution and the heat treatment of porcelain

powders in the elimination of defects in the porcelain parts.

The use of fine particles (< 80 ym) in the porcelain powder feedstock leads to defect free
printed parts, due to the fact that has both irregular and spherical particles, as opposed to
large particles (80-100 ym) and (100-150 um), which have high flowability (HR < 1,20),
leading to layer shifting defect in the printed parts. Additionally, the use of large in-bed
binder particles (100-150 ym) promotes the clog of the printhead, jeopardizing the liquid
binder deposition and leading to highly defective printed parts.

The use of heat-treated porcelain powders in the feedstock for binder jet printing, is not
reported, and here we shown the advantages of its use. The addition of heat-treated
porcelain powders improves the printability of powder feedstock by avoiding the defect free
printed parts. This influence is attributed to the fact that the heat treatment transforms
agglomerates into aggregates, preventing its deagglomeration during the deposition of
liquid binder and avoiding the layer shifting by roller action. However, its use with high
amount in the feedstock also leads to final parts with lower relative density, when compared

with feedstock with lower amounts of heat-treated porcelain.

In this sense, we found that OHT formulation (85 wt.% of raw porcelain and 15 wt.% of PVA)
leads to parts with the highest relative density (70 %), and the 50HT formulation (42,5 wt.%
of raw porcelain, 42,5 wt.% of heat-treated porcelain and 15 wt.% of PVA) leads to parts
with almost the same relative density (68 %), but in the case of OHT the final parts exhibit
design defects due to layer shifting in the initial layers, while the parts produced with 100HT

are defect free final parts.
Nevertheless, the highest value of relative density measure (70 % with OHT formulation) is

far from the desired for industrial porcelain bodies (> 99,5 %) and in this sense there is a

need to improve the relative density of the bodies, using different post-conformation steps.
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Abstract

The use of Selective Laser Sintering (SLS) with ceramic powders is limited by the
processing challenges, mainly the sintering temperatures required for ceramic materials. In
this sense, the use of a sacrificial binder, used for the SLS process and its removal from
the final ceramic parts can be a solution for ceramic parts production through SLS, known
as indirect SLS. In this work we approach the use of indirect SLS for the production of
porcelain parts by using a polyamide as sacrificial powder binder. The obtained parts by
indirect SLS followed by post-conformation steps were produced using heat treated
porcelain powders, required in order to avoid printing defects in the powder bed. Polyamide
powders in a weight ratio of 5:1, reach the highest relative density. The position of the parts
in the powder bed showed to have influence in the design quality of the parts, while the
reuse of powders exhibit promising results showing not significative differences in properties

of the final parts.

Keywords

Additive manufacturing, porcelain, indirect SLS, ceramics

5.1. Introduction

As discussed in Chapter 1, the use of the direct SLS approach for ceramics may promote
the crack formation and delamination of the ceramic bodies, due to thermal stresses formed
during the process. In this sense, the indirect way, where a sacrificial in-bed binder is use

during the SLS process and thermally removed in post-conformation processes.

This study aims the use of indirect SLS of industrial porcelain powders for porcelain parts
production. In order to achieve it, the improvement of the printability of porcelain powders
by the use of heat treatment and the study of the amount by weight of polyamide as in-bed
binder are the main focus of this work. The printing direction and the reuse of powder are
also within subject of study of this work. These results have implications for our fundamental
understanding regarding the printability of industrial porcelain powders in SLS and avenues
to accelerate the implementation of AM technologies in industrial production of ceramics

area.
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5.2. Materials and methods

Spray dried industrial porcelain powders were produced and provided by Porcelanas da
Costa Verde, Portugal using the conditions described in Chapter 2. In this chapter industrial
raw porcelain powders and heat-treated porcelain powders were used and the organic in-
bed binder used in the present study is a polyamide 12 (PA 650, Advanced Laser Materials,
USA), with a melt flow rate of 50 g/10 min, according to its technical data sheet. All feedstock
formulations (Table 5.1), prepared according to the procedure described in Chapter 2. Both
raw and heat-treated porcelain powders were characterized regarding their specific surface
area, particle size distribution and morphology and the polyamide powder was
characterized regarding its PSD, morphology and thermal behavior using the procedure

described in Chapter 2.

Table 5.1: Porcelain powders formulations used in SLS.

Formulation Porcelain W.eight ratio.
(Porcelain:Polyamide 12)
PO Raw powders 3:1
P3 Heat treated powders 3:1
P4 Heat treated powders 4:1
P5 Heat treated powders 5:1
R1 Reuse from P3 3:1
R2 Reuse from R1 3:1

The SLS process was performed as described in Chapter 2 and cylinders with diameter of

6,35 mm and length of 12,7 mm, were printed as parts.

The printed parts were subject to post conformation steps. Cold isostatic pressing (CIP)
performed during 60 s at a pressure of 196 MPa in oil bath was used. A rubber bag was
employed to prevent the part to contact the oil. The parts were also submitted to sintering
process using an industrial continuous kiln, with a maximum temperature of 1365 °C, for 6
h. A group of parts was subject to both processing steps, first with CIP followed by the

industrial sintering.
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The relative density and diameter and length variation of the green and sintered parts was
assessed using the procedure described in Chapter 2. In addition, the microstructure of the

sintered parts was analyed as described in Chapter 2.

The density of the porcelain used is 2,44 g/cm?, and the density of the polyamide 12 is
1,02 g/cm?®, according to its technical data sheet. The reference density for PO, P3, R1 and
R2 compositions, all with the porcelain/polyamide 12 weight ratio of 3/1, is 1,81 g/cm® and

for P4 and P5 formulations are 1,91 g/cm®and 1,98 g/cm?, respectively.

5.3. Results and discussion

Porcelain powders exhibit spherical and irregular shaped particles, both as raw (Figure 5.1,
A) and as heat-treated powders (Figure 5.1, B). Raw porcelain powders exhibit a particle
size distribution peaking at 62 ym, with a shoulder in the smaller particles side (< 20 ym),
and a small peak for particles smaller than 2 um, while the heat-treated porcelain powders
exhibit a bi-modal distribution, with a major peak at 104 um and smaller one at 17 ym, as
presented in Figure 5.2. The specific surface area (SSA) analysis exhibit a decrease from
9,7 to 6,6 m?/g after the heat treatment of the spray dried porcelain powders. The polyamide
12 powders, used as in-bed binder, exhibit irreqular shaped particles and a narrow
monomodal PSD, peaking at 55 ym (Figure 5.3). In Table 5.1l characteristics of the particle
size distribution of raw porcelain, heat-treated porcelain and polyamide 12 powders are
presented. The Dv10 of raw porcelain powders is lower (11 um) than the one for
heat-treated porcelain powders (28 um), while the Dv90 is also lower for raw powders (104
pum) than for heat-treated porcelain powders (118 um). As polyamide 12 exhibit the narrower
PSD curve, the Dv10 is the highest with 37 um and the Dv90 is the lowest with 86 um.

Both the morphology and the PSD curves of raw and heat-treated porcelain powders are in
accordance with the results discussed in Chapter 4 of this thesis. The heat treatment
performed in the spray dried powders did not change significantly the shape of the particles,
however, there was a decrease in the fine particle fraction after the heat treatment, due to
the aggregation of fine particles among them and with bigger particles, accompanying the
increase in the fraction of coarse particles. The transformation of the raw porcelain
agglomerates into heat-treated porcelain aggregates is also supported by the decrease in
the SSA of the porcelain powders. Comparing the PSD curves of raw and heat-treated

porcelain powders (Figure 5.2) with the one of polyamide 12 (Figure 5.3), and having in

185



Chapter 5 — Porcelain powder formulation for indirect Selective Laser Sintering

consideration the values in Table 5.11, it is noticeable that the raw porcelain powders exhibit
smaller particles than the ones of polyamide 12, while the heat-treated porcelain powders
exhibit bigger particles than polyamide 12. These particles can be more suitable for the use
of polyamide 12 as in-bed binder, which needs to fill the voids among the porcelain particles.

Figure 5.1: SEM micrographs of the porcelain powders used in this work: (A) Raw

porcelain powders and (B) heat-treated porcelain powders. Both powders present
spherical and irregular shaped particles.
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Figure 5.2: Particle size distribution of raw (black) and heat-treated (red) porcelain

powders. The raw porcelain powders have a monomodal distribution with a shoulder in
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the smaller particles side, peaking at 62 ym, and the heat-treated porcelain powders
present a bi-modal distribution, peaking at 104 ym.
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Figure 5.3: SEM micrograph (left) and particle size distribution (right) of polyamide 12
powders. The powders exhibit irregular shaped particles and a narrow monomodal particle
size distribution, peaking at 55 ym.

Table 5.1l: Characteristics of the particle size distribution of the porcelain and polyamide
12 powders used in this work.

Raw Heat-treated Polyamide
porcelain porcelain 12
Dv10 (um) 11 28 37
Dv50 (um) 49 83 57
Dv90 (um) 104 118 86

The initial tests of indirect SLS with porcelain powders were performed using raw porcelain
powders with polyamide 12 (PO formulation). However, several limitations were observed
during the printing process, namely the bad spread of powder in the powder bed, as
illustrated in Figure 5.4, where the red circles highlight the existence of holes in the powder
bed (Figure 5.4, A) and the agglomeration of powder (Figure 5.4, B). In Figure 5.5 the
powder bed surface during the printing with the P3 formulation is presented. The surface is
homogenous, and the defects observed for the PO formulation were not observed.
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The ineffective spread of the powder with the PO formulation leads to highly defective parts,
and poor mechanical strength of the parts, as illustrated in Figure 5.6 A, where loose powder
is seen around the printed part. Most of the printed parts with PO are not possible to remove
from the powder bed since they break as they are handled. On the other hand, the part
printed with the P3 formulation, where heat-treated porcelain powders were used,
presented in Figure 5.6 B, was produced without major defects, as result of the proper

spread of powder observed for the P3 formulation.

The improvement in the spread of the formulations, and as consequence, in the defect free
printed parts is clear when heat-treated porcelain powders are used as opposed to raw
porcelain powders. Three main reasons may explain this effect: 1) the heat treatment
performed in the porcelain powders may reduce the reactivity of the powders by turning the
agglomerates into aggregates; 2) in addition, the heat-treated porcelain powders present
larger particles than the raw powders (Figure 5.2), improving the spread of the powders; 3)
the PSD of raw porcelain powders exhibit smaller particles than the ones of polyamide
(Figure 5.3) and, in this sense, the molten polyamide after the laser scan, do not fill the
voids between porcelain particles properly and does not provide enough mechanical
resistance to the printed part. This is opposed to the heat-treated porcelain powders which
have larger particles than the ones of polyamide 12, promoting a better filling of the voids
between the porcelain particles by the molten polyamide after laser scan, improving

mechanical resistance of the green printed part.

Figure 5.4: Defects created in the powder bed with PO formulation (raw porcelain

powders), with highlight for holes created (A) and agglomeration of powders (B).
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Figure 5.5: Part bed surface during the printing with P3 (heat-treated porcelain powders).
The image shows a smooth and homogenous powder bed surface, without the defects
observed for the PO formulation.

Figure 5.6: Cylinders printed with (A) PO and (B) P3 formulations. It is clear the effect of
heat-treated porcelain powders use in the P3 formulation, leading to a proper printed part
(cylinder) as opposed to the use of raw porcelain powders in the PO formulation.

The effect of the ceramic/binder ratio in the printability, relative density and dimensions
variation to the virtual design was also analyzed. Three different weight ratios were used:
3:1 (P3), 4:1 (P4) and 5:1 (P5) (Table 5.1) and the green parts are depicted in Figure 5.7.
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For the three compositions used, the green printed parts present a well-defined cylindrical
shape and homogenous and smooth surface aspect. A careful analysis highlights a curling
effect (underlined with the red circle) that appears at the bottom of the cylinder, i.e., the
initial layers of the printed part. The defect is more perceptible in the parts printed with the
formulation with higher amount of polyamide (P3 formulation, Figure 5.7 A), when compared
with parts printed with lower content of polyamide. This defect is maximized for parts, for
instance a cylinder, printed in the horizontal position (Figure 5.8), which have the circular
section deformed. To understand what gives rise to this different behavior it is important to
considerer the operation conditions of SLS, being one of the most important the part bed

temperature.

The SLS window is defined as the SLS temperature work range, which is the difference
between the onset of Tm (melting temperature) peak and the offset of Tc (crystallization
temperature) peak of the powder to be printed, as shown in Figure 5.9 (vertical black line)
[1]. The SLS process is more effective, producing parts with better properties, if the part
bed temperature is kept in the onset of the Tm peak of the powder, and in the case of this
work, of the in-bed binder. In the case of the polyamide 12 used, the temperature of the part
bed should be settled for 170 °C. Keeping the temperature at this value will keep the
material in the powder bed in a melt stage after the laser crossing. When the part bed
temperature is too low, the material is not melted anymore and curling effects appear in the

edges of the part [2].

However, due to the addition of the porcelain powder to the formulation, the Tm onset of
the formulation is shifted to the right, i.e., for higher temperatures (Figure 5.9, vertical red
lines), leading to the curling defects in the printed part. In the case of P3 formulation, the
part bed temperature should be kept around 174 °C. Due to the high amount of polyamide
in the P3 formulations, this defect is more perceptible in the parts printed with this

formulation.
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Figure 5.7: Green parts after SLS, printed with the formulations (A) P3, (B) P4 and (C)
P5, with highlight for the curling effect at the bottom of the part. The part printed with P3

formulation, i.e., higher amount of polyamide, exhibits more curling.

0>

Y T Y
Figure 5.8: Parts printed by SLS in vertical position (left) and in horizontal position (right).
On top the schematic representation of the parts position in the powder bed. In the case of
the horizontal position it is noticeable that the cylinder does not have a circular section.
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Figure 5.9: SLS window of the virgin polyamide 12 (black) and the formulation with

porcelain powders (red).

Although our studies indicate that the part bed temperature parameter, during the SLS of
porcelain powders with polyamide 12 as in-bed binder might solve the problem of curling,
further research focused in the printing parameters needs to be done. Other parameters
such as laser power, scan speed and roller speed might have an impact in the curling effect
as well. This subject is particularly important for companies that are product design driven,
as Porcelanas da Costa Verde, in order to avoid design deformations in the porcelain parts
produced by SLS.

The relative density of parts printed using different amounts of polyamide is presented in
Figure 5.10, after the different stages of processing. In the green state, parts produced with
formulation with higher content of porcelain, P5, presents lower relative density (42 %),
while P3 and P4 exhibit 55 % and 51 %, respectively. Based on our results, here we
advocate that the relative density of the green parts is related with the ratio of
porcelain/polyamide. In one hand, the porcelain powders have bigger particles (Dv90 of
118 um) than the polyamide (Dv90 of 86 um) and the increase in the amount of porcelain
from P3 to P5 formulation leads to an increase in large particles and as consequence, higher
void space among them and a decrease in the relative density. On the other hand, the
reduction of polyamide content in the powder bed leads to less melted in-bed binder during

the laser scan, and as consequence, less binder will fill the void space between porcelain
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particles, which also contributes to the lower relative density of printed parts with P5

formulation than for P4 and P3 ones.

The relative density of printed parts processed by CIP and printed parts processed by
industrial sintering is also presented in Figure 5.10. The same trend observed for green
parts was also observed for parts after the CIP, where the highest relative density was
measured for parts printed with P3 formulation (70 %) followed by the ones with P4 (67 %)
and P5 (65 %). However, the increase in relative density for P5 parts is higher (21 %) than
for P3 and P4 ones (15 %). This difference is explained by the lower relative density of P5
green parts than for P3 and P4 ones, i.e., more void space between particles for P5
formulation, which is reduced during CIP process. In the case of industrially sintered printed
parts, which were not processed by CIP, the highest relative density was observed for parts
printed with the P4 formulation, followed by the P3 ones (69 %), while industrially sintered
P5 printed parts exhibit only 60 % of relative density. This result was not expected, as P5
formulation has the highest content of porcelain powders and should present the highest
relative density of printed parts, after the in-bed binder is thermally removed during
sintering. Based on our results, we can advocate that in this case the lower relative density
of P5 green parts than the ones of P3 and P4 hinders the densification of the bodies during
the sintering process, due to the higher void space between particles than for P3 and P4

parts.

For printed parts processed by CIP followed by industrial sintering, the highest relative
density was obtained for P5 parts (80 %), while P4 and P3 ones presented 78 % and 77 %,
respectively. In this result, the use of CIP combined with the industrial sintering, leads to
similar values of relative density among printed parts with the different formulations,
however for the P5 parts the increase in the relative density (38 %) is higher than the ones
observed for P3 (22 %) and P4 (27 %) after CIP and industrial sintering combined. This
result is in accordance with the higher amount of porcelain in P5 formulation and, even
though its green part exhibit the lowest relative density, the use of CIP which approximates
the porcelain particles, followed by the industrial sintering which removes the in-bed binder
and promotes the matter diffusion between porcelain particles, leads to the highest relative

density measured among all the printed parts.
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Figure 5.10: Relative density of printed parts using P3, P4 and P5 formulations, in the
different steps of processing. The P5 formulation, the one with higher content of porcelain,

has the highest relative density after CIP followed by industrial sintering.

The micrographs of fractures zone of parts produced with the different formulations are
presented in Figure 5.11, after CIP and industrial sintering. It is possible to observe that the
microstructures do not present significative differences among them, which is in accordance
with the results discussed above for the relative density. The parts produced with the

different formulations have relative densities varying between 78 and 80 %.
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Figure 5.11: Micrographs of fracture zone of printed parts produced with (a) P3, (b) P4
and (c) P5, after CIP followed by industrial sintering processing. The microstructures do
not have significative differences among them, in accordance with relative density results,
which are similar and close to 80 %.

The results of relative density are close to the ones found in the literature with alumina parts
using polyamide as sacrificial binder. Deckers et al. [3] reached 86 % of relative density
after CIP and sintering, using 22 wt.% of polyamide. The green parts of the group have
lower relative density (40 %) when compared with the parts with similar amount of
polyamide in our work: 55 % for P3 (25 wt.%) and 51 % for P4 (20 wt.%). The same authors
[4] only reached 34 % of relative density in green parts of alumina, using polypropylene as
sacrificial binder. The group was able to reach 89 % of relative density, however they used
warm isostatic pressing, which has a temperature slightly higher than the Tg of the binder,
to improve the relative density of the green part.

The results of relative density showing similar values for the porcelain parts produced with
formulations using different ratios of porcelain/polyamide, it is also important to assess the
dimension variations of the produced parts and compared with the virtual design dimensions
of the CAD design. This is a crucial property for a product design driven company as

Porcelanas da Costa Verde.
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In this sense, the length and diameter variation of printed parts to the virtual design are
presented in Figure 5.12 for P3, P4 and P5 formulations, after each step of processing. As
green parts, the length variation varies from 2,8 % for P5 parts to 3,6 % and 4,3 % for P4
and P3 parts, respectively. In the case of the diameter variation, the maximum values were
observed for P3 green parts (4,1 %) and decreased for P4 (3,6 %) and P5 (3,2 %). These
results exhibit a positive value, meaning that the diameter of the green part is higher than
the diameter of the virtual design. The reason for this to happen is related with the
commercial SLS and software which is prepared to work with only polyamide 12 powders,
typically contracts during the laser sintering process. In this sense, the software
automatically compensates this contraction scanning a larger section which will match the
dimension of the virtual design after contracting. Once we are using a feedstock that has a
bigger fraction of porcelain powders than the fraction of polyamide, the contraction during
laser sintering is lower than the one of a feedstock using only polyamide. Thus, the printed
parts with P3, P4 and P5 will have larger dimensions than the virtual design once they do

not contract as much as a feedstock with only polyamide.

In the case of parts processed by CIP, while P3 and P4 presented close values of diameter
variation (-6,3 % and -7,7 %, respectively) and length variation (-6,0 % and -6,7 %,
respectively), the P5 parts exhibit a diameter and length variation of -11,4 %. This
difference among the parts of different formulations regards on the relative density of the
green parts, which is lower for P5 (42 %) than for P3 (55 %) and P4 (51 %), as presented
in Figure 5.10, meaning that the P5 part has more void space between particles and retracts
more during the CIP process than parts of P3 and P4 formulations. This result also supports
the different values of relative density after CIP (Figure 5.10), discussed above, which
exhibit a higher increase in relative density for P5 parts (21 %) than for P3 and P4 ones (15
%) after CIP, and was explained by their relative density of green parts. In the case of
industrially sintered parts, P5 parts presented the highest diameter variation (-19,1 %)
followed by P4 (-16,1 %) and P3 (-13,9 %) ones, and the same trend was observed for the
length variation with P5 parts presenting a value of -17,0 %, followed by P4 (-15,1 %) and
P3 (-13,9 %). Although the P5 parts presented the highest negative variation of diameter
and length, i.e., the highest retraction, it did not translate in the highest relative density, as
presented in Figure 5.10, and our results leads us to advocate that this fact is attributed to

the lower relative density of the green part than the ones of P3 and P4 formulations.
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The parts processed by CIP followed by industrial sintering, presented the highest
variations, as illustrated in Figure 5.11. The diameter variation was higher for P5 parts
(-26,7 %) than for P4 (-21,9 %) and P3 (-20,7 %), while the length variation followed the
same trend, with values of -27,4 %, -23,1 % and -21,2 % for P5, P4 and P3 parts,
respectively. The higher retraction of P5 parts than the ones of P4 and P3, are in
accordance with the relative density values (Figure 5.10) which were similar after CIP
followed by industrial sintering for the three formulations, meaning that P5 parts retracted

more to reach similar values of relative density.

This range of retractions are typical from powder bed AM processes, as found by Deckers
et al. [5] where the group found retractions between 22 and 24 % using warm isostatic
pressing as densification step, followed by debinding and sintering processes, with alumina
as ceramics and polystyrene as binder. However, the retractions measured by the authors
used the green part dimensions as reference, while in our work we used the CAD file
dimensions as reference. The same authors found retractions between 31 and 44 % in X/Y
and Z directions, respectively, for parts with only debinding and sintering processes. In our
work we found also anisotropy in the dimension variations of parts which were not
processed by CIP and were directly sintered after SLS. However, the difference was
between 1 and 3 %, with higher retraction in the X/Y direction of the parts printed with P5
formulation. In accordance with the work of Deckers, we also found that the isostatic

pressing reduces the anisotropy of the linear retraction of the final sintered parts.
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Figure 5.12: Length and diameter variation of the printed parts with different amounts of
polyamide 12 as in-bed binder, after each processing step to the virtual design
dimensions. The increase in the porcelain content leads to higher variations of both length

and diameter of the printed cylinder.

Summarizing, the most relevant results regarding the relative density of the printed parts
occur after the green parts are isostatically pressed and then sintered. In this case, the parts
with the higher content of porcelain, P5, present slightly higher relative density (80 %) than
the ones produced with P3 (77 %) and P4 (78 %) formulations. The relative density of the
three parts produced with different amounts is similar, while the dimension variations of the
P5 part is 5 % higher than the P4 and P3 formulations. We also observed that the use of
CIP may reduce the anisotropy of the dimensional variations during the following industrial

sintering.
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5.3.1. Reuse of powder formulation

The amount of waste powders in SLS is quite high, as discussed in Chapter 1, and from the
industrial application point of view, reusing the powders is relevant. Hence, due to the
industrial interest of this work, the reuse of powder formulation was studied as well. The
formulations R1 and R2 were used to perform this study. They were obtained as exceeding
powders from previous SLS prints: the R1 after the P3 SLS print, and the R2 formulation
after the R1 SLS print, as indicated in Table 5.1.

The relative density of the parts produced using reused powders is presented in Figure
5.13. As general overview, it is possible to observe that parts produced with R1 and R2
formulations have always lower relative density than the ones produced using the starting
formulation P3. As green part, the relative density decreases from 55 % for P3 printed parts
to 50 % for R1 and 46 % for R2 ones. The same trend was observed for parts processed
by CIP, decreasing from 70 % for P3 to 67 % for R1 and 65 % for R2 and processed by
industrial sintering, decreasing from 69 % for P3 to 65 % for R1 and 63 % for R2. The
maximum of relative densities was obtained for printed parts processed by CIP followed by
industrial sintering, reaching the maximum of 77 % for P3 parts, and decreasing to 74 % for
R1 and 72 % for R2. Based on this result, we can advocate that the reuse of powders has
an impact in the relative density of printed parts, leading to less dense parts with the reuse
of powders. However, this difference is not significative once these relative densities are

quite far from fully dense bodies, which is the goal for porcelain parts industrially produced.
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Figure 5.13: Relative density of printed parts with P3, R1 and R2 formulations, in the
different steps of processing. The reuse of powders leads to a decrease in the relative

density of parts, a trend observed at every stage of processing.

The diameter and length variations to the virtual design of the parts produced with reused
powders are presented in Figure 5.14. A general overview leads to the conclusion that the
parts produced with the reused formulations R1 and R2, have similar diameter and length
variations as the starting formulation P3. In the green state, the diameter variation of P3
parts is 4,1 %, while for R1 and R2 parts is 3,9 %, while the length variation is 4,3 % for P3
parts and 3,9 % for R1 and 4,3 % for R2 respectively. After CIP, the diameter variation of
P3 is -6,3 %, while for R1 and R2 are -6,5 % and -6,9 % respectively, while the length
variation is -6,0 % for P3 and -6,5 % and -6,0 % for R1 and R2, respectively. The industrially
sintered parts produced with P3 formulation presented a length and diameter variation of -
13,8 % and -13,1 %, respectively, while the variation increased for R1 (-14,6 % and -13,9 %)
and for R2 (-14,9 % and -14,1 %). The differences between the starting formulation and the
reused powders reached a maximum for the parts processed by CIP and industrial sintering,
as P3 exhibit diameter and length variations of -20,7 % and -21,2 %, respectively, while for
R1 parts the values were -21,7 % and -22,1% and for -22,4 % and -23,0 %, for diameter

and length variations respectively.
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Figure 5.14: Length and diameter variation of the printed parts with P3, R1 and R2
formulations, after each processing step, to the virtual design dimensions. The reuse of
powders does not have a significative impact in the dimension variations of the printed

parts.

As for all powder formulations, 400 cylinders and cubes were printed, Figure 5.15 illustrates
defective green printed parts produced with R1 and R2 formulations. These defective parts
represent 4 and 8% of all printed parts for R1 and R2, respectively. The defects observed
suggests a shift in position of parts during SLS process. It was possible to observe that
some expansion of powder, rising above the powder bed surface occurs after the laser scan
in the position of the parts to be printed. This expansion above the powder bed surface is
enough for the roller to push the printed parts and move them out of position in the powder
bed. Additionally, defect free parts were used for industrial sintering and some of these parts

presented deformations and fractures after sintering, as illustrated in Figure 5.16.
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Figure 5.15: Examples of defective green parts printed with reused powder (R1 and R2).
The parts present a shifting in position due to roller action during SLS.

Figure 5.16: Examples of defective parts printed with reused powders (R1 and R2

formulations), after CIP followed by industrial sintering. The parts on the left exhibit a
deformation while the parts on the right broke during sintering.

As for the first defect, observed for green parts (Figure 5.15), a hypothesis for this effect in
the reused powders was attributed to the thermal processing of the polyamide, which is not
used in any printed part but is subject to heating (up to 170 °C) during the SLS process, as
powder present in the part bed. Kruth et al. [6], found that the thermal deterioration of the
polyamide leads to an increase in the molecular weight and its viscosity, promoting an
inconstant consolidation and a shift in the melting point, which can result in coalescence of
the particle size of the polyamide. This observation by Kruth is coherent with the effect of
powder rising above the powder surface, observed in our work. However, further
investigation is needed to understand the thermal deterioration of the polyamide 12 used in
our work and its role in the development of the defects observed in the green parts.

The second set of defective porcelain printed parts, occurring after the industrial sintering,
might be related with fine particle fraction reduction in the reused formulations (R1 and R2).
In this sense, an analysis of cumulative PSD was done for P3, R1 and R2 formulations, and
it is presented in Figure 5.17. It is possible to observe that the PSD cumulative curve
presents a shift in position to the right, i.e., to the large particles side of the reused
formulations (R1 and R2). Additionally, there is a decrease in the fraction of particles smaller
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than 20 um from 24 vol.% for P3 formulation to 19 vol.% for R1 and 12 vol.% for R2 powders.
This reduction of fine particles fractions occurs during the setup of the printing process,
where the powders are manually removed from the powder bed after the SLS process and
deposited again in the feeding beds. This powder manipulation leads to a loss in fine

particles fraction which remain suspended in the air rather than the larger particles [7].

The lack of these particles will leads to an increase of porosity in the printed part, as
supported by the lower relative density of parts produced with R1 and R2 formulations than
the ones of P3 formulation (Figure 5.13), leads to distortions (Figure 5.16, left) during the
sintering or even the fracture of parts (Figure 5.16, right). This phenomenon was observed
by Strondl et al. [8] with nickel alloy powders, where the lack of fine particles lead to
distortions in the printed parts during sintering.
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Figure 5.17: Cumulative particle undersize curves of P3, R1 and R2 formulations for SLS.
The reused powders present a shift in the cumulative curve to the right, suggesting a

decrease in the fine particles fraction.

Summarizing, the reuse of porcelain powders formulations with polyamide 12 as in-bed
binder is possible and does not remarkably affect the relative density (Figure 5.13) and the
part dimension variations (Figure 5.14). However, defective parts were obtained both in
green state and after industrial sintering process, which may jeopardize the full reuse of
powders in the SLS of porcelain parts. Further investigation is needed to understand how

to avoid these defects, which may be done by mixing reused and new powders.
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5.4. Conclusions

This work focused on the exploration of indirect selective laser sintering of porcelain
powders for industrial production of porcelain objects. This paper shows that it is possible
to produce porcelain parts by indirect SLS. However, due to the high reactivity of the spray
dried porcelain powders there is a need of a heat treatment of the powders in order to make
it printable. With the heat-treated porcelain powders, it was possible to obtain parts with
80 % densification, using a formulation with a porcelain/polyamide weight ratio of 5:1. The
work also showed that formulations with higher amount of porcelain may produce green
parts with lower densification, mainly due to the differences of the particle size of porcelain
and the polyamide. However, the densification of the parts after CIP and sintering is slightly
higher for the parts printed with higher amount of porcelain, followed with higher linear
retractions (26 %). A curling effect was observed for the parts with higher amount of
polyamide, especially for cylinders printed in the horizontal position, which leads to defective

parts regarding its design.

Finally, due to the industrial application and interest, the reuse of powders in SLS was also
studied, showing that the manipulation of the powders leads to the loss of finer particles,
which reflects parts with lower densification and distortions after CIP and industrial sintering.
However, the reuse of the powders is still possible, and the addition of virgin powders may

avoid these defective parts.

At the end, this work show that the use of indirect selective laser sintering is possible to
produce porcelain parts through AM. However, more post processing steps are required in

order to reach higher density of final parts.
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Abstract

In this chapter we discuss post-conformation steps aiming to increase the relative density
of the porcelain printed parts obtained by powder bed AM techniques: binder jet printing
(BJP) and selective laser sintering (SLS). Although several post-conformation processes
have been reported in the literature to increase the density of the printed parts, there is a
lack of comparison of processes suitable for industrial scale, especially for industrial
porcelain parts. In this sense, a second goal is to compare BJP and SLS for the industrial
production of porcelain parts, regarding the relative density of the parts at different stages
of industrial processing. The porcelain printed parts used in the present study were selected
as the ones exhibiting the best results in terms of printability and relative density in the
previous studies. The porcelain bodies, produced with BJP and SLS, were processed
through industrial thermal sintering cycles, cold isostatic pressing and pressureless
infiltration with porcelain suspension. The cold isostatic pressing and the thermal cycles
were, among the processes studied, the ones that increased more relative density of
porcelain bodies. The infiltration process was found to be ineffective in the improvement of
relative density of the final parts. The maximum relative density reached (97 %) was
obtained for parts produced by BJP, while for the SLS parts the maximum relative density
reached was 84 %, both after CIP and industrial sintering. The SLS ceramic bodies were
less dense than the BJP parts, regardless the densification process, due to higher amount

of in-bed binder used and the use of only heat-treated porcelain powders.

Keywords

Binder jet printing, industrialization, porcelain, additive manufacturing

6.1. Introduction

As discussed in Chapter 1, due to its working principle, powder bed AM techniques usually
lead to fragile green parts and parts with high porosity and post-conformation steps are
required in order to improve the density of the final parts. Thermal processing, isostatic
pressing and infiltration are among the most used processes for densification of printed

parts.
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The main goal of this work is to explore post-conformation processes of printed parts by
powder bed AM techniques using industrial porcelain powders by Costa Verde, such as
industrial thermal processing, isostatic pressing and pressureless infiltration, in order to
increase the relative density of the industrial porcelain parts. The thermal cycles and the
pressureless infiltration were chosen due to its availability in the conventional production
route, and CIP was chosen due to its impact in the increase of relative density of final parts,
as discussed above. In addition, a second objective of this study is to compare porcelain

parts produced though BJP and SLS regarding their relative density.

6.2. Materials and methods

6.2.1. Feedstock and printing conditions

The feedstock and printing conditions used in this work were chosen based on the previous
studies as the ones exhibiting the best results in terms of printability and relative density.
Two different feedstocks formulations were used for BJP and are here identified as OHT
and 50HT. The OHT formulation has 90 wt.% of spray dried porcelain powders and 10 wt.%
of PVA as in-bed binder. The 50HT formulation has 45 wt.% of spray dried porcelain, 45
wt.% of heat-treated porcelain powder and 10 wt.% of PVA, as in-bed binder. A ZPrinter
650 (ZCorporation) was used to print both feedstocks using the printing parameters
described in Chapter 2. The SLS parts, identified in this work as SLS, were produced in
Sinterstation HiQ+HiS (3D Systems) using the conditions described in Chapter 2. The
feedstock was composed of 84 wt.% of heat-treated porcelain powder mixed with 16 wt.%
of polyamide 12 (PA 650, Advanced Laser Materials, USA), used as in-bed binder.

To assess the relative density through the different steps of processing, cylindrical parts
were printed with a diameter of 14 mm and a length of 28 mm in the case of BJP, and
diameter of 6,35 mm and length of 12,7 mm, in the case of SLS. Complex shaped parts
were printed as well, named as chess pawn in this work (Figure 6.1). The chess pawn with
a hollow complex shape (Figure 6.1 A) was originally designed by JaaYoo [1] and the design

of the second pawn was adapted to a bulk form (Figure 6.1 B).
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34 mm 34 mm

22,5 mm

Figure 6.1: Virtual designs of complex shaped parts, named as chess pawns, in the
hollow form (A) and bulk form (B).

The post-conformation processes used in this work were industrial sintering cycles, cold

isostatic pressing and pressureless infiltration with porcelain suspension.

The sintering cycles were performed in continuous industrial kilns, from Porcelanas da
Costa Verde, S.A. (Portugal) facilities, with a maximum temperature of 1178 °C (PTCR), for
2,5 h, for the 1% sintering, and 1358 °C (PTCR), for 5,5 h, for the 2" sintering process.

For CIP, green printed parts were protected with a rubber bag, in vacuum, and then

processed in cold isostatic presser using an oil medium to apply 196 MPa, for 5 min.

The pressureless infiltration consisted in soaking the printed parts, after the 1% sintering
cycle, in a water based suspension, produced by Costa Verde, S.A. (Portugal), varying the
agitation method, soaking time, suspension density and the use of deflocculant, in the case
Dolapix (Zschimmer & Schwarz Chemie GmbH, Germany). The different tests and its

parameters are presented in Table 6.1.
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Table 6.1: Pressureless infiltration conditions used to infiltrate printed parts with porcelain

suspension, with variation in the agitation method, soaking time and suspension

characteristics.
Test Agitation method Soaking time Density Deflocculant
(min) (g/lcm?) (wt.%)
11 Not used 10 1350 £ 5 Not used
12 Ultrassounds 10 1350 £ 5 Not used
13 Magnetic stirring 10 1350+ 5 Not used
14 Magnetic stirring 10 1350+ 5 Not used
15 Magnetic stirring 30 1350+ 5 Not used
16 Magnetic stirring 60 1350+ 5 Not used
17 Magnetic stirring 10 1350+ 5 0,2
18 Magnetic stirring 10 1250 £ 5 0,2
19 Magnetic stirring 10 1150+ 5 0,2

The diameter variation (AD), the length variation (AL) and the geometric relative density
(%pgeom) Of the green printed cylinders was calculated using the procedure described in
Chapter 2. In addition, the relative density measured by Archimedes method, %p4,., and

the microstructure of the sintered parts were assessed as described in Chapter 2 as well.

6.3. Results and discussion

In this chapter the aim of study is the post-conformation steps towards densification of
porcelain parts produced by BJP and SLS. In addition, a comparison between BJP and SLS
techniques in the production of porcelain parts, printed in the conditions studied in previous

chapters of this thesis, focusing on the relative density of sintered parts.

The formulation of the porcelain powders feedstock for each technique was studied in
previous chapters of this thesis. In this chapter, the formulation OHT is composed by
90 wt.% of porcelain spray dried powders and 10 wt.% of PVA as in-bed binder and the
formulation 50HT is composed by 45 wt.% of spray dried porcelain powders, 45 wt.% of
heat-treated porcelain powders and 10 wt.% of PVA as in-bed binder. The amount of PVA

(10 wt.%) was found, in Chapter 3 of this thesis, to be the one that have the best combination

212



Chapter 6 — Post-conformation processing of porcelain printed parts towards densification

of relative density and design features of porcelain printed parts, after industrial sintering.
Concerning the fraction of porcelain powders, as discussed in Chapter 4 of this thesis, the
use of only spray dried powders (OHT) leads to sintered parts with the highest relative
density, while a mixture with equal amount of spray dried and heat-treated porcelain
powders (50HT) was the one leading to design defect free ones. In the case of feedstock
for SLS of porcelain powders, studied in the Chapter 5 of this thesis, the feedstock
formulation with 84 wt.% of heat-treated porcelain powders and 16 wt.% of polyamide 12
as in-bed binder was the one that presented the highest values of relative density for

sintered parts.

6.3.1. Industrial sintering cycles

The relative density of printed parts, produced by BJP and SLS, after each step of
processing, measured by geometric and Archimedes method is presented in Table 6.11. In
the green state, the parts produced by SLS present the highest value of geometric relative
density (44 %), followed by the parts produced with OHT (39 %) and 50HT (35 %). This
difference is attributed to the higher amount of in-bed binder used in the porcelain powers
feedstock for SLS (16 wt.%) than the one for BJP (10 wt.%), which promotes better filling
of the void space between porcelain particles by fused polyamide 12, leading to an increase
in the green relative density. In addition to the difference in the amount of in-bed binder,
factors such as the penetration of the in-bed binders in the void space between ceramic
particles may also contribute to the increase in the green relative density, i.e., after the laser
scan, in the case of polyamide 12 for SLS, and after the deposition of the liquid binder, in
the case of PVA for BJP. In this case, further investigation regarding the penetration

behavior of both in-bed binders is needed.

After the 1% industrial sintering cycle, performed at 1174 °C for 2 h 30 min, the parts
produced by SLS presented the lowest value of geometric relative density (35 %) while the
BJP parts exhibit 39 % and 38 %, for the formulations OHT and 50HT, respectively. The
relative density assessed by Archimedes method exhibit values with the same trend, where
the highest one was observed for OHT formulation (42 %) followed by the 50HT (41 %) and
SLS parts (39 %). It is noticeable that in the case of parts produced by BJP there is a slight
increase in the relative density from the green part to the part after the 1% sintering, while in
the case of SLS parts a decrease of 8 % in the relative density was observed. This result is

explained by the thermal removal of the in-bed binder in both cases, however, the higher
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amount of in-bed binder used for SLS porcelain feedstock than for BJP, leads to a higher
porosity in the printed part than for the BJP ones. Even though the in-bed binder was
removed, the parts produced by BJP present similar values as green part and after the 1%
sintering. This result suggests that, after the PVA is removed, densification is occurring and
compensates the void space that the in-bed binder leaves after degradation. However, the

temperature and time of the thermal cycle is not enough to fully densify the porcelain bodies.

The green printed parts were also directly processed in the 2™ industrial sintering cycle, at
1358 °C for 5 h 30 min, and it is possible to observe that both parts printed in by BJP
presented higher geometric relative density, 60 % and 62 % for OHT and 50HT feedstocks,
respectively, when compared with the SLS part which presents 51 % of relative density. In
the case of the relative density assessed by Archimedes method, the same trend was
observed, with similar values of 67 % for OHT and 50HT feedstock, and the lowest value of
55 % for SLS parts. As discussed above, the higher amount of in-bed binder in SLS
feedstock than for BJP, leads more void space in the parts after its thermal removal and
decreases the relative density of the porcelain bodies. However, as opposed to the 1°
sintering cycle, an increase of relative density, higher than 20 %, was observed for the BJP
parts and around 15 % for the SLS ones. This difference for the 1% sintering cycle is
attributed to its higher maximum temperature and duration, which promotes matter diffusion

inside the porcelain bodies and increases their density.

At the same time, printed parts were processed in both 15 and 2" sintering cycles, and its
relative density is also presented in Table 6.1l. The parts produced by BJP present
geometric relative densities of 65 % and 63 % for OHT and 50HT feedstocks and 51 % for
parts produced by SLS. In the case of relative density assessed by Archimedes method,
the same trend was observed with similar values for OHT (71 %) and 50HT (68 %), while
the parts produced by SLS present the lowest value, 56 %. The parts produced by BJP
present values of relative density, after both sintering cycles, slightly higher than the ones
observed for parts processed by only the 2" sintering. This result suggests that most of the
densification occurs during the 2" sintering cycle, attributed to the maximum temperature
and duration of the cycle. The increase of relative density by 5 %, for OHT, and 2 %, for
50HT, using two sintering cycles, is attributed to the fact that the debinding process, i.e.,
the thermal removal of the in-bed binder, which occurs in the 1% sintering cycle does not
jeopardizes the densification process during the 2" sintering cycle, as opposed to the use

of only the 2" sintering cycle, in which the in-bed binder needs to be removed. In the case
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of the parts produced by SLS, there is not significative difference of using only the 2" cycle
or both 1t and 2" cycles combined. This is attributed to the fact that the use of 16 wt.% of
polyamide in the feedstock leads to higher porosity than for BJP parts, which jeopardizes
the matter diffusion during the sintering process and, as consequence, leads to lower
relative density of sintered parts. Another factor that may influence the SLS parts to have
lower relative density than the BJP ones is the use of only heat-treated porcelain powders
in its feedstock. Once the porcelain powders were already thermal treated may influence
the behavior during densification processes which occurs during sintering. In addition,
properties of the in-bed binders, such as its particles size distribution and thermal
degradation behavior can also contribute to the differences in the relative density of SLS

and BJP parts, however, these characteristics were not addressed in this work.

The SEM micrographs of the printed parts microstructure after the 1%t and 2™ sintering
cycles is presented in Figure 6.2. As it is possible to observe, the microstructures of OHT
(Figure 6.2 A) and 50HT (Figure 6.2 B) parts are similar, while the one of SLS parts presents
higher porosity than the other two (Figure 6.2 C). The microstructures are in accordance
with the relative densities of the printed parts, after the two sintering cycles, where the SLS
part exhibits the lowest relative density, while the BJP present similar values, as presented
in Table 6.11.
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Table 6.1I: Relative density of OHT, 50HT and SLS printed parts, measured by geometric
and Archimedes method, at the different stages of processing: green part, 1% sintering
(1178 °C, 2 h 30 min), 2" sintering (1358 °C, 5 h 30 min) and both 1% and 2"¢ sintering.

OHT 50HT SLS
%pgeom %P arc %P geom %P arc %P geom %P arc
(%) (%) (%) (%) (%) (%)
Green
39,0+0,7 --- 35,3+0,5 --- 435+0,2 ---
part
1st
39,4+05|422+05|379+0,3|40,7+0,1|353+0,2 | 39,1+0,2
Sintering
2nd
60,0+1,1|674+08 | 616+04 | 665+1,2|506+0,2|554+0,2
Sintering
1st
Sintering
+ 64,9+08|71,0+06 | 629+1,0 | 68,4+0,8 | 50,7+0,2 | 55,6+0,2
2nd
Sintering
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(A) OHT, (B) 50HT and (C) SLS parts. The images illustrate similar microstructures of BJP
parts (A and B) and a microstructure with more porosity for the SLS one.

The diameter and length variation of the printed cylinders to the virtual design dimensions
was also assessed and is presented in Table 6.11l. In green state, the parts produced by
BJP present lower dimensions than the virtual design, while the SLS printed part exhibit
higher dimensions than the virtual design. This effect was presented and discussed in
Chapters 4 and 5 of this thesis and was attributed to the use of porcelain powders feedstock
in commercial printers which are not prepared for them. In this chapter the focus is the

dimensions variations after the post-conformation steps.

After the 1% sintering cycle, the parts produced by BJP using the OHT exhibit a diameter
and length variation of - 11 % and - 9 %, respectively, while the ones produced using the
50HT present - 9 % and - 8 % for diameter and length variations, respectively. In the case
of SLS parts, the diameter and length variation have similar values of - 8 %. These results
are in accordance with the relative density measured for the parts (Table 6.11), which was
higher for OHT than for 50HT and SLS parts. In the case of the parts processed by the 2"
sintering, the variations of OHT and 50HT parts increased to - 23 % and - 26 % in the
diameter and length directions, respectively. In the case of SLS parts, the diameter and
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length variation are - 18 %. These values suggest anisotropy in the linear retraction during
the 2" sintering cycle for BJP parts, which was not observed for the 1% sintering cycle. In
one hand, this result supports the idea that most of the densification occurs during the 2"
sintering cycle, as discussed above, on the other hand, it suggests that the BJP parts have
higher porosity in the printing direction than in the layer one. This fact may be attributed to
the layer by layer printing process, which promotes the interparticle contact in layer direction
rather than in the printing direction, and, as consequence, promotes the matter diffusion
within the layer (in this work, in the diameter of the cylinder direction) as opposed to the
printing direction (in this work, in the length direction) as reported in the literature by
Shanjani et al. [2]. In the case of SLS this effect was not as prominent as in BJP parts and
may be related with higher space between porcelain particles in the same layer, created by
the higher amount of in-bed binder used in SLS than in the BJP.

The same trend was observed for parts processed using both 1%t and 2" sintering cycles,
with similar values as the ones exhibited for printed parts sintered using only the 2™ cycle.
The BJP parts presented similar values of diameter variation (- 23 %) for both OHT and
50HT feedstocks, while in the case of the length variation OHT exhibit slightly higher
variations (- 27 %) than the one observed for 50HT parts (- 26 %). Concerning the SLS
parts, a diameter variation of - 19 % and a length variation of - 18 % were observed. These
results support and are in accordance with the relative densities (Table 6.11) of the printed
parts sintered using both sintering cycles, which are similar to the ones for printed parts

sintered using only the 2" sintering cycle.
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Table 6.1ll: Diameter and length variation of OHT, 50HT and SLS printed parts, to the
virtual design dimensions, at the different stages of processing: green part, 1% sintering
(1178 °C, 2 h 30 min), 2" sintering (1358 °C, 5 h 30 min) and both 1% and 2" sintering

OHT 50HT SLS
AD AL AD AL AD AL
(%) (%) (%) (%) (%) (%)
Gprgft” -32+02|-16+14|-16+01|-03+01| 33+02 | 28+0,1
st
= ~108% | 94402 |-87402|-84+02|-77+02|-76+06
Sintering 0,1
ond 2226+ | -262+ | -225+ | -251+ | -180+ | -176+
Sintering 0,2 0,4 0,3 0,1 0,5 0,5
1st
S'”tf””g 2234+ | -268+ | -234+ | -264+ | -190+ | -17.8+
oo 0,2 0,3 0,1 0,3 0,2 0,7
Sintering

In Figure 6.3 the complex shaped parts, illustrated in Figure 6.1, produced by BJP using
OHT (Figure 6.3 A) and 50HT (Figure 6.3 B) feedstocks and sintered using both 1t and 2"

sintering cycles are presented. It is noticeable a defect in the bottom of the part printed with

OHT (Figure 6.3 A) which is attributed to layer shifting during the printing process and

already discussed in Chapter 4 of this thesis. Regardless of this defect, both parts were

industrially sintered without major problems of design deformation. In the case of SLS, it

was not possible to produce complex shaped parts due to materials availability constrains,

however, it is expected that the same behavior is observed. Nevertheless, the study of

industrial sintering of complex shaped porcelain parts produced by SLS, using industrial

porcelain powders from Costa Verde, is needed.
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Figure 6.3: Complex part, hollow chess pawn, produced by BJP, using (A) OHT and (B)
50HT feedstocks, after the two sintering cycles. The part produced with OHT formulation
exhibits design defects in the bottom, attributed to layer shifting, as discussed in
Chapter 4.

Although using a different in-bed binder, the use of sintering process to densify porcelain
parts produced by BJP is reported in the literature [3]. The authors used maltodextrin in a
fraction 16,7 wt.%, with the addition of sugar powder also in 16,7 wt.%, mixed in 66,7 wt.%
of dry clay powder. The ceramics were sintered at 1316 °C for 2 h, producing sintered
ceramics with a minimum of porosity of 58 %. In comparison, a higher relative density of the
sintered parts was obtained in our work and this fact may be attributed to the lower amount
of in-bed binder (10 wt.%) which leads to lower porosity, when compared with the work of
the authors. However, this difference may also be attributed to the thermal degradation of
the used maltodextrin and the different sintering cycles. Maleksaeedi et al. [4] present a
maximum of 38,4 % of relative density after, sintering at 1650 °C for 2 h, for alumina parts
produced by BJP, using 10 wt.% of PVA as in-bed binder. Although the authors used
alumina and a different sintering cycle, the feedstock used was also prepared with the same
content of in-bed binder as ours and by dry mixing alumina and PVA powders, and for this
reason was chosen for comparison. The BJP parts produced in our work lead to higher
relative density (~ 70 %) than the ones from the authors. This fact may be attributed to the
suitable industrial sintering cycles for porcelain parts, but also by the sintering kinetics of

both materials.

Sintering processes after the SLS of porcelain are also reported in the literature. Danezan
et al. [5] studied the direct SLS of a commercial porcelain followed by sintering process.
The authors reached a minimum of total porosity of 45 + 5 %, after sintering at 1350 °C for

2 h, under vacuum atmosphere. These results are similar to the ones obtained in our work,
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however, they have used direct SLS, i.e., without the use of an in-bed binder. Tian et al. [6]
also used laser sintering to produce porcelain objects, however, in this case the material
form was a slurry. The authors reached parts with a minimum porosity of 13 % in the parts,
after sintering at 1380 °C for 1 h. In this case, the results obtained by the authors exhibit
higher relative densities than ours and it may be explained by the material form, since the
use of slurry promotes the approximation of the ceramic particles and, as consequence,
matter diffusion during the sintering process. The work of Shahzad et al. [7] was chosen
due to the use of the same type of in-bed binder, polyamide, in similar contents with alumina
powders. The authors produced alumina parts, after sintering, with a relative density of
43 %, while in our work the maximum relative density obtained for SLS parts after industrial
sintering was 51 %. This difference may be related with the feedstock preparation, in which
for our work we dry mixed the porcelain powders with the polyamide ones, while Shahzad
et al. produced Al,O3-PA composite particles, where the in-bed binder was used as coating

of ceramic particles.

Summarizing, the use of industrial sintering cycles towards densification of printed porcelain
parts produced by powder bed AM techniques was assessed. For all the parts used in this
study, an increase of relative density was observed from the green part to the final sintered
one and its application to complex shaped parts is suitable without major design
deformations. However, as the porcelain parts produced by Porcelanas da Costa Verde
should have near full dense microstructures, the use of industrial sintering cycles does not
fulfill this requirement and other post-conformation steps must be study and used to reach

fully dense porcelain parts.

6.3.2. Cold Isostatic Pressing

The relative density assessed by geometric and Archimedes methods, of the printed parts
by BJP and SLS, after each post-conformation step is presented in Table 6.IV. As for the
relative density of the green parts was already discussed, the geometric relative density of
the parts after CIP was higher for the OHT feedstock (86 %) than for the 50HT (80 %), while
SLS parts have a relative density of 64 %. These values represent an increase in the relative
density of the green parts of 45 % for BJP and 20 % for the SLS ones. This difference may
be explained by the amount and type of the in-bed binders used for each feedstock. Firstly,
the amount of polyamide in feedstock for SLS is higher (16 wt.%) than for the BJP (10 wt.%).

In this case, there is less void space between porcelain particles, as supported by the higher
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relative density as green part of SLS than for BJP parts, which jeopardizes the matter
movement during CIP process to fill the porosity. Also, polyamide is a rigid thermoplastic
which will resist to plastic deformation during CIP, as opposed to PVA, and, as
consequence, the CIP process will be more efficient promoting higher approximation of

particles in BJP parts than for SLS ones.

The printed parts were industrially sintered in the 1! sintering cycle after the CIP process,
presenting a geometric relative density of 80 % and 77 % for OHT and 50HT parts,
respectively, while for SLS parts the relative density is 51 %. The relative density assessed
by Archimedes method exhibits the same trend, with the maximum of 83 % observed for
OHT parts, followed by 80 % for 50HT ones and 53 % for the parts produced using SLS.
Overalll, the relative density decreased after the 1! sintering cycle. This fact is related with
the thermal removal of the in-bed binders which lead porosity in the porcelain bodies. As
opposed to the values observed for the sintering cycles without CIP (Table 6.11), in which
the parts presented similar relative density before and after the 1% sintering, here the
decrease observe was 5 % and 3 % for OHT and 50HT parts and 14 % for SLS parts. This
difference is attributed, once again, to the higher content of in-bed binder used for SLS
feedstock than for the BJP one. In addition, the fact that the relative density did not increase,
supports the idea that the 1! sintering cycle does not promote as much densification as the
2" cycle, as discussed in the study of the sintering cycles, even though the interparticle

contact increased due to the CIP processing.

In the case of printed parts after the complete process of CIP followed by 1% and 2™
sintering, the OHT and 50HT parts presented similar values of geometric relative density
with 92 % and 93 %, respectively, while SLS parts have 73 % of geometric relative density.
The same trend was observed when the relative density of sintered parts was assessed by
Archimedes method, with 97 % for parts produced by BJP with both OHT and 50HT
feedstocks, while the SLS parts exhibit values of 78 %. The effect of CIP is noticeable at
this stage of processing with the maximum relative densities observed in this work. CIP
process leads to an approximation of particles inside the printed part, which increases the
interparticle contact, promoting the matter diffusion during the 2™ sintering cycle, leading to

an increase in the relative density of the porcelain parts.

The microstructures of the parts produced with OHT and 50HT feedstocks in BJP and by
SLS are presented in Figure 6.4. It is noticeable that OHT and 50HT parts have a denser
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microstructure than the one of SLS, which is in accordance with the relative densities
discussed above. The porosity present in SLS parts is attributed to the higher amount of in-

bed binder used in the feedstock than the amount in feedstock for BJP.

Table 6.1V: Relative density of OHT, 50HT and SLS printed parts, measured by geometric
and Archimedes method, at the different stages of processing: green part, after CIP, CIP
followed by 1% sintering (1178 °C, 2 h 30 min) and CIP followed by both 15 and 2"

sintering.
OHT 50HT SLS
%pgeom %pArC %pgeom %pArC %pgeom %pArc
(%) (%) (%) (%) (%) (%)
Green
part 39,0+0,7 --- 35,3+0,5 - 43,5+0,2 -
CIP 85,7+1,2 - 80,3+0,4 - 64,1+0,3 -
CIP
1+St 80,0+0,5|829+02|77,0+06 | 798+0,2 | 50,5+0,2 | 52,6 £0,1
Sintering
CIP
+
1st
Sintering | 92,4+2,0 | 96,7+0,2 | 93,0+0,5 | 96,6 +0,2 | 72,7+0,3 | 78,2+ 0,4
+
2nd
Sintering
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E o2 5 2 74 | 500 pm
Figure 6.4: SEM micrographs of polished fracture zone, of parts processed by CIP
followed by both industrial sintering cycles, using (A) OHT, (B) 50HT and (C) SLS
feedstocks and processing. The images of OHT and 50HT parts present a denser
microstructure than SLS parts.

Comparing the printed parts with the CIP process (Table 6.1V), with the previous ones, for
which were only processed by sintering cycles (Table 6.11), it is noticeable an increase of 27
% in the relative density of OHT parts and 30 % in 50HT parts while for SLS parts the
increase is 22 %. Here we advocate, that the CIP promotes the particle approximation and
the interparticle contact inside the printed parts, which increases the relative density of the
parts before the thermal cycles, leading to an increase in densification during sintering.

The diameter and length variations to the virtual design of the parts processes by CIP is
presented in Table 6.V. While for the green parts the variations were already discussed,
after CIP the parts produced with OHT exhibit a variation of - 25 % and - 32 % for diameter
and length, respectively. In the case of 50HT the diameter and length variation are - 23 %
and - 29 %, respectively, while for SLS parts after CIP the diameter and length variations
have similar values of - 10 %. The first observation concerns in the anisotropy of the
variation in the BJP, which present higher variation in the length direction rather than in the
diameter one. This effect is attributed to the higher porosity between layers than within each
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layer, resulting from the layer by layer process. A second major observation regards in the
higher variations for BJP parts than for SLS ones, which supports the previous statement
that the fact that polyamide is a rigid plastic, which hinders the rearrangement of particles
inside the printed part during CIP, leaving more void space between particles than for BJP
parts, which have PVA as in-bed binder. The consequence of this difference is an increase
in the interparticle contact in BJP parts which promotes the matter diffusion during sintering

and the increase of relative density in the final parts.

After the 1% sintering cycle, OHT exhibit a diameter and length variation to the virtual design
dimensions of - 28 % and - 36 %, respectively, and 50HT parts present - 27 % and - 33 %
of diameter and length variations, respectively. In the case of SLS parts, the diameter
variation is - 17 % and the length one is - 18 %. Concerning the parts after the CIP followed
by the two sintering cycles, the OHT and 50HT parts exhibit a diameter variation of - 31 %,
while the length variation is - 40 % and - 38 %, respectively. The SLS parts present similar
values of diameter and length variation of - 27 %. Comparing these values with the ones
without sintering (Table 6.1l1) it is noticeable an increase in the diameter variation around
7 % for all the printed parts with OHT, 50HT and SLS and an increase around 13 % in the
length variation of BJP parts and 10 % in SLS parts. This increase in the dimensions
variations, i.e., increase in the retraction of the parts, may justify the increase in the relative
density of the sintered parts by using CIP. As said above, CIP promotes the approximation
of particles in the part which increases the densification process during sintering. Also, the
fact that the variations are higher in the length direction than in the diameter one, promotes

even more the approximation interlayers and decreases the porosity in these regions.
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Table 6.V: Diameter and length variation of OHT, 50HT and SLS printed parts, at the
different stages of processing: green part, after CIP, CIP followed by 1% sintering
(1178 °C, 2 h 30 min) and CIP followed by both 15 and 2" sintering.

OHT 50HT SLS
AD AL AD AL AD AL
(%) (%) (%) (%) (%) (%)
Gprgft” -32+02|-16+14|-16+01|-03+01| 33+02 | 28+0,1
-245+ | -317+ | -233+ | -289+
CIP 05 05 o1 05 -95+01|-97+0,1
CIP
+ -282+ | -355+ | -268+ | -330+ | -169+ | -1804%
9t 0,3 0,6 0,1 0,3 0,2 0,1
Sintering
CIP
+
st
Sin:erin 306+ | -395+ | -310+ | -380+ | -266+ | -274+
N9 04 0,5 0,2 0,2 0,2 0,2
2nd
Sintering

Although the isostatic pressing has been studied for additively manufactured parts and
reported in the literature, most of them have simple shapes, as Liu et al. [8] did with alumina
parts. Based on one of the main advantages of AM, which is the production of highly
complex shaped parts, the chess pawns (Figure 6.1) were processed in CIP as well. In
Figure 6.5 the parts produced by BJP using the 50HT feedstock are presented before and
after CIP. It is noticeable that the part in hollow form, as defined in Figure 6.1, was
completely damaged after, while the part in bulk form did not suffer any major deformation.
This is explained by the process of CIP, where a rubber bag is used to protect the part from
the oil bath. However, using the bag leads to a defective isostatic pressing application due

to the impossibility of the oil to reach the inner faces of the part. The same effect was

observed for the complex shaped parts produced using the OHT feedstock.
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Figure 6.5: Complex shaped chess pawns produced by BJP using 50HT feedstock, in (A)
hollow form and (B) bulk form, as illustrated in Figure 6.1. In each image the part on the
left is before CIP and the one on the right is after CIP. It is noticeable that for the hollow
form the part is completely damaged (A) while for bulk form the part retains its relative

shape (B).

Although the use of isostatic pressing for porcelain parts additively manufactured is not
reported in the literature, Shahzad et al. [9], used CIP with alumina parts produced by SLS,
using polypropylene as binder. Warm Isostatic Pressing (WIP), where temperature is
applied at the same time as pressure is, was used and a sintered relative density of 89 %
was reported. However, the main difference to our work regards in the increase of relative
density from green part to the stage after isostatic pressing, which was 59 %, comparing
with the one in our work of 20 %. This difference may be attributed to the fact that
temperature was used during isostatic pressing, promoting the softening of the binder and
leading to higher movement of particles and an increase in the relative density. Other factors
such as the type of in-bed binder (polypropylene) may contribute as well to the higher
effectiveness of isostatic pressing in part produced by SLS than in our work. Deckers et al.
[10] also used CIP process in printed alumina parts produced in SLS with polyamide as in-
bed binder (22 wt.%). The results of the group exhibit a maximum relative density of 59 %
after the CIP process and a maximum of 88 % for parts after CIP followed by sintering at
1600 °C for 2 h. Although the parts in our work present a higher relative density in the green
state (64 %), the relative density after the sintering is lower (78 %) than the one observed
by the authors of the work. This difference may be related with the feedstock preparation,
in which Deckers et al. mixed the alumina powders with the polyamide by ball milling,
creating composite particles. Liu et al. [8] reached 92 % of relative density after CIP and
sintering, of Al,O3 and resin epoxy composite powders, which are comparable results to the

ones of our work.
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Summarizing, the use of CIP combined with the industrial sintering cycles for porcelain parts
produced by powder bed AM techniques leads to an increase in the relative density of final
parts than the use of only the sintering cycles. While showing very promising results of
relative density of simple shaped parts or parts without inner faces, the process is not yet

suitable for highly complex shaped parts.

6.3.3. Pressureless infiltration with porcelain suspension

As discussed in the introduction, the use of infiltration may be a process to increase the
relative density of parts produced by powder bed AM techniques. In this sense, based in
the availability in production of porcelain parts by conventional methods, the use of a
porcelain suspension to infiltrate printed parts was tested. In this part of the work, the results
concerning the 50HT parts are presented, although OHT, 50HT and SLS parts were used,

but the same observations were similar for the three groups of parts.

The pressureless infiltration was performed by soaking printed parts after the 1% sintering
cycle in the porcelain suspension. Initially, the process was done without any agitation
method for the suspension and the resultant part is presented in Figure 6.6 A. Different
parts were then soaked in the suspensions using ultrasounds (Figure 6.6 B) and magnetic
stirring (Figure 6.6 C). As it is possible to observe, the part soaked in the porcelain
suspension without any agitation and using ultrasounds exhibits an irregular surface while
the part soaked using the magnetic stirring presents a homogenous surface without major
defects. The soaking of printed parts in porcelain suspension without any agitation leads to
the deposition of the solids in the bottom of the beaker, where the printed part also settled,
after 10 min, preventing the part to be infiltrated. Based on this observation, the ultrasounds
were used in order to avoid the sedimentation of the solids, however the opposite effect
was observed, and the part was also buried in the solids fraction deposited in the bottom of
the beaker. Finally, with the use of magnetic stirring, the sedimentation of the solids was

prevented, and the final part presents a homogenous surface.
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Figure 6.6: Cylindrical parts, produced by BJP, using 50HT feedstock, after the two
sintering cycles, soaked in porcelain suspension with 1350 g/cm?® for 10 min, after the 1%
sintering cycle, using different agitation conditions: (A) no agitation, (B) ultrasounds and

(C) magnetic stirring.

Magnetic stirring was the agitation method used to keep the particles in suspension. In
Figure 6.7 the 50HT sintered parts after the soaking with porcelain suspension with
magnetic stirring during 60, 30 and 10 min are presented. While for parts soaked for 10 min
(Figure 6.7, A) any major damage was observed, the parts in the tests with 30 min (Figure
6.7, B) and 60 min (Figure 6.7, C) exhibit damages. This fact is attributed to the collisions
with the magnetic stirrer and between the printed parts. This result is supported with the
reduction in the diameter after the infiltration of 5 %, in the case of 30 min, and 9 %, in the
case of the 60 min. However, it is possible to observe that the deposition of the porcelain
particles from the suspension occurs on the surface of the part, creating a layer of porcelain.
This effect may be related with the fact that the particles in the suspension are not fully
dispersed, leading to the clog of the open porosity of the printed part and preventing the

infiltration to continue.
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Figure 6.7: Cylindrical parts, produced by BJP, using 50HT feedstock, after the two

sintering cycles, soaked in porcelain suspension with 1350 g/cm?® using magnetic stirring,
after the 1% sintering cycle, during different times: (A) 10 min, (B) 30 min and (C) 60 min.

Based in the results above, the suspension was prepared with the addition of 0,2 wt.% of
deflocculant, to improve the dispersion of the ceramic particles in the suspension, and a
reduction in the density of the suspension was done as well. The soaking of the printed
parts was done under the same conditions as above. The parts soaked without and with
the addition of deflocculant are illustrated in Figure 6.8. Both parts exhibit a layer of
deposited ceramic particles on its surface. While in the case of the tests using different
densities of suspension exhibit the same defects as well (Figure 6.9). In addition, the
diameter variation exhibits an increase of 2 % in average for all the parts in the different
tests and the relative density of the parts varies between 67 % and 70 %, which is a similar
value for the parts sintered in both sintering cycles, without any infiltration process, as

presented in Table 6.11.

Based on this observations, we advocate that several reasons are contributing to this effect:
1) the size of porous of the printed parts is too small in order to be infiltrated by the ceramic
particles from the suspension; 2) the solid content in the suspension is too high, jeopardizing

the dispersion of the ceramic particles and 3) the materials used, specifically the porcelain
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suspension, is prepared to use in an opposite way, i.e., is suitable to use in slip casting
processes, in which the particles are deposited in the surface of a mold and the water is

removed by capillarity of the porous, forming the ceramic body.

Figure 6.8: Cylindrical parts, produced by BJP, using 50HT feedstock, after the two
sintering cycles, soaked in porcelain suspension with 1350 g/cm?® using magnetic stirring
for 10 min, after the 1% sintering cycle: (A) without and (B) with the addition of 0,2 wt.% of

deflocculant to the ceramic suspension.

Figure 6.9: Cylindrical parts, produced by BJP, using 50HT feedstock, after the two

sintering cycles, soaked in porcelain suspension with deflocculant using magnetic stirring
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for 10 min, after the 15! sintering cycle, using (A) 1350 g/cm?®, (B) 1250 g/cm?® and (C)

1150 g/cm? as porcelain suspension density.

Summarizing, the infiltration of printed parts produced by powder bed AM techniques with
porcelain suspension was not possible. In order to achieve so, a porous size of printed parts
study must be done, in order to prepare a suspension with ceramic particles size lower than
the porous size. In a different perspective, the infiltration of the printed parts may be done
with different materials, such as preceramic solutions or TEOS (tetraethyl orthosilicate), i.e.,
materials that convert into ceramics after pyrolysis, or the infiltration must be done using
different approaches, such as vacuum infiltration, to promote the movement of ceramic
particles to inside the printed parts. However, within the goal of this project, the porcelain
suspension was chosen in order to use the raw materials of porcelain as much as possible,
in order to keep the composition of Costa Verde porcelain after sintering and the

pressureless infiltration was chosen due to the ease to apply at industrial scale.

In conclusion, in this work we compared three different ways to improve the relative density
of porcelain printed parts, produced using powder bed AM techniques. In Table 6.Vl we
present the main advantages and drawbacks of each of these processes. Concerning the
sintering cycles, while they are already settled in the conventional production of porcelain
parts and, in addition, its parameters such as temperature, time and atmosphere are already
optimized for the porcelain composition used by Porcelanas da Costa Verde, the final
sintered parts exhibit lower relative density than the conventionally produced porcelain parts
and far from fully dense microstructure (maximum of 71 % of relative density was obtained
for OHT parts). In the case of using CIP, the main advantage is the production of near full
dense printed parts, with a maximum relative density of 97 %. However, as presented in
Figure 6.5, the process is yet not suitable for highly complex shaped parts. Finally, the
infiltration process of printed parts with porcelain suspension, although have the advantage
of its easy implementation at industrial scale, based on the results obtained, the suspension
as produced, combined with the process used, is not suitable to infiltrate porcelain parts,

once the ceramic particles deposit on the surface of the part as opposed to reach its interior.
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Table 6.VI: Advantages and drawbacks of sintering cycles, cold isostatic pressing and
pressureless infiltration processes, studied in this work, to improve the relative density of

porcelain printed parts.

Process Advantages Drawbacks

Already used for conventionally
produced porcelain parts

Suitable for complex shaped

L Parts do not reach full
Sintering cycles parts

densification

Otimized for porcelain
composition (Porcelanas da
Costa Verde)

Cold Isostatic High relative density Not suitable for complex

Pressing shaped parts
Pressureless Easy to implement at industrial Porcelain suspensions
A and process are not
Infiltration scale

suitable for infiltration

6.4. Conclusions

In this work we presented post-conformation processes for porcelain printed parts by BJP
and SLS, in order to increase the density of the sintered porcelain bodies. For this purpose,
the post processing steps included the industrial thermal cycles of Porcelanas da Costa

Verde, cold isostatic pressing and pressureless infiltration with porcelain suspension.

The industrial sintering cycles lead to porcelain final parts with 71 % of relative density for
parts produced by BJP with OHT feedstock and 68 % using the 50HT one. While in the case
of SLS parts the maximum relative density reached was 56 %. The lowest value of relative
density of SLS parts was attributed to the amount of polyamide 12 used as in-bed binder
which hinders the densification of the porcelain body by creating porosity after its thermal
removal. In addition, it was concluded that the 2™ sintering cycle promotes higher

densification of the parts than the 1% cycle, due to higher temperature and time of cycle.

CIP was the process that promoted the best results combined with the thermal sintering
cycles, increasing the relative density of the final parts by almost 30 %, for the parts
prepared by BJP and almost 20 % of SLS ones. In addition, using CIP the parts reached
the highest relative density of 97 % for BJP parts and 78 % of SLS ones. Although, CIP

leads to almost full dense simple shaped parts, such as cylinders, it is not suitable for highly
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complex shaped parts, once the method damages the green parts. In addition, the CIP
process was more efficient in the case of BJP parts in the green state than for SLS parts,
and this result was attributed to the type of in-bed binder used. Polyamide 12 is a rigid
plastic which prevents the elimination of the porosity by pressure application, as opposed
to PVA.

The pressureless infiltration process with porcelain suspension was also studied, however
the results were far from the desired, once the solid fraction of the porcelain suspensions
deposited on the surface of the part instead of reaching the interior of the part. In this sense,
different approach must be studied by changing the infiltration process conditions or the

infiltrant suspension used.

In conclusion, we proved that the relative density of porcelain printed parts, produced by
powder bed AM techniques using industrial porcelain powders, can be successfully

improved by using industrial sintering cycles combined with CIP process.
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Abstract

In this chapter we exploit the possibility of the use of binder jet printing (BJP) as a production
route for porcelain parts at industrial scale. The industrialization of a new conformation
process requires the study of three main stages of industrial production: the materials and
feedstock preparation, the conformation step and the post conformation process. Here we
proved that the feedstock preparation for BJP is possible with the facilities of Porcelanas da
Costa Verde, although few modifications both in the spray drying process and in the sieving
of porcelain powders are required. The printing process was assessed using a commercial
BJP printer and several limitations of the commercial printers are highlighted and
suggestions for the improvement of the printing process are presented. The existent post
conformation steps such as industrial sintering cycles, glazing and decoration are suitable
for BJP porcelain parts, however a different 1% sintering cycle is required, and the final parts
do not reach full densification. A comparison with the conventional production routes used
by Porcelanas da Costa Verde regarding the density of parts, and with selective laser
sintering (SLS) in terms of materials preparation, printing process and properties of
produced parts is also part of this study. This work proves the feasibility of the use of BJP
as a production route for porcelain products using the equipments of materials preparation,
printing and post conformation steps, already existing at facilities of Porcelanas da Costa
Verde. However, in some processing steps there is still room for improvement, especially
regarding the efficiency of the processes. Finally, we present printed parts with shapes that
are expensive or impossible to produce in any conventional way, and the potential of BJP

for porcelain parts production is exhibited.

Keywords

Industrialization, production, additive manufacturing, porcelain

7.1. Introduction

The development of additive manufacturing (AM) processes as conformation method to
produce 3D objects, promoted the interest of the industry in the technology, looking for this
route as an opportunity to produce new objects and reach new markets [1]. The opportunity
to produced objects with complex shapes, high level of personalization with minimal

materials used at industrial scale and small lot production sizes [2], is hold by its lack of
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reproducibility and lack of knowledge regarding the characteristics of the materials for AM,
especially in traditional products companies. Stavropoulos et al. [3] propose hybrid systems
of additive and subtractive manufacturing of metal parts in order to reduce the limitations of
AM implementation at industrial scale, such as, reproducibility, process control and part

volume limitations.

In the case of ceramics and according to Levi et al. [4], there are a lot of difficulties to
overcome, especially when compared with sectors as polymers and metals with several
decades of research and innovation. Oropallo et al. [5] presents ten challenges in the future
for AM, which are among others, the design for AM, the development of new software and
dedicated printers and the pre and post-processing required steps, subjects discussed in

this chapter.

The production flowchart of the existing processes available at Porcelanas da Costa Verde
facilities is depicted in Figure 7.1.The process starts with the preparation of the batch using
the following raw materials: quartz, feldspar, ball clay and kaolin. Quartz, feldspar and ball
clay are milled together, and kaolin is diluted in water. Then, all the materials are mixed
together followed by a sieving process. The suspension is processed either in the spray
dryer to produce powders for isostatic pressing, filter pressed to produce plastic paste for
jiggering or directly used in automatic, manual or pressure casting. Depending on the
conformation process that will follow, additives, such as binder or deflocculant are added to

the mixture.

The post conformation processing comprise the first firing in an industrial continuous
furnace for 15,5 — 18 h and a maximum temperature of 980 — 1020 °C, to reach enough
mechanical resistance and proper porosity of the objects for following glazing process and
at the same time that all the organic matter is burned out. The second firing is performed in
another continuous furnace, for 5 - 7 h and a maximum temperature of 1360 - 1380 °C. This
cycle is done under oxidant atmosphere, for low temperatures, and reductant atmosphere

at high temperatures.

The first quality assessment is performed after the high temperature sintering cycle, and, if
the quality of the parts obeys to the standards of the company, the decoration step takes
place, followed by the decoration firing. This third firing process occurs at 1180 - 1230 °C,

if the decoration is in-glaze, or at 880 — 950 °C if the decoration is on-glaze.
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The production process finishes with another quality assessment, followed by packing and

shipping to the client.
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Feldspar
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Ball clay — Homogenization —* Sieving

Plaster molds
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| u
Spray dryer Dry pressing
Powder Liquid paste Plastic paste
Pressing  Pressure casting Slip casting Jiggering

| | |

buality assessment‘ ‘Quality assessmenﬂ

Figure 7.1: Production flowchart of Porcelanas da Costa Verde, for objects produced

Expedition

|

through conventional methods.

As discussed in Chapter |, an object may be produced through four main groups of
manufacturing processes: formative, subtractive, bonding and additive. In Table 7.,
formative, bonding and subtractive manufacturing processes used in porcelain production
by Porcelanas da Costa Verde, are presented. The formative processes, which are the most
used ones, comprise pressure casting, slip casting, isostatic pressing and jiggering. In the
case of subtractive and bonding processes, used in combination with the first group,
comprises holes drilling, for subtractive, and handles applications for bonding. In this work

we explore the use of BJP and SLS for porcelain parts production.
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Table 7.1: Conformation classes and processes in the porcelain parts production used by

Porcelanas da Costa Verde, and the potential new conformation AM processes.

Conformation processes
: Slip Casting, Pressure Casting, Isostatic
Formative : ! .
Pressing, Jiggering
Subtractive Drilling
Bonding Handles application
Additive Binder Jet Prln.tlng,.SeIectlve Laser
Sintering

The idea of this project comes from the interest of Porcelanas da Costa Verde in exploiting
and ultimately implementing a disruptive way to produce complex shaped and personalized
porcelain parts: additive manufacturing (AM), adding this group of processes to the
conformation methods already used for porcelain parts production, as illustrated in Figure
7.2.

Quartz

Feldspar

— Milling

Ball clay — Homogenization — Sieving

Plaster molds

| N
Spray dryer Dry pressing

Powder Liquid paste Plastic paste

: | E— |

Binder jet printing| Pressing Pressure casting |Slip casting Jiggering

Decoration firing

1st Firing ‘ buality assessment‘ ‘Quality assessmentl

Figure 7.2: Production flowchart of Porcelanas da Costa Verde, including new

Kaolin —— Dilution

Expedition

conformation method: Binder Jet Printing.
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This technique was implemented in the company in early 2000’s as a rapid prototyping tool,
using plaster based commercial powders, to produce 3D models of new products, which

are used to produce plaster molds for automatic and manual slip casting process.

However, the interest of the company goes beyond prototyping, willing to turn it in a
production process. From the industrial point of view and based on the results previously
shown in this thesis, the technique may be used as a conformation process with porcelain
powders produced by Porcelanas da Costa Verde. With AM porcelain products, the
company may reach new markets and costumers with alternative products, that may be
difficult or even impossible to be produced through the conventional means or even use the

process for small production series and highly customized products.

The adequation of the materials and feedstocks, equipments and facilities of Porcelanas da
Costa Verde, for the use of BJP as industrial production route needs also to be addressed.
In this chapter we will discuss and exploit the implementation of BJP as production route
for porcelain products, with focus on the three different stages of the production route:
materials and feedstock preparation, the conformation process and the post conformation
steps, using the existent composition, equipments and facilities of Porcelanas da Costa
Verde.

The materials and feedstock preparation include the processes of spray drying, sieving and
mixing of dry porcelain powders with the in-bed binder ones. The conformation step focus
in the printing parameters, the printer feeding system and the reuse of powders. The post
conformation steps comprise drying, sintering and glazing of the printed parts. A
comparison of properties of printed parts with SLS ones and conventional processes
already used by Porcelanas da Costa Verde are also presented, regarding the density of

the final parts.

With this in consideration some information will be protected due to proprietary information.

However, the provided information is enough to understand the work.
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7.2. Materials and methods

As discussed above, three main subjects were addressed in this work, to assess the viability
of the BJP industrialization for porcelain parts manufacturing: feedstock preparation,
printing process and post-conformation steps. In the feedstock preparation we address the
production of porcelain powders for BJP by spray drying, followed by industrial sieving. The
feedstock is then prepared by dry mixing porcelain powders and PVA ones. The second
subject addressed is the printing process, with a brief study regarding the printing
parameters: layer thickness and binder saturation. The powder feeding system of the printer
and the reuse of powders was assessed as well. The post-conformation as sintering cycles
were also subject of study and the density of the parts was compared with the ones for
conventionally produced porcelain parts. Finally, complex shaped printed parts were
processed by sintering cycles and another part was glazed and decorated, in order to
present the potential of BJP for porcelain parts production. Experimental details regarding

these subjects are presented in this section.

7.2.1. Materials and feedstock preparation

The powders used in this work, here after defined as porcelain powders, were produced by
industrial spray drying using a ceramic suspension, with 50 % of kaolin and clay, 25 % of

quartz and 25 % of feldspar in water medium, here after defined as porcelain suspension.

The industrial spray dryer used in Porcelanas da Costa Verde is schematically illustrated in
Figure 7.3, with most important spray drying conditions and its values identified. The spray
dryer is an industrial size mixed flow type, equipped with hydraulic nozzles (also known as
one-fluid) [6], where the hot air is inserted in the chamber from the top side, while the
ceramic suspension is pulverized from the bottom towards the top of the spray dryer. The
powders used for conventional production processes are collected after sieving (identified

as collect point coarse in Figure 7.3).

The spray dryer was adapted to produce porcelain powders for powder bed AM processes,
as illustrated in Figure 7.4. The main adaptation done in the spray dryer for this work was
the removal of the fine powder reintroduction system. The powders used for AM processes
are collected after the cyclone system (identified in Figure 7.4 as collect point fine) and are

here after defined as fine porcelain powders. The powders collected after the sieve
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(identified in Figure 7.4 as collect point coarse) are here after designated as coarse

porcelain powders.

For powders characterization, the coarse and fine porcelain powders were collected in the
collect points identified in Figure 7.3 and Figure 7.4, using the spray drying setup of Figure
7.3 in the case of production spray drying conditions, and using the setup illustrated in

Figure 7.4 in the case of porcelain powders for AM processes.

The main conditions of spray drying to produce powders for conventional manufacturing
processes, Figure 7.3, are 10 - 20 bar for the feeding pump pressure, 49 - 147 Pa for the
depression of the cyclone, 300 - 400 °C for the air temperature and nozzles with a diameter
higher than 1,5 mm. The density of the porcelain suspension is 1600 - 1640 g/L with the
addition of 0,5 — 2,5 wt.% of proprietary additives. To note as well that for the conventional
production processes, fine powder particles in the spray dryer chamber, are removed using

a cyclone, but these particles are injected back in the drying chamber.
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Figure 7.3: Schematic representation of the industrial spray dryer used to produce
porcelain powder for conventional methods of porcelain manufacture. The controlled
parameters identified in purple, with the conventional values used, are the density and the
additives of the porcelain suspension, the air temperature, the feeding pump pressure, the
nozzles diameter and the cyclone depression. The collect points of coarse and fine

porcelain powders are identified in green.
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Figure 7.4: Schematic representation of the industrial spray dryer used to produce

porcelain powder for powder bed AM processes. The controlled parameters identified in

purple, are the density and the additives of the porcelain suspension, the feeding pump

pressure, the nozzles diameter and the cyclone depression. The collect points of coarse

and fine porcelain powders are identified in green.

A study at industrial scale was done varying operation conditions as feeding pressure,

cyclone depression and nozzle diameter of the spray dryer operation process and porcelain

suspension characteristics as density and use of additives, as presented in Table 7.1l in

order to study its influence in the porcelain powders characteristics. Porcelain powders

produced were also produced using the conditions for conventional porcelain manufacturing
processes, identified in Table 7.1l as production.
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Table 7.1I: Spray dryer operation conditions (nozzle, depression and pressure) and

porcelain suspension characteristics (density and additives), used in the different spray

drying studies.

Operation conditions Suspension
Name No;zle, Depression, D Pres: ure, Density, p Additives
(mm) (Pa) (bar) (g/L) (wt.%)
Production >1,5 49 - 196 10-20 1600 - 1640 | 0,5-2,5
SD1 0,9 147 10 1625 05-25
SD2 0,9 147 10 1580 05-25
SD3 0,9 147 10 1580 -
SD4 0,7 147 10 1580 -
SD5 0,9 49 10 1580 -
SD6 0,9 147 20 1580 -

Some of the industrial porcelain powders, produced using SD3 conditions (Table 7.11) and
collected from the fine powder collect point, were heat treated, in an industrial continuous
kiln, with a maximum temperature of 980 - 1020 °C, for 15 h 30 min, under oxidant

atmosphere.

The powders were then industrially sieved separately, using a sieve with a mesh of 80 ym
with 1 m diameter, in an industrial sieving equipment regularly used to sieve porcelain
suspensions, as schematically presented in Figure 7.5. The porcelain powders after the
industrial sieving, produced by spray drying and without the heat treatment are named in
this work as raw porcelain powders, and the ones after the heat treatment are named as

heat-treated porcelain powders.
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Heat treatment

Spray drying === | Spray dried powder m) Heat-treated powder

Sievingl < 80um Sieving l < 80um

Raw powder Heat-treated powder

Figure 7.5: Preparation of raw and heat-treated porcelain powders.

The in-bed binder used in the BJP of porcelain powders was PVA (Zschimmer & Schwarz),
based in the results of Chapter 3. In order to be used in this process, PVA as received was

dry milled for 27 h at 60 rpm and dry sieved, as schematically represented in Figure 7.6.

Ball milling _ Sieving PVA powder
PVA binder A.R. —— Milled PVA — (< 80 pm)
27 h 80 um

Figure 7.6: Flowchart of the PVA powders preparation.

Porcelain and PVA sieved powders were dry mixed, using a dry rotational mixer at pilot
scale, to produce the feedstock for BJP. The feedstock used in this chapter, chosen based
on the results of Chapter 3 and Chapter 4, is composed by 45 wt.% of raw porcelain
powders, 45 wt.% of heat-treated porcelain powders and 10 wt.% of PVA powders, as
schematically presented in Figure 7.7. The feedstock produced is here after named as
50HT.

Heat-treated porcelain = 45 wt.%, b
<80 ym
( g ), Dry rotational mixing
Raw porcelain 45 Wt.% m=) Feedstock
(< 80 pm) 24 hours
PVA .
(< 80 um) 10 Wt.% )

Figure 7.7: Feedstock preparation for BJP of porcelain parts, using raw porcelain
(45 wt.%), heat-treated porcelain (45 wt.%) and PVA (10 wt.%) powders, mixed by dry

rotational mixing.

The dried coarse and fine porcelain powders were characterized regarding their particle

size distribution and morphology, using the procedure described in Chapter 2.
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7.2.2. Additive manufacturing process

Printing process was performed in a ZPrinter 650 (ZCorp) to study the influence of layer
thickness and binder saturation parameters in the production of defect free parts,
programmed using the 3DPrint Software, version 1.03.8 (3DSystems). The conditions of
layer thickness and binder saturation used are despite in Table 7.Ill. The 50HT feedstock,
described above, was used to produce the porcelain printed parts and commercial powders
Visijet PXL Core (3DSystems) were used with the standard set of parameters, as a control

printed part. The virtual design of the printed part with different wall thicknesses is illustrated

in Figure 7.8.

Table 7.1ll: Process parameters and its variations tested in ZPrinter 650 with 50HT

feedstock.

Layer thickness

Binder saturation

(um) (%) | Coreratio | Shell ratio
Standard 100 100 0,12 0,24
Fine layer 87,5 100 0,12 0,24
Coarse layer 112,5 100 0,12 0,24
Binder high 100 180 0,21 0,43
Binder low 100 50 0,06 0,12

Figure 7.8: lllustration of the virtual design, used to assess the influence of printing

parameters, with different wall thicknesses: 10 mm, 5 mm, 3 mm, 2 mm, 1 mm, 0,5 mm
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Using the binder high conditions of Table 7.1lI, cylinders, with diameter of 7 mm and length
of 14 mm, were printed with the 50HT feedstock. The feedstock was removed from the
powder bed using the vacuum system of ZPrinter 650 and the feedstock was reused one
time, named as 50HTx1. The same process was performed for a second time, named as
50HTx2.

In addition, a Z310 printer (ZCorp) was also used to study the influence of the powder
feeding system. In this sense, the system used in the ZPrinter 650 was defined as dynamic
feeding system, as represented in Figure 7.9, and the one of Z310 was defined as static
feeding system, represented in Figure 7.10. Cylinders, with diameter of 7 mm and length of

14 mm were used as printed parts.

Powder
feeder

Powder Movable Liquid binder
fluidizer printhead /—:I

3D Object

<—
Roller ——» (‘ .

Build bed

Figure 7.9: Schematic representation of commercial printer ZPrinter 650 (ZCorporation),

with a dynamic feeding system.
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Liquid binder

— Movable

Roller —» ( printhead ™~ 3D Object

[ .

Feed bed Build bed

Figure 7.10: Schematic representation of commercial printer Z310 printer (ZCorporation),

with a static feeding system.

The geometric relative density (%pgeom) Of the green printed cylinders produced using the

different printing parameters and the reused feedstock, was calculated as described in
Chapter 2.

Finally, the ZPrinter 650, using binder high printing conditions of Table 7.1l and 50HT
feedstock, was used to print a set of complex shaped parts, named as chess set, illustrated
in Figure 7.11, an original design by JaaYoo [7], and a statue to assess the decoration
process of a printed part in the different post-conformation industrial processes, illustrated

in Figure 7.12, an original design of BerlinRockz [8].
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34 mm 40 mm 48 mm

52 mm 55 mm 68 mm

25 mm

Figure 7.11: lllustration of the virtual design of the complex shaped parts of a chess set,
with the following parts: (A) Pawn, (B) Rock, (C) Knight, (D) Bishop, (E) Queen and (F)
King.
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49 mm

Figure 7.12: lllustration of the virtual design of the statue, used to assess the decoration

process.

7.2.3. Post conformation

The post conformation processes for the printed parts included the drying of the parts. The
first drying step was done in the powder bed of the ZPrinter 650 for 24 h, after the printing

process is finished. A second drying step was done at 90 °C for 16 h, in an oven.

For comparison with additively manufactured parts, parts from the conventional methods of
porcelain manufacture, used by Porcelanas da Costa Verde were processed in the
conventional route, presented in Figure 7.13. For the parts produced by BJP and SLS, as
schematically represented in Figure 7.13, the results of relative density from Chapter 6 were

used for the comparison.
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* Isostatic pressing — —
. Jiggering 1st firing 2nd firing
+ Pressure casting = 9810 - 1O$O hC =) | 1360 — 1380 °C | ® | Final part
 Slip casting 55-18 5-7h
1st firing 2nd firing
1180 — 1230 °C | mp | 1360 — 1380 °C | ®p | Final part
Ml 25-3h 5-7h
« Binder jet printing
» Selective laser sintering 5
CIP 1stfiring 2nd firing
196 MPa 1180 — 1230 °C | ™ | 1360 — 1380 °C | ™ | Final part
5 min 2,5-3h 5-7h

Figure 7.13: Sintering (firing) cycles flowchart of conventional manufactured porcelain
parts by isostatic pressing, jiggering and pressure casting and additively manufactured
ones by BJP and SLS, with and without CIP process. The main difference is the 1% firing

cycle used for the second group.

The sintered parts, produced by the conventional methods, were also characterized
regarding their relative density measured by Archimedes method as described in Chapter
2.

The complex shaped parts of the chess set, illustrated in Figure 7.11, were processed
according with the described in Figure 7.13 for additively manufactured parts, without the
CIP process. In the case of the statute, illustrated in Figure 7.12, besides the same process
as the first group, the part was glazed and decorated by hand painting and process in the

on-glaze firing cycle of Porcelanas da Costa Verde, at 890 °C for 2 h 30 min.

7.3. Materials and feedstock preparation

One of the most important aspects in AM of powders is the powder feedstock, as shown in
Chapters 3 and 4. In the case of porcelain, due to the limitations in the mechanical strength
of the green parts, an in-bed powder binder is needed in the powder formulation for BJP.
As found in Chapter 3, PVA powders have a good performance for the production of
porcelain parts by BJP, keeping an interesting cost for the industrial application. In the same
chapter we conclude that an amount between 10 and 15 wt.% of PVA, mixed with porcelain
powders presents a good balance between printing quality and properties of porcelain

products.
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In Chapter 4, we found that the use of heat-treated porcelain powders, mixed with the raw
porcelain powders and in-bed binder powders, improve the quality of printed parts avoiding
design defects. It was found that the preferred amount of heat-treated porcelain powders is
50 wt.% of the porcelain powders fraction. In this sense, a feedstock composed by 45 wt.%
of raw porcelain, 45 wt.% of heat-treated porcelain and 10 wt.% of PVA powders was the

chosen one to assess the industrialization of BJP for porcelain parts production.

Powders for porcelain parts production at industrial scale are prepared using a spray dryer,
and varying processing parameters, such as feeding pressure, depression of cyclone and
diameter aperture of the nozzles, allows to produce porcelain powders with different
characteristics. The density and the addition of binders to the porcelain suspension will lead

to powders with different morphological characteristics, as well.

In this section we present studies regarding the materials and the feedstock preparation for
BJP of porcelain powders, focusing in the porcelain powders preparation by industrial spray
drying and industrial dry sieving. The feedstock preparation was performed using dry mixing

of porcelain and PVA powders.

7.3.1. Spray drying

Considering the relevance of keeping as much as possible the current technological
process of the company, the process used to produce porcelain powders for BJP, at an
industrial scale, was spray drying, the one already in use to produce the porcelain powders
for the isostatic pressing, a conventional manufacturing process of Porcelanas da Costa
Verde.

The spray dryer used in Porcelanas da Costa Verde described above and presented in
Figure 7.3, is an industrial size mixed flow type, equipped with a hydraulic (also known as
one-fluid) nozzle atomizer. In mixed-flow spray dryers, the hot air is insert in the chamber
from the top side, while the ceramic suspension is pulverized from the bottom towards the
top of the spray dryer. When the suspension drops reach the hot air, the water from each
droplet is removed, leaving only the solid content, and forms a particle or an agglomerate
[6]. In the case of porcelain suspension, composed of clay, feldspar and quartz, the result

is an agglomerate of these raw materials particles.
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The main operation parameters are the nozzle diameter, the feeding pump pressure and
the temperature of the air. The use of small orifices apertures of the nozzle leads to smaller
suspension drops formed in the chamber, and as consequence the particles or
agglomerates formed are smaller. In the same way, the increase in the feeding pressure
decreases the size of the suspension drops, an as consequence, the decrease in the
particle size formed [6]. The temperature of the air has the most impact in the moisture of
the particles or agglomerates formed in spray drying, where the increase of the temperature
increases the kinetics of solvent evaporation and decreases the moisture content in the
particle or agglomerate. It has an impact as well in surrounding temperature of the droplet,
for which low temperatures prevent thermal degradation of the formed particles [6].
Excessive high temperatures may also contribute for shape irregularities and deformations
(i.e. non spherical shaped particles) [9]. Although the temperature has an important role in
the spray drying process, in this work it was not possible to control the temperature, once
the spray drying runs performed using the conditions despite in Table 7.1l were short in time
and in suspension and the temperature of the chamber was not stable enough, varying 40
to 50 °C during the process, in order to control it and do a systematic study. Regarding the
fine particles separation, industrial spray dryers may use a cyclone to collect fine particles.
In the cyclone is based on centrifugal force, which pushes the hot air containing ceramic
agglomerates or particles. A vortex is created in the cyclone system, expelling the air from
the top and the particles settled in the bottom [6]. The depression referred in this work is
the low pressure created by the vortex of the cyclone, which can be controlled in the
industrial spray dryer of Costa Verde. In the case of suspension characteristics, the high
solid content, i.e., high density of the ceramic suspension, which leads to an increase in the
density of the granules and as consequence high ceramic content in the green ceramic
bodies, and the addition of organic additives, such as dispersants, to proper dispersion of
the ceramic particles in the suspensions, and binders, to provide enough mechanical
strength of the green bodies produced in the following production steps, are also typically
controlled in the spray drying of ceramic suspensions [9]. Other spray drying operation
parameters such as, feeding rate, gas flow rate and type of nozzle have also an impact in

the morphology of the particles produced, but were not subject of study in this work.

The study of production of porcelain powders by spray drying was initiated using the spray
drying conditions used for conventional production. As despite in Table 7.1I, the density
used was 1600 - 1640 g/L with 0,5 — 2,5 wt.% of proprietary additives. The feeding pressure

used was 10 - 20 bar, with > 1,5 mm nozzles and depression of 49 - 147 Pa. The
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morphology of the coarse and fine porcelain powders is presented in Figure 7.14 and the
PSD curves are exhibited in Figure 7.15. Both powders exhibit mostly spherical shape and
monomodal PSD, peaking at 330 ym in the case of coarse powders and at 174 ym in the

case of fine powders.

Comparing with commercial powders for BJP, which have irregular shaped particles, as
presented in Chapter 4, the coarse and fine porcelain powders here produced have mostly
spherical shape and it may jeopardize the quality of the printed parts, promoting shifting of
layers, as presented and discussed in Chapter 4. In addition, the size of both porcelain
powders may be too big for the BJP process, where a typical 100 um layer thickness is
used, and small size is preferable to avoid defects during printing, as discussed in Chapter 4

as well.

Figure 7.14: SEM micrographs of spray dried porcelain, using the production spray drying
conditions, despite in Table 7.11, of (A) coarse and (B) fine powders. Both powders are
composed of spherical shape particles.
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Figure 7.15: Particle size distribution of spray dried porcelain using the production spray
drying conditions, despite in Table 7.1, of coarse (black) and fine (red) powders, with the
insert presenting the values of Dv10, Dv50 and Dv90. Both powders exhibit a monomodal

distribution.

The porcelain powders produced for conventional methods may be not suitable for BJP and
there is a need to study how to produce porcelain powders with small particle size, using
the industrial spray dryer already available. Having this in consideration, the fine porcelain
powders, which are collected after the cyclone of the spray dryer may exhibit morphologies
closer to the desired ones. In this sense, the effect of porcelain suspension characteristics,
as density and the use of additives, and the effect of operation conditions, as feeding

pressure, cyclone depression and nozzle orifice diameter, is presented next.

Characteristics of porcelain suspension

As despite in Table 7.1, the use of proprietary additives and the density of the porcelain
suspension for the spray drying process was assessed, using 1625 g/L with additives, 1580
g/L with and without additives, while the nozzle diameter, the feeding pressure and the
cyclone depression were kept constant at 0,9 mm, 10 bar and 147 Pa, respectively. The
morphology of the coarse and fine porcelain powders produced is presented in Figure 7.16.
It is noticeable that in the case of the three coarse powders (Figure 7.16 A, C and E) the
porcelain agglomerates are mostly shaped, while in the case of fine powders (Figure 7.16

B, D and F) there is both spherical and irregular shaped particles. The PSD curves of the
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coarse and fine porcelain powders is presented in Figure 7.17. In the case of coarse
porcelain powders (Figure 7.17 A), the three curves present a monomodal distribution
peaking at 352 um, for the 1625 g/L with additives suspension, at 272 ym and 197 ym, for
the 1580 g/L with and without additives, respectively. The fine porcelain powders (Figure
7.17 B) present a monomodal distribution with a shoulder in the small particles side for the
suspensions with additives, peaking at 163 um and a shoulder between 20 ym and 60 pm,
in the case of 1625 g/L, and a peak at 127 ym and a shoulder between 10 ym and 30 um,
in the case of 1580 g/L. The suspension without additives and 1580 g/L of density, the PSD
of fine porcelain powders is bimodal, with a major peak at 92 ym and a minor one at 18 pym.
During the spray drying process was often observed the clog of the nozzles for the
suspensions with the additives, requiring the process of nozzles unclog for the process to
continue. This effect is attributed to the small nozzle orifice diameter (0,9 mm) which,
combined with the use of additives in the porcelain suspension, promotes solid

accumulation in the nozzle and clog the orifice.

Based on these results, we advocate that the use of additives and higher porcelain
suspension density promote the formation of bigger agglomerates when compared with
suspension without additives and with lower densities, for both coarse and fine porcelain
powders. This effect may be explained by: i) the behavior of the additives, which comprises
organic binders promoting the bond between raw materials particles increasing the size of
the agglomerates and explains the nozzle clog observed during the spray drying of these
porcelain suspensions, and ii) the increase in density, i.e., the increase in the solid content
in the suspension, promotes agglomerates with more solid fraction. In addition, the three
fine powders curve (Figure 7.17 B) tend to be monomodal with a shoulder in the small
particles side or bimodal and this effect may be attributed to the size of the nozzle, once for
the case of the porcelain powders for conventional methods (Figure 7.15), the bimodal
distribution was not observed for both fine and coarse powders, and the main difference in
the processing was the use of 0,9 mm diameter nozzles. In addition, the bimodal distribution
is emphasized for suspensions without any additives due to the lack of organic binders in

the mixture, and as consequence, lack bond between the raw materials particles.

As presented in Figure 7.16 B, D and F, the fine porcelain powders have both spherical and
irregular shaped agglomerates, which is not observed for the fine porcelain powders
produced using the production conditions (Figure 7.14 B). In this sense, the smaller orifice

diameter of the nozzles, may contribute to the appearance of the irregular shaped particles.
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However, this type of particles were not observed in the case of coarse powders (Figure
7.16 A, C and E) and here we advocate that the cyclone collector system has a major
contribution for the formation of this type of agglomerates. In Figure 7.18 we schematically
represent porcelain agglomerates inside the cyclone chamber. When the cyclone pushes
the finer agglomerates from the main chamber of the spray dryer, the agglomerates will stay
in movement inside the cyclone. While this process is happening, agglomerate-agglomerate
and agglomerate-walls collisions will happen, leading to the fracture of the agglomerates,
creating irregular shaped agglomerates. In addition, this explanation is supported by the
PSD curves of the fine porcelain powders produced with these conditions (Figure 7.17), for
which a shoulder in the small particles side and a second peak was observed, as opposed
to the PSD curve observed for conventional production methods (Figure 7.15). Also, in the
case of the suspension without additives, it is noticeable a bimodal distribution for fine
porcelain powders, suggesting an increase in the small particles fraction evolving from a
shoulder for suspension with additives to a second peak for suspension without additives.
Here we advocate that the lack of binders in the suspension combined with the collisions in
the cyclone described above, smaller particles are formed when compared with the
suspension with the use of additives. As a matter of fact, the use of binders during the spray
drying improves the resistance to deformation of the agglomerates [9]. As discussed before,
the formation of irregular shape particles occurs inside the cyclone of the spray dryer due
to agglomerate-agglomerate and agglomerate-wall collisions. Thus, the fact that the use of
binders promote particles with higher resistance to deformation and fracture, leads to more
spherical particles in the collection of fine particles, due to the higher fracture resistance of
the particles, supported by the PSD (Figure 7.17) and the SEM images of the fine porcelain
powders (Figure 7.16 B and D), for which is possible to observe more spherical

agglomerates than for the suspensions without additives (Figure 7.16 F).
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Figure 7.16: SEM micrographs of porcelain podes produced

by spra drying under
different conditions of porcelain suspension characteristics: (A) coarse and (B) fine
powders of 1625 g/L with additives, (C) coarse and (D) fine powders of 1580 g/L with
additives and (E) coarse and (F) fine powders of 1580 g/L without additives. The powders
have spherical shape in the case of coarse powders and a mixture of spherical and
irregular shaped particles in the case of fine powders.
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Figure 7.17: Particle size distribution of (A) coarse and (B) fine spray dried porcelain
powders using the SD1, SD2 and SD3 spray drying conditions, as despite in Table 7.lI,
with the insert presenting the values of Dv10, Dv50 and Dv90. While the coarse powders
exhibit a monomodal distribution, the fine powders present a bimodal distribution for
suspension without additives and monomodal distribution with a shoulder in the small

particles side for the suspensions with additives.
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Figure 7.18: Schematic representation of the agglomerate-agglomerate and agglomerate-

wall collisions happening inside the cyclone of the spray dryer.

Based on these results, we advocate that the use of additives and higher porcelain
suspension density promote the formation of bigger agglomerates when compared with
suspension without additives and with lower densities, for both coarse and fine porcelain
powders. This effect may be explained by: i) the behavior of the additives, which comprises
organic binders promoting the bond between raw materials particles increasing the size of
the agglomerates and explains the nozzle clog observed during the spray drying of these
porcelain suspensions, and ii) the increase in density, i.e., the increase in the solid content
in the suspension, promotes agglomerates with more solid fraction. In addition, the three
fine powders curve (Figure 7.17 B) tend to be monomodal with a shoulder in the small
particles side or bimodal and this effect may be attributed to the size of the nozzle. In the
case of the porcelain powders for conventional methods (Figure 7.15), the bimodal
distribution was not observed for both fine and coarse powders, and the main difference in
the processing was the use of 0,9 mm diameter nozzles. In addition, the bimodal distribution
is emphasized for suspensions without any additives due to the lack of organic binders in

the mixture, and as consequence, lack bond between the raw materials particles.

Operation conditions of the spray dryer

The use of a nozzle with an orifice diameter of 0,7 mm was also assessed and the porcelain

powders were compared with the ones produced with 0,9 mm. The suspension
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characteristics were kept constant using 1580 g/L of density without additives. The feeding
pressure and the cyclone depression were kept constant at 0,9 mm, 10 bar and 147 Pa,
respectively. The morphology of the porcelain powders produced is presented in Figure
7.19, where is noticeable that there is no significative difference between the powders
produced, which present spherical shaped coarse porcelain powders and both spherical
and irregular shaped fine porcelain powders, for both 0,7 mm and 0,9 mm nozzles. In the
case of the PSD curves, the same trend was observed, both presenting monomodal
distributions in the case of coarse powders (Figure 7.20 A), peaking at 197 um with the 0,9
mm and at 174 uym with the 0,7 mm nozzles, and bimodal distributions for the fine powders,
with a major peak at 92 ym and a minor one at 18 ym, for both 0,7 mm and 0,9 mm nozzles.
However, a major difference was observed during the spray drying process, in which the
use of 0,7 mm promotes the clog of the nozzles, right after the process starts, jeopardizing
the production of powders, as opposed for the 0,9 mm nozzles. We conclude that the use
of 0,7 mm is not suitable for the spray dryer of Porcelanas da Costa Verde, once it is

impossible to keep the spray drying process running without the nozzles clog.

N soopm | R o 500 um
Figure 7.19: SEM micrographs of porcelain powders produced by spray drying using
different nozzles diameters: (A) coarse and (B) fine powders of 0,9 mm nozzles and (C)

coarse and (D) fine powders of 0,7 mm nozzles. The powders have mostly spherical
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shape in the case of coarse powders and a mixture of spherical and irregular shaped
particles in the case of fine powders.
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Figure 7.20: Particle size distribution of (A) coarse and (B) fine spray dried porcelain
powders using the SD3 and SD4 spray drying conditions, as despite in Table 7.11, with the
insert presenting the values of Dv10, Dv50 and Dv90. While the coarse powders exhibit a

monomodal distribution, the fine powders present a bimodal distribution.

Based on the previous results, the 0,9 mm nozzles were chosen to assess the effect of the
other operation conditions: feeding pump pressure and cyclone depression, using the same
porcelain suspension (Table 7.11). In Figure 7.21 the SEM images of the powders are

presented. A first main observation is regardless of the pressure and depression used, the
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coarse porcelain powders exhibit spherical shaped agglomerates (Figure 7.21 A, C and E)
while the fine porcelain powders present both irregular and spherical agglomerates (Figure
7.21 B, D and F), the same trend as observed above for different porcelain suspension
characteristics and different nozzles diameters. In the case of the PSD curves, the coarse
porcelain powders produced using the different conditions, exhibit a monomodal distribution
(Figure 7.22 A), peaking at 197 ym with a feeding pressure of 10 bar and a cyclone
depression of 147 Pa, at 174 ym with a pressure of 10 bar and a depression of 49 Pa, while
with 20 bar pressure and 147 Pa of depression, the peak was observed at 153 uym. The
main difference observed using the different operation conditions was the PSD curves of
the fine porcelain powders (Figure 7.22 B). In the case of the spray drying using 10 bar of
pressure and 147 Pa of depression, the curve presents a bimodal distribution, already
discussed above. However, for both the spray drying with 20 bar of pressure and 147 Pa of
depression and the one with 10 bar of pressure and 49 Pa of depression, the curve presents
a monomodal distribution with a shoulder in the big particles side. In the case using the
20 bar pressure, the curve peaks at 12 um and exhibits a shoulder between 40 um and
60 um, while for the use of 49 Pa the curve presents a peak at 18 ym and a shoulder
between 40 ym and 100 uym. The first curve is explained by the use of 20 bar of feeding
pressure, which promotes the formation of small suspension drops during the spray drying
and leads to small agglomerates formed [10]. In one hand the agglomerates are smaller
than the ones formed with 10 bar and on the other hand, because more agglomerates are
pushed to the cyclone due to its small size, more agglomerate-agglomerate and
agglomerate-wall collisions happen inside the cyclone chamber and decrease even more
the agglomerate size. In the case of the conditions using 49 Pa of depression, the lower
depression than for the other spray drying conditions, will be able to push smaller
agglomerates, i.e., lighter agglomerates, from the main chamber of the spray dryer. In this
sense, the powders collected after the cyclone system will be composed of smaller

agglomerates than the ones using higher depression.
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SSL e E 500 um

prouced by spray di under
different conditions of feeding pressure and cyclone depression: (A) coarse and (B) fine
powders produced with 10 bar pressure and 147 Pa of depression, (C) coarse and (D)

fine powders produced with 10 bar pressure and 49 Pa of depression and (E) coarse and

(F) fine powders produced with 20 bar pressure and 147 Pa of depression. The powders

have spherical shape in the case of coarse powders and a mixture of spherical and
irregular shaped particles in the case of fine powders.
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Figure 7.22: Particle size distribution of (A) coarse and (B) fine spray dried porcelain
powders using the SD3, SD5 and SD6 spray drying conditions, as despite in Table 7.lI,
with the insert presenting the values of Dv10, Dv50 and Dv90. While the coarse powders
exhibit a monomodal distribution, the fine powders present a bimodal distribution in the
case of 10 bar pressure and 147 Pa depression, while for 10 bar pressure and 49 Pa
depression and 20 bar pressure and 147 Pa depression exhibits a monomodal distribution

with a shoulder in the large particles side.
Summiarizing, in this section we proved that it is possible to produce porcelain powders

suitable for BJP process due to its smaller size than the ones produced for conventional

methods, in combination with the production of irregular shaped powders, which, as
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discussed in Chapter 4, are similar to the ones of commercial powders. These results were
possible by using a nozzle with a 0,9 mm of orifice diameter with a 1580 g/L porcelain
suspension without additives. In addition, the operation conditions present higher influence
in the morphology of fine porcelain powders than in the coarse ones. Also, the irregular
shaped particles observed in the fine porcelain powders was attributed to a combination of
three factors: the use of a small orifice diameter of the nozzles, the lack of additives in the
porcelain suspension and especially to the agglomerate-agglomerate and agglomerate-
walls collisions that happen inside the cyclone system chamber. However, there is still a
need of sieving the fine porcelain powders, once they exhibit a fraction of agglomerates
above 80 um, which is the desired size for porcelain powders for BJP, as discussed in
Chapter 4.

7.3.2. Sieving and feedstock preparation

The sieving process of porcelain powders is necessary in order to have a PSD of powders
suitable for BJP. In this sense, the sieving was done using an industrial scale sieving
system, with 80 ym mesh sieve, conventionally used for sieving porcelain suspension for
conventional manufacturing processes. The morphology of the fine porcelain powders,
produced by spray drying using the SD3 conditions of Table 7.1I, before the sieving process
is presented in Figure 7.23 A, while the powders after sieving are exhibited in Figure 7.23
B, for porcelain powders above the sieve, and Figure 7.23 C for powder under the sieve.
With a first overall observation it is noticeable that the porcelain powder above the sieve still
contain fine agglomerates of porcelain. The PSD analysis, Figure 7.24, supports this result,
as the powder above the sieve exhibits a monomodal distribution, peaking at 104 pm with
a shoulder in the small particles side. In addition, this curve presents a Dv50 of 81 um,
which means that 50 vol.% of the powders above the sieve have lower size than the mesh
aperture, while the powder under the sieve exhibits a monomodal distribution with a
shoulder in the small particle size. Also, the PSD curve of the porcelain powder under the
sieve exhibits a Dv90 of 96 uym, which means that the powder has some agglomerates
bigger than the mesh aperture. This effect may be explained by the orientation of irregular
particles which may have a dimension smaller than the aperture. The same effect was

observed and discussed in Chapter 3 of this thesis.
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(B) above and (C) under sieve, after sieving, using an industrial mesh with 80 um.
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Figure 7.24: Particle size distribution of spray dried porcelain powders before and under
and above sieve, after industrial sieving with a mesh of 80 ym.

Based on these results, we advocate that the sieving process using the industrial equipment

of Porcelanas da Costa Verde is not fully efficient. Even though the powder under the sieve
may be used for BJP, the powder above the sieve still has a fraction (50 vol.%) that could

270



Chapter 7 — Towards powder bed Additive Manufacturing industrialization of porcelain parts

be used as well and may affect the PSD of fine porcelain powders once it may lead to more
sieved powders in different sieving runs. This is explained by two main reasons: i) the
industrial sieving system is prepared for wet sieving, i.e., sieving of porcelain suspensions
which is more efficient due to better dispersion of particles and the water medium acts as a
carrier for the solid fraction and ii) the industrial system has an extraction for the solid
fraction of the suspension above the mesh and, using it for dry sieving of powders, this
extraction of the powder leads to a fast removal of the powder above the sieve and do not
gives time to the complete sieve of the powders, decreasing the efficiency of the process
due to remotion of fine porcelain powder. However, the sieve of porcelain powders for BJP
must be done in dry state once the porcelain powders are composed of agglomerates which
deagglomerate in water and affects its PSD. In this sense, further investigation must be

done to improve the dry sieve process at industrial scale of porcelain powders for BJP.

The feedstock preparation must also to be done in dry state as in addition to the porcelain
powders which are deagglomerable in water, the in-bed binder, in this case PVA, is water
soluble. Based on the results of Chapter 3 and Chapter 4, the feedstock used for porcelain
parts production is composed of 45 wt.% of raw porcelain powders, 45 wt.% of heat-treated
porcelain powders and 10 wt.% of PVA powders. The heat-treated powders allow the
printing of defect free parts and is performed in the industrial continuous kiln of Porcelanas
da Costa Verde. The batches of feedstock for BJP were mixed by rotational mixing for 24
h, in batches of 4 kg, using the three powders sieved individually at 80 um. In the case of
PVA, the powder as received has large particle size and dry milling for 27 h, is required in
order to reach the desired PSD.

Summarizing, although for this work, done at pilot and industrial scale, the sieving and
mixing scale was not a problem, in the case of fully industrialization the amount of feedstock
required may increase and a more efficient sieving system may be required. In addition, the
is also the need to assess the economic viability and comparison of milling the PVA as

received or buyng the powder already with the desired PSD (< 80 pm).

7.4. Printing process

In this section we discuss the printing process with focus in the printing parameter layer
thickness and binder saturation, the feedstock feeding system and the reuse of feedstock.
A ZPrinter 650 (ZCorporation) with the 3DPrint Software, version 1.03.8 (3DSystems) was

271



Chapter 7 — Towards powder bed Additive Manufacturing industrialization of porcelain parts

used to print the parts and the liquid binder was the commercial Visijet PXL clear
(3DSystems).

Concerning the printing parameters, the commercial software used only allows the variation
of layer thickness and binder saturation. The standard layer thickness is 100 ym for
commercial powders. The minimum layer thickness allowed by the software is 87,5 um. In
order to study the effect of the layer thickness we used the minimum layer thickness and a
coarser layer thickness, 112,5 um, to keep the same difference to the standard value. The
binder saturation refers to the ratio of binder volume to the powder volume. In this work we
used the minimum binder saturation value (50 %) and the maximum value (180 %). The set
of parameters (Table 7.111) was used to print a part with different thicknesses of walls (Figure

7.8) to evaluate the print of defect free parts. The 50HT feedstock was used.

The printed parts are presented in Figure 7.25, starting with a control part, produced with
the standard parameters and Visijet PXL Core commercial powders (Figure 7.25 A). The
minimum wall thickness printed without defects has 1 mm while the one with 0,5 mm was
printed, but has defects formed during its removal from the powder bed. Concerning the
porcelain parts, the first observation concerns the use of binder low parameters, i.e., 100 um
and 50 % of binder saturation, which was not possible to print. This result is explained by
the low amount of liquid binder which is not enough to dissolve the in-bed binder PVA,
leading to the lack of bond of porcelain powders. In the case of porcelain parts printing using
the standard parameters (Figure 7.25 B), layer coarse (Figure 7.25 C) and layer fine (Figure
7.25 D) there was not significative differences, with the minimum wall thickness printed of
2 mm. In the case of printing with binder high parameters (Figure 7.25 E) the minimum wall
thickness printed is 1 mm, comparable with the printed part with commercial powders and

standard printing parameters.

Based on these results we advocate that the main printing parameter for a defect free part
with small design features is the binder saturation. The minimum binder saturation (50 %)
does not provide enough bond of porcelain powders in the printed part and the standard
value (100 %) does not allow the printing of small design features, such as a wall with 1 mm
thickness. The maximum binder saturation (180 %) is the one which provides the best
results concerning the design features of the printed part. This is explained by the higher
amount of liquid binder, which penetrates in the powder bed and dissolves the in-bed binder

PVA, providing enough mechanical resistance to porcelain printed part, when compared
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with the minimum and standard values of binder saturation. In addition, these study
supports the fact that the reduction in binder saturation, although might reduce the layer
shifting effect observed in Chapter 4, it will have an impact in the mechanical resistance of
the green parts. The layer thickness and the binder saturation were also aim of study by
Vaezi et al. [11] with ZP102 commercial powder and ZB60 commercial liquid binder, using
0,1 and 0,0875 mm of layer thickness and 90 % and 125 % of binder saturation. The group
found that the decrease in the layer thickness lead to an increase in the tensile strength and
a decrease in the flexural strength of the parts, followed by a decrease in the surface quality.
The group also found that the use of lower binder saturations leads to a smoother surface
of the parts. However, in the case of the porcelain powder feedstock, the most important

effect of the binder saturation was the mechanical strength in order to be handled.
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Figure 7.25: Printed parts in green state, with different thicknesses of walls, using the
printing parameters of Table 7.11I. A control printed part using Visijet PXL Core commercial
powder was printed (A), and the porcelain 50HT feedstock was used with (B) standard,

(C) Layer coarse, (D) Layer fine and (E) Binder high printing parameters.
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The feeding system of the binder jet printer was also studied, using a dynamic feeding
system, Figure 7.9, of ZPrinter 650, i.e., the feedstock is in a vat, and a static feeding
system, Figure 7.10, of Z310, i.e., the feedstock is a powder bed. In the static mode, the
powder feedstock is pushed from a surface of a powder bed to the build bed. In this system,
there are friction forces between particles which is being pushed and the ones adjacent to
them. In the case of the dynamic system, the powder is released from the vat, by
gravitational forces, in front of the roller which pushes the powder to the build bed. Also, in

the dynamic mode there is a powder fluidizer responsible to fluidize the powder.

In Table 7.1V the geometrical relative density printed parts with 50HT feedstock in green
state and after 15t and 2" industrial sintering cycles is presented for both feeding systems.
In the case of static system, the green parts exhibit 32 % of relative density which increases
up to 57 % after industrial sintering, while for the dynamic feeding system the green parts
exhibit 35 % of relative density and 63 % in the case of final parts. The dynamic feeding
system leads to an increase in both green and industrially sintered parts. As said above, in
the case of static feeding system, the powder is pushed from a powder bed and friction
forces of the pushed powder and the powder in the bed leads to a worse spread of the
powder in the build bed, and as consequence, the green density of the printed parts is lower
than the ones using a dynamic system. After the industrial sintering, the same trend is
observed as consequence of the low relative density of the green parts. Another factor that
may affect the powder distribution in the static feeding system is the powder segregation,
well discussed by Mostafaei et al. [12] which is typically for powders with coarse and fine
particles, and relates with the downward movement of fine particles in the void space
between large particles, leading to higher fraction of fine particles in the bottom of the
powder bed as compared with the top of the powder bed. This effect may lead to
heterogeneity in the PSD of powders and has an impact in the density of green parts. In the
case of dynamic feeding system, the impact is low, once the powder is deposited by

gravitational forces in front of the roller, previous to the spread of the powder.

Table 7.IV: Geometric relative density of printed parts with 50HT feedstock, using static

and dynamic feeding systems.

%pgeom (%)
Feeding system -
Green part Sintered part
Static 32,1+04 57,2+0,7
Dynamic 353+0,5 629+1,0
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In addition to the feeding system, the reuse of powders was also assessed for the ZPrinter
650 with the 50HT. The reuse was performed using the vacuum system of the printer to
push the exceeding powder from the powder bed and from the overflow bins, i.e., bins which
are at the end of the powder bed to collect the exceeding powder from each layer after the
spread by the roller. The reused powders were name as 50HTx1, after one reuse, and as
50HTx2, after the second reuse. The geometric relative density of the printed parts in green
state and after 1 and 2" industrial sintering cycles is presented in Table 7.V. Although a
small decrease in the green density from 35,3 % to 34,7 % and in sintered parts from 62,9 %
to 62,1 % after the two reused feedstocks, it is not significative and here we advocate that
the reuse of feedstock powders in the ZPrinter 650 is possible and do not jeopardize the

printed parts properties.

Table 7.V: Geometric relative density of printed parts with 50HT feedstock and reused

feedstock.
%pgeom (%)
Feedstock
Green part Sintered part
50HT 35,3+0,5 62,9+ 1,0
50HTx1 349+04 62,3+0,7
50HTx2 34,7+04 62,1+0,6

Summarizing, for 50HT porcelain feedstock a combination of 100 ym and a binder
saturation of 180 % should be used in a BJP printer with a dynamic feeding system. The
binder saturation present higher influence in the design features able to be printed than the
layer thickness, at the same time that provides enough mechanical resistance to the green

parts in order to be printed.

During the practical work for this thesis, several challenges and limitations were found in
the use of commercial BJP printers for porcelain feedstocks. In this sense, the interest in
the development of a BJP printer dedicated for porcelain feedstock of Porcelanas da Costa
Verde increased and a group of recommendations were registered after the limitations and

challenges found.

The first challenge with the commercial BJP printers concerns in the piezoelectric

printheads. In the case of Z310 printer, a printhead No 10 from Hewlett-Packard (HP) is
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used. However, in the last years the production of this printhead model stop and turned the
Z310 printer difficult to use due to the lack of printheads available in the market. The ones
remaining were not reliable once some of them do not work well, leading to fails in the
printing process. In the case of ZPrinter 650, the model of printhead is the No 11 (HP) and

are still available in the market.

In Table 7.Vl some of the most common errors found during the printing process with
porcelain feedstock in the ZPrinter 650 are presented and reported in the user manual of
the BJP printer. The first one, described above concerns in the high temperature reached
in the printhead and is attributed to low binder flow, electric circuits failure and clog of the
printhead orifices which may lead the print process to fail. The last one was observed and
presented in Chapter 3, when printing with CMC as in-bed binder and its effects in the

quality of the prints was discussed.

Other common error happening during the printing process regards in the axis position,
which is calibrated every time that the printer is rebooted. However, if there is accumulation
of powder in the guides of the axis, as shown in Figure 7.26, the axis will lose the position
information, leading to a fail printer, corresponding to the 2303(0), 60300 and 60301 errors
in Table 7.VI. This error is only solved if the printer is rebooted, making it impossible to

recover a print in the middle of the job and leading to a failure in the printing.

Regarding the powder, two main errors occur: stop feeding powder (error 5001) and loose
of position of the feeder (error 60100). The feeding powder error happens when the printer
thinks it is out of powder, as reported in the printer user manual. The fact that the printer is
prepared for commercial powders, which have a different density of the porcelain feedstock,
leads to the need of the calibration of the feeder balance. This calibration is not possible to
do by the operator for commercial printers, leading the only option to increase the weight in
the balance by adding external weights. The second problem with the powder is the loose
of position by the feeder, mainly due to the compaction of powder at the bottom of the
feeder. Even though the feeder has its own fluidize system, when the powder is to compact,
as shown in Figure 7.27, leads to the clog of the feeding orifices and stops the print process,

and the only option is to remove the powder by hand.
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Table 7.VI: Most common errors that happen during the printing with ZPrinter 650 (from

printer manual user).

Error

Description

1006: Head x temperature too
high

Caused by a print head overheating due to low
binder flow, poor cleaning of the print head by the
service station or a failed electrical circuit including
the print head.

2303(0): MOVER: axis 0
excessive position error

This error is caused by the presence of or the
appearance of excessive friction on the slow axis
rails front to back.

60300: REZERO: fast axis
length out of tolerance

This error is caused by the fast axis length being out
of tolerance while rebooting. The length of travel is
measured while booting.

60301: REZERO: Slow axis
length out of tolerance

This error is caused by the slow axis length being out
of tolerance while rebooting. The length of travel is
measured while booting.

5001: POWDER: no more feed

This error occurs when the feeder runs out of powder
or it thinks it is out of powder

60100: Feeder timeout

This error occurs when the feeder drive motor is not
responding or when the powder is packed in the
bottom of the VAT.

;_".

Figure 7.26: Powder accumulation in the guides of axis, leading to 2303(0), 60300 and

60301 errors.
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Figure 7.27: Compacted 50HT feedstock powder in the bottom of the feeder, leading to
the 60100 error.

Another limitation found was the accumulation of feedstock powder in the inner walls of the
feeder after the printing, as illustrated in Figure 7.28. After the printing process is finished
and all the powder is deposited in the build bed, it is noticeable that some powder was
accumulated in the inner walls of the vat. A PSD analysis to this powder exhibits a broad
monomodal distribution peaking at 15 pm. This means that a fraction of small particles is
not deposited in the build bed, affecting the PSD of the printed powder and may lead to
lower density of green and sintered parts and distortions of the sintered final part. However,
all the parts produced with this printer were affected by this effect.

- e

Figure 7.28: Powder feeder of ZPrinter 650 before (left) and after (right) printing with

50HT feedstock.
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Figure 7.29: Particle size distribution of 50HT feedstock and of the powder in the inner

walls of the feeder.

The final major limitation during the printing process regards in the software used. The
software, 3DPrint Software, version 1.03.8 (3DSystems), is dedicated to the commercial
printers and optimized for commercial powders. The software is limited to the use of
porcelain feedstock and only allows variations in the layer thickness and binder saturation,
as discussed above. The need of a more flexible software is clear and it is present by

Oropallo et al. [5] by one of the ten challenges in additive manufacturing.

Summarizing, several limitations were found in the use of commercial BJP printers for
porcelain parts production. Based on the discussion above, we advocate that a dedicated
BJP printer should be developed for the full industrialization of BJP for porcelain parts
production in order to have full control of the printer and the printing process, its

maintenance and possible variations in the future.

The printer should comprise a liquid binder deposition system able to be easily clean or
replaced without depending on commercial providers, a protection for the axis to avoid
accumulation of powder in the rails, a feedstock fluidizer system to avoid the compaction of
powder in the bottom of the feeder, smooth inner walls in the feeder to avoid accumulation

of fine particles, the feeding system should be dynamic to keep the homogeneity of the PSD
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of the feedstock in each layer and a vacuum system should be used to recover the
exceeding powder after the print as it has low impact in the density of the printed parts. In
addition, a dedicated software allowing full control of printing parameters should be subject
of development, and if possible, the ability to use different printing parameters in different
sections of the part to be printed, for instance, using different binder saturations in different
sections may reduce the amount of liquid binder without jeopardizing the mechanical

strength of the printed part.

7.5. Post conformation process

The post conformation processes comprise the drying of printed parts and the processing
in industrial sintering cycles, as discussed in Chapter 6. The in bed drying time settle by the
firmware of the printer ZPrinter 650 is 90 min for parts printed using commercial powders
and standard printing parameters. We found that this time is too short when for the print
with porcelain feedstock, due to the use of 180 % of binder saturation, which means more
liquid binder is deposited to print the part and as consequence, more time is needed to fully
dry the printed part. If the drying time is too short, the parts will deform during its removal
from the powder bed because the in-bed binder is saturated with the liquid binder and is still
in a viscous state. In this sense, the printed parts with the porcelain feedstock should dry in
bed for 24 h, to make sure that the part has enough mechanical resistance and can be

removed from the powder bed without breaking.

The post printing drying was also assessed using a laboratorial oven. The parts were dried
at 90 °C, for 16 h. The differences of sintered parts without and with oven drying are shown
in Figure 7.30 A and B. It is noticeable that the drying step in the oven avoid the crack of
printed parts. In addition, deformations were observed after the industrial sintering of the
printed parts in Figure 7.30 B. This effect was attributed to the friction between the base of
the printed part and the plate inside the industrial kiln. In this sense, a fine alumina powder
layer was used between the part bottom and the furnace plate to reduce the friction and the

part was sintered without major deformation as presented in Figure 7.30 C.

These results show the importance of the drying in the quality of the final porcelain parts.
The parts should dry for 24 h in the powder bed, and in an oven for 90 °C, for 16 h. A fine
particle alumina powder layer should be used during sintering in order to produce crack free

porcelain parts.
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Figure 7.30: Printed part, after high temperature sintering, (A) using drying at room
temperature for 16 h, (B) using a drying step in an oven at 90 °C, for 16 h and (C) using
fine alumina between the part and the support, with drying at 90 °C, for 16 h.

The conventional produced porcelain parts by Porcelanas da Costa Verde comprises two
step sintering in industrial continuous kilns, as illustrated in Figure 7.13, with the 1% sintering
cycle with a maximum temperature of 980 - 1020 °C for 15 - 18 h, and the 2" sintering with
maximum temperature of 1360 - 1380 °C for 5 - 6 h. Using the same process for BJP parts,
during the 1% sintering the in-bed binder is removed, however there is no significative
densification, i.e., matter diffusion and no bonds between porcelain agglomerates is
created, the parts are not consolidated and lead to poor mechanical resistance of parts,
which broke by handling as presented in Figure 7.31, where a complex shaped part was
processed by the sintering at 980 - 1020 °C for 15 - 18 h. In this sense, for the 1% sintering

a different sintering cycle was used, as presented in Figure 7.13, with a maximum
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temperature of 1180 - 1230 °C for 2,5 - 3 h. This thermal cycle is typically used for in-glaze

decoration firing.

Figure 7.31: Complex part, produced by BJP with 50HT feedstock, after the firing cycle at
980 - 1020 °C for 15 - 18 h.

In Table 7.VII the relative density, assessed by Archimedes method, is presented for parts
produced with different conformation methods, after processing in the 1% sintering cycle and
after both 15! and 2" sintering cycles. It is noticeable that for conventional methods, isostatic
pressing, jiggering and pressure casting, produced parts have a relative density between
64 and 68 %. However, the parts produced by AM techniques only reached a maximum of
41 %. Even though the relative density was considerable low, the parts were consolidated
enough to be handled during following processes. In the case of AM printed parts subject
to CIP, the relative density increased up to 80 %, however, as discussed in Chapter 6, the

processing in CIP is not suitable for complex shaped parts.

Regarding the second firing cycle, the parts produced by conventional processes reach a
relative density of 99 %, near 100 %. This is not the case of the parts produced by powder
bed AM techniques, which reached a maximum relative density of 68 %. The high porosity
of the green parts jeopardizes the densification of the parts during the second sintering. The
use of CIP lead to products with similar relative density (97 %), However, as demonstrated
before, the CIP process is only possible in parts without complex shape. Considering that
one of the main advantages of AM is the production of complex shaped products, the use
of CIP is limited. Nevertheless, with the innovation in several techniques, in the future the
use of CIP may be possible, if the medium (usually liquid) do not affect the porcelain

products.
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Table 7.VII: Relative density assessed by Archimedes method, after 1% sintering and after
1%t and 2" sintering, of porcelain parts produced through different conformation
processes. In the case of AM produced parts the 1% sintering is different from the

conventional ones.

Process oPare
1% sintering 15+ 2" sintering

Isostatic pressing 68,0 99,1
Jiggering 67,8 99,9
Pressure casting 64,3 99,6
Binder jet printing (*) 40,7 68,4
Binder jet printing (+ CIP) (*) 79,8 96,6
Selective laser sintering (*) 39,1 55,6
Selective laser sintering (+ CIP) (*) 52,6 78,2

(*) The firing cycle used was different for the parts of powder bed AM techniques, as

discussed previously.

Summarizing, the AM produced parts, especially the ones produced by BJP require a drying
step in order to avoid deformations during industrial sintering, and a different base inside
the kiln to reduce the friction between the base of the part and the plate. In addition, AM
produced parts do not reach full densification after the two sintering cycles as opposed to

the conventional ones.

7.6. Comparison of process with selective laser sintering

In this work two powder bed AM techniques were used: BJP and SLS. In this section we
compare both regarding its possible industrialization for porcelain parts production, with
focus in the feedstock, the printing process and the properties of final parts. Due to the
higher interest in the BJP, because it is already available in the company, a more complete
understanding of BJP was done in this work, however, a brief study of SLS was also done
allowing the comparison between the techniques. Both techniques require the use of the
feedstock in powder form, however, the process differ in the method of part construction: in

the case of BJP a liquid binder is deposited for each cross-section, which bonds the particles
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in the powder bed, while in the case of SLS a laser is responsible to sinter or melt the

powder in the powder bed, promoting the bond between particles.

In the feedstock, there is a need of an in-bed binder for both techniques: in the case of BJP
the in-bed binder must be water soluble and in the case of SLS the in-bed binder must be
thermoplastic. However, both binders must have enough viscosity to penetrate in the void
space between porcelain powder and provide enough mechanical resistance to the printed
parts in order to be handled. In the case of BJP the viscosity is reached by the deposition
of a liquid binder and the solubility of the in-bed binder in the liquid one, while in SLS the
viscosity is reached after the laser scan, which melts the binder and provide the viscosity.
In addition, based on the results of this work, the use of heat-treated porcelain powder is
required in both techniques in order to reach defect free printed parts, as discussed in
Chapter 4 and Chapter 5.

Concerning the printing process, as compared above, the BJP uses a liquid binder to bond
particles while the SLS uses a laser for the same purpose. The use of the laser requires a
controlled inert atmosphere in the chamber in order to prevent oxidation and burning of the
in-bed binder powders and a controlled temperature of the powder bed in order to keep the
powder near the melting temperature. In the case of ceramic powders, the use of
temperature to process each layer may be a limitation due to thermal stress formed and
possible delamination of the printed part. In the case of BJP the whole process is performed
at room temperature without any atmosphere. This difference may increase the cost of the
production of porcelain parts by SLS when compared with the ones produced by BJP. As
the reuse of powders was assessed for both SLS (Chapter 5) and for BJP (in this Chapter)
it is also noticeable that the reuse of powders does not have an impact in the BJP parts
properties as opposed to the ones produced by SLS, for which deformations were observed
after sintering, related with the decrease of small particles fraction in the feedstock.
Although this fact may be attributed to the handle of powders, which in the case of BJP
were recovered by a vacuum system and in the case of SLS were manually removed, it
depends on the commercial printers features. The thermal processing of the feedstock in
the case of SLS may also contribute for defective parts, once it affects properties of
feedstock such as PSD, thermal behavior and flowability [13][14].

The printed parts have also differences, mainly concerning its density, when comparing
parts produced by BJP and SLS. As discussed in Chapter 6, the parts produced by SLS
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have higher content of in-bed binder than the ones produced by BJP, leading to higher
porosity after the industrial sintering. In addition, even the use of CIP process, which is not
suitable for complex shape parts, have also higher impact in the relative density of porcelain
parts produced by BJP than the ones by SLS.

Summarizing, from the industrial point of view, the BJP have higher potential for its
implementation at industrial scale for porcelain parts production than SLS. The reduced
costs of BJP, the properties of the produced parts and the ease to scale up are advantages
of BJP when compared with SLS. However, SLS present also the possibility to produce
porcelain parts. Further investigation regarding the use of different in-bed binders and its

content and the printing parameters in SLS is still needed for porcelain parts production.

7.7. Demonstration parts

As discussed previously, one of the main advantages of AM technologies is the ability to
produce highly complex shaped parts, which can be difficult or even impossible to produce
by conventional processes. In this section, we present complex shaped porcelain parts
produced by BJP (Figure 7.11). The chosen objects are impossible to produce by
conventional routes in one piece at Costa Verde facilities, based on their design. In addition,
a small statue (Figure 7.12) was chosen to process in the glazing and decoration by hand
painting steps of porcelain production, in order to present the adequation of the printed parts
to the full process of porcelain parts production. All the parts were produced by BJP using
the 50HT feedstock with 10 wt.% of PVA as in-bed binder.

The printing process of the chess set is illustrated in Figure 7.32. The process starts with
parts positioning in the construction bed, using the appropriate software (Figure 7.32 A).
The printing is then performed in a layer by layer process by the deposition of the liquid
binder (Figure 7.32 B to E). Once the printing process is finished and after the parts dry in
the powder bed for 24 h, the parts are removed by hand (Figure 7.32 F), followed by the
depowdering process in a compressed air station, to remove all the exceeding powder out
of the parts (Figure 7.32 G). The parts are then ready for the post conformation processes.
The obtained parts were design defect free at the end of the printing, as presented in (Figure
7.32 H). In addition, one of the advantages of the powder bed AM processes is well

noticeable in these images: the ability to print several parts at the same time.
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Figure 7.32: Chess set produced by BJP using 50HT feedstock, through the different
stages of the process: (A) part positioning in construction bed using the software, (B) layer
2, (C) layer 63, (D) layer 109, (E) layer 201, (F) part removal from powder bed, (G) before

depowdering with compressed air and (H) before post conformation processing.

The printed parts after the industrial sintering cycles, as illustrated in Figure 7.13 without
the CIP process, are presented in Figure 7.33. Some of the parts were produced without
major design defects (Figure 7.33 A), while others suffer major deformation and fracture
during the industrial sintering (Figure 7.33 B). This defect is attributed to the design of the
parts: firstly a major fraction of the weight are in the top side of the printed parts, i.e., in the
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head of the chess parts, and also the ones presented in Figure 7.33 A are smaller in height
(lower than 50 mm) than the ones in Figure 7.33 B (higher than 50 mm), as presented in
Figure 7.11. Here we advocate that this fact contributed to the deformation during sintering,
once the body structure was not suitable to hold the mass weight of the part top section of

the taller parts, promoting its deformation and fracture.

Figure 7.33: Printed parts by BJP after 15 and 2™ industrial sintering cycles, as presented
in Figure 7.13 without CIP process. The parts presented in (A) were defect free after the
sintering processing, while the parts presented in (B) suffer major deformation during the

sintering.

The statue with detail features is presented in Figure 7.34 after different stages of post
conformation steps: after 15 and 2" industrial sintering (Figure 7.34 A) unglazed, after the
1%t and 2" sintering glazed (Figure 7.34 B) and after decoration followed by decoration firing
(Figure 7.34 C). With a first general overview we can conclude that high detail parts and the
ability to produce personalized objects is possible by BJP followed by post conformation
processes. In addition, the decorated part leads us to advocate that the printed parts are

also suitable for the glazed decoration as well.
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Figure 7.34: Porcelain printed part by BJP, using 50HT feedstock, through different

stages of industrial porcelain printed parts processing: (A) after 15t and 2™ sintering
without glaze, (B) after 1%' and 2" sintering with glaze and (C) after glazing followed by

decoration and decoration firing.

Summarizing, we proved that it is possible to produce highly complex shaped parts by BJP
and processed in the post conformation processes available at Porcelanas da Costa Verde,
such as industrial sintering cycles and decoration processes. However, major deformations
were observed for some of the complex shaped parts (Figure 7.33 B) and these defects
were attributed to the design of the parts. As reported in the literature, Design for Additive
Manufacturing (DfAM) is one of the challenges in AM [5] and one of the emerging fields in
design engineering [15] and, in the case of the AM use for porcelain parts production is on
exception. The object design optimization may also have an impact in post conformation
processes reducing the number of assemblies and cost [2]. Thus, further investigation is
needed focused on design for BJP of porcelain parts in order to avoid such defects and

reach the full potential of AM for complex shaped objects.

7.8. Conclusions

The major conclusion of this work is the proof that powder bed AM techniques, especially
BJP, can be used as production route for porcelain products. We also proved that the
facilities of the company are suitable for both preparation of feedstock and post-

conformation process of printed porcelain products.
In the case of feedstock, the use of spray drying to produce porcelain powders for BJP is

suitable, and varying porcelain suspensions and operation conditions the company is able

to produce powders with different characteristics regarding its PSD and morphology.
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However, some modification to the spray dryer must be done, with the main one the
collection of fine porcelain powders after the cyclone system. Based on our results, the
powder should be produce using a 1580 g/L porcelain suspension without the use of
additives and a nozzle with 0,9 mm, a feeding pressure of 10 bar and depression of 147 Pa
in the cyclone. In the case of the industrial sieving of porcelain powders, even though it is
possible to reach the desired PSD of porcelain powders, the efficiency of the process is
jeopardized by the equipment used. In this sense, an equipment dedicated to sieve dry

powders should be used.

Concerning the printing process, the commercial printers may be used to produced
porcelain parts, however several limitations were found during the work and we recommend
a development of a BJP printer dedicated for porcelain feedstock. In this sense, the printer
should have a vacuum system to recover the exceeding powder for its reuse, the dynamic
feeder should have smooth inner walls to avoid the variation in PSD of feedstock and the
construction should allow the easy clean of the printheads and avoid the powder to reach
the axis rails of the printer. In addition, a software which allows full control of the printing

process and its main parameters may be an advantage.

The post conformation steps, conventionally used for porcelain parts production, are
suitable to produce defect free printed parts. However, the full densification of the printed
parts was not possible and further investigation in post-conformation processes should be

done in order to produce printed parts with full densification without major deformations.

Summiarizing, the industrialization of BJP process to produced porcelain printed parts is
possible and was proven so. However, further investigation in the different steps of
production is needed to reach the full potential of AM processing. In the next section we

recommend several future works.

7.9. References

[1 E. Rauch, M. Unterhofer, and P. Dallasega, “Industry sector analysis for the
application of additive manufacturing in smart and distributed manufacturing
systems,” Manuf. Lett., vol. 15, pp. 126-131, 2018.

[2] C. Klahn, B. Leutenecker, and M. Meboldt, “Design strategies for the process of
additive manufacturing,” Procedia CIRP, vol. 36, pp. 230-235, 2015.

290



Chapter 7 — Towards powder bed Additive Manufacturing industrialization of porcelain parts

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

P. Stavropoulos, P. Foteinopoulos, A. Papacharalampopoulos, and H. Bikas,
“Addressing the challenges for the industrial application of additive manufacturing:
Towards a hybrid solution,” Int. J. Light. Mater. Manuf., vol. 1, no. 3, pp. 157-168,
2018.

H. Levi, “Changing the way we manufacture — AM in technical ceramics,” Met.
Powder Rep., vol. 73, no. 6, pp. 314-315, 2018.

W. Oropallo and L. A. Piegl, “Ten challenges in 3D printing,” Eng. Comput., vol. 32,
no. 1, pp. 135-148, 2015.

D. Santos, A. C. Mauricio, V. Sencadas, J. D. Santos, M. H. Fernandes, and P. S.
Gomes, “Spray Drying: An Overview,” Biomater. - Phys. Chem. - New Ed., 2018.
JaaYoo, “Thingiverse, Thing: 1094870, 2015. [Online]. Available:
https://www.thingiverse.com/thing:1094870. [Accessed: 25-Nov-2018].

BerlinRockz, “Thingiverse, Thing: 1692007,” 2016. [Online]. Available:
https://www.thingiverse.com/thing:1692007. [Accessed: 25-Nov-2018].

S. J. Lukasiewicz, “Spray-Drying Ceramic Powders,” J. Am. Ceram. Soc., vol. 72, no.
4, pp. 617-624, 1989.

V. One and A. S. Mujumdar, Spray Drying Technology.

M. Vaezi and C. K. Chua, “Effects of layer thickness and binder saturation level
parameters on 3D printing process,” Int. J. Adv. Manuf. Technol., vol. 53, no. 1-4,
pp. 275-284, 2011.

A. Mostafaei, A. M. Elliott, J. E. Barnes, C. L. Cramer, P. Nandwana, and M.
Chmielus, “Binder jet 3D printing — process parameters, materials, properties, and
challenges,” Prog. Mater. Sci., p. 100684, 2020.

L. C. Ardila et al., “Effect of IN718 recycled powder reuse on properties of parts
manufactured by means of Selective Laser Melting,” Phys. Procedia, vol. 56, no. C,
pp. 99-107, 2014.

H. Asgari, C. Baxter, K. Hosseinkhani, and M. Mohammadi, “On microstructure and
mechanical properties of additively manufactured AISi10Mg_200C using recycled
powder,” Mater. Sci. Eng. A, vol. 707, no. September, pp. 148-158, 2017.

W. Gao et al., “The status, challenges, and future of additive manufacturing in

engineering,” Comput. Des., 2015.

291



292



Conclusions

Conclusions and final remarks

The main goal of this project was to assess the industrialization of powder bed AM
techniques, with special focus in BJP technology. For that, several studies were performed
concerning the feedstock preparation and characteristics, and the post-conformation
processing. Although the AM process itself has a crucial role in the properties of the final
parts, currently the commercial BJP printers available at Costa Verde have limited access

to the printing parameters.

Overall, the results obtained in this project support the argument that the BJP process can
be used as a conformation route for the production of porcelain objects, using industrial
porcelain powders produced at Costa Verde. However, several limitations concerning the
BJP equipment were found, and we advocate that, in order to have full control in the

process, a BJP printer should be developed and constructed by the company.

In addition, SLS was also aim of study however we advocate that for industrial production
of porcelain parts, BJP is a more suitable option mainly due to the energy consumption and

the cost of the equipment.

The highlight of this whole project regards on the use of heat-treated porcelain powders.
This subject, not reported in the literature under our scope, was a key part of this work, once
the use of heat-treated porcelain powders in the feedstock lead to defect free porcelain
objects for both BJP and SLS. In that sense, a feedstock using 10 wt.% of PVA as in-bed
binder, 45 wt.% of raw porcelain powder and 45 wt.% of heat-treated porcelain powder
shown promising results for production of industrial porcelain parts by BJP. In the case of
SLS, the formulation with the most promising results is composed of 16 wt.% of polyamide

12 as in-bed binder and 84 wt.% of heat-treated porcelain powders.

The industrialization of additive manufacturing at Costa Verde, especially BJP allows the
company to produce objects that are impossible or expensive to manufacture by any other
process available at Costa Verde. In this sense, the company may reach new markets and
customers using this technology to produce small size production batches, personalized

objects and differentiated porcelain objects.
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Future work

In this exploratory project we demonstrated the possibility of the use of BJP for the
production of porcelain parts. However, because this was the first work of this type in the
company, there were several subjects approach. In this sense, in this section, we present
what we think it should be the focus of following research, in order to bring a deeper

knowledge in this area.

Feedstock

In the case of the feedstock preparation, a deeper study should be done regarding the
industrial spray drying process. A comprehensive study regarding the influence of the
properties of the ceramic suspension in the characteristics of the powders produced should
be done in detail for the spray dryer available in Porcelanas da Costa Verde. The
optimization of the operation conditions such as nozzle orifice diameter, feeding pressure
and cyclone depression should be assessed in order to maximize the production of fine
porcelain powders, reducing the waste of coarse porcelain powders and improving its
efficiency. Other factors that may influence the process and were not addressed in this work
are the chamber temperature, in the case of operations parameters, and the viscosity of the

ceramic suspension, in the case of the suspension characteristics.

The dry sieving process should be performed using a different system in order to increase
the efficiency of the process for dry powders, once it was observed that a fraction of fine
powders (50 vol.%) is not sieved using the existent system. In this way the waste of powders

may be reduced and its efficiency increased.

The mixing of the powders should also be aim of study, in order to improve the blend of dry
powders, reducing the time to prepare the feedstock keeping its homogeneity regarding the
mixture of the in-bed binders with the porcelain ones. Also, an increase in the amount of
feedstock may also be aim of study, once for full industrialization, the amount of feedstock

available for industrial production must increase.
A detailed cost analysis should also be performed in the preparation of the in-bed binder for

AM, once the cost of milling and sieving could be less than the order of the binder already

with the desired granulometric properties. In addition, although the goal of this work was
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based on the idea of not changing the porcelain composition of Porcelanas da Costa Verde,
the addition of materials able to reduce the sintering temperature may be interesting in order

to use the conventional process route for AM parts.

Printing process

The development of an equipment and software dedicated for porcelain feedstock should
also be done. As demonstrated in this chapter, commercial BJP printers have several
limitations regarding the hardware and the software. In this sense, a development of a fully
equipment will give the company the opportunity to have full control of the process and do
a proper maintenance without the need of the technical support. The software should also
have some flexibility regarding the type of formulation used during the printing. The software
should also allow the use of different parameters (layer thickness and binder saturation) in
different sections of a part, in order to increase the quality of the part and its densification
as well. The printer should also comply a bigger printing volume, in order to compensate

the elevated retraction of porcelain products during the sintering process.

Also, in the printing process, the high cost of the liquid binder leads to the need to study
homemade liquid binders for the printing of porcelain parts. During this work, we approach
the study of the liquid binder, however, due to the limits of the commercial printers, it was
noticed that for new binders, the liquid binder system should be changed, in order to avoid
clogs and deterioration of the system, for instance, the deterioration of the polymeric tubes,
as reported in the literature [1]. Two main directions can be taken regarding this subject: i)
the use of a simple liquid binder, such as distilled water, once the in-bed binder used, PVA,
is water soluble and the use of distilled water may be enough to solubilize the PVA powder
and provide enough mechanical resistance, as reported in literature using maltodextrin and
clay powders [2] and ii) as reported in the literature [3]-[6], the use of liquid binder
suspensions with ceramic nanoparticles may increase the density of the printed parts by
filling the void space between porcelain agglomerates with ceramic powders after drying.
However, in this case, the use of this type of liquid binders may change the composition of

the final sintered porcelain part and increase the cost of printing.
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Post conformation processing

In the post-conformation processes, the biggest limitation is to reach full densification of the
parts. Although the printed parts were produced using the existent thermal cycles of
Porcelanas da Costa Verde, it was proven that, for instance, the 1% sintering cycle is not
appropriated for BJP parts as it is for conventionally produced ones. The study of
appropriate sintering cycles is needed. The use of CIP was approached and shown to have
high influence in the densification of the parts. However, as discussed before, the technique
has limitations regarding complex shaped products. In this sense, different post-
conformations steps towards higher densification should also be subject of a detailed study

for instance, the infiltration of the printed parts with ceramic suspensions.

The deformations during the post-conformations processes and the design compensations
should be also subject of study, in order to reduce defective parts, as it is one of the
challenges in the future for AM produced parts [7]. However, even for conventional
processes, the design compensation is not the same for all the products, being influenced

by the design of the part. So, a previous study for each part, must be always done.

Economic viability of BJP

Finally, a cost analysis must be done to understand the economic viability of the
industrialization of BJP for porcelain parts production. The development of the equipment
and changes in the feedstock preparation, turns a detailed analysis of costs indispensable
in order to fully industrialize this process as production route. In addition, a market research
should be done as well, in other to understand the type of products, clients and markets for

which BJP produced porcelain parts may exhibit full potential.
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