MÄRZ 2022

2/2022

www.cfi.de

ISSN 01739913

E 5270

Berichte der Deutschen Keramischen Gesellschaft

ceramic
forum international

THE POWER

TO e-PRESS

The new e-MP electric presses for
technical ceramics and powder metal.
A wide range of models from
10-80 tons pressing force.
See it live and in operation on
CERAMITEC 2022, Hall C1,
booth No. 101/302

PROCESS ENGINEERING – Zero-Contamination in High-Pressure Extru-

sion, 3D Screen Printing of Solar Absorbers, Industrial Kiln Construction in
a Post-COVID Era, SiAlON Ceramics, Coatings for High-Temperature Applications | REPORTS – ceramitec conference/DE, SMVT Expert Group/CH

CT 3000 LS SG
99.8% HIGH PURITY THERMAL REACTIVE ALUMINA

CT 3000 LS SG is a thermally reactive alumina with low soda, low silica and low calcia levels. Its high purity makes
it ideal for semiconductor processing and other technical ceramics. It also provides a high density and homogenous
microstructure valued in additive manufacturing processes.

www.almatis.com

EDITORIAL
ISSN 01739913
Publisher and Publishing House
Göller Verlag GmbH
Aschmattstraße 8, D-76532 Baden-Baden
Phone: +49 (0) 7221-502-200, Fax: +49 (0) 7221-502-222
Internet: www.goeller-verlag.de, E-mail: cfi@goeller-verlag.de
Deutsche Keramische Gesellschaft e. V.
(German Ceramic Society)
Bergerstraße 145 a, D-51145 Köln
Phone: +49 (0) 2203-9898770
Fax: +49 (0) 2203-9898779
Internet: www.dkg.de, E-mail: info@dkg.de
Publishing House
Göller Verlag GmbH
Aschmattstraße 8, D-76532 Baden-Baden
Phone: +49 (0) 7221-502-200
Fax: +49 (0) 7221-502-222
VAT ID-No.: DE 143 462 142
Internet: www.cfi.de, E-mail: cfi@goeller-verlag.de
Management
Ulrich Göller
Editorial Department
Karin Scharrer (KS) (responsible), Phone: +49 (0) 7221-502-241
E-mail: k.scharrer@goeller-verlag.de
Michaela Mark (MM), Phone: +49 (0) 7221-502-235
E-mail: m.mark@goeller-verlag.de
Editorial Board
T. Moritz (Chairman), Chr. G. Aneziris, A. Boschi,
R. Diedel, M. Dondi, M. Hartmann,
R. Nath, D. Nicklas, M. Röhrs
Advice
Registered in the Institute for Scientific Information®
Advertising Department
Corinna Zepter (Advertising Manager)
Phone: +49 (0) 7221-502-237, Fax +49 (0) 7221-502-4237
E-mail: c.zepter@goeller-verlag.de
Carmen Metzmaier (Advertising Administration)
Phone: +49 (0) 7221-502-243
Printing House
W. Kohlhammer Druckerei GmbH + Co. KG,
Augsburger Straße 722, D-70329 Stuttgart
Subscription Rates
6 issues per year
(single copy: EUR 17,00 + postage)
Abroad: annually EUR 164,00 + VAT 7 % + postage (EUR 19,10;
air mail EUR 47,00). Subscription orders remain effective for a
minimum subscription period of 12 months. Cancellations of subscriptions are only possible at the end of the subscription period.
Reprinting etc.
Any type of copying – photocopies, microfiches etc. – or
storage in data retrieval systems and any translation, even
in part, can only be done with the written permission of the
publishing house.
Circulation
Control of the number of copies printed is made by
the German Information Society for Determining the
circulation of Advertising Media Rdg. (IVW). The
international circulation is German ABC audited.

cfi/Ber. DKG 99 (2022) No. 2

Dear Readers,
Ceramics will be able to make a crucial contribution to advancing the
decarbonization of industrial processing. It is important to accelerate
hydrogen technology, i.e. to produce green hydrogen in large quantities
for use in thermal, industrial processes or mobility. Prof. Michael Hoffmann (KIT/DE) gauges the importance of private transport as low because
battery-driven cars demonstrate much higher efficiency than hydrogen cars
(cfi/Ber. DKG 99 [2022] D 21–D 25).
There is a demand for ceramic research in many respects. On the one
hand, contributions can be made to the production of green hydrogen
with the improvement of efficiency, lifetime and reliability of HT electrolysis cells (SOEC) and the further development of water splitting with the
help of photocatalytic processes.
But the thermal processes in the production of ceramics must then be
adapted to hydrogen-based firing processes. For this purpose, sintering
times and temperatures must be adjusted to obtain the required microstructures. Its also expected the formulas have to be redesigned.
Solar energy must also be produced in a more efficient process to be able
to offer it cost-effectively on a broad basis. To this end, new innovative
concepts must be developed for the production and application of solar
modules. Most solar cells still consist of crystalline silicon; they have very
good efficiency of around 25 %, but their manufacturing costs are comparatively high.
The latest generation of solar cells are perovskite solar cells, the efficiency
of which could be increased to 25 % in just a few years. These currently
still contain lead. The KIT (host of the Annual Meeting of the German Cer
amic Society in 2022 – www.dkg.de) is therefore working on new stable
ceramic compounds that are suitable as potential absorber materials in
solar cells.
On E 17–E 21, Extensis/DE and FCT Systeme/DE present an industrial process for the production of absorber materials on the basis of SiSiC.
Riedhammer/DE reports on the calcination of powders for Li-ion batteries (E 27–E 32). This involves the development of very large systems that
require a great deal of know-how in pre-engineering and testing.
ECT-KEMA is explaining how improvements on manufacturing of ceramic
bodies for batteries can be achieved (E 13–E 16).
Green hydrogen can only be produced with power from renewable energy
sources (wind and solar). Our energy demand will increase enormously
as a result, and can no longer be produced exclusively in Germany on
account of the geographic location. It would certainly be desirable to put
the national solar energy generation on a broad basis in order to produce
as much renewable energy as possible within the country.

Yours

Karin Scharrer
k.scharrer@goeller-verlag.de
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At the upcoming ceramitec, LAEIS GmbH – as a member of the SACMI Group – will
present its latest series of electric presses to a wide audience. These presses with
dedicated Pick & Place were developed in record time and successfully launched on
the market. They offer numerous advantages in the production of precision
components whereby the focus is on usability paired with energy savings and
environmental compatibility.
www.laeis-gmbh.com
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Poland/Italy
Ceramika Paradyz Partners
with SACMI
Ceramika Paradyz is a family-run business and one of Poland’s leading ceramic
tile producers, with a share of the national
market bordering on 25 %. The company is
mainly involved in technology and innov
ation for the interior design field. For 32
years it has been a leading designer, creating and delivering unique, innovative, high
quality products for customers in nearly 50
countries.
As part of a technological innovation project co-funded by the European Union,
Ceramika Paradyz has started up a brand
new demo-line for the manufacture of large
ceramic tiles and slabs, including products
with through-body veining.
The heart of the line is the PCR 3000, the
most powerful compactor in the Continua+
family of SACMI/IT. Through-body veining
is a key aspect of this machine, as it lets
manufacturers perfectly coordinate the coloured powders deposited upstream from
the compactor with any digital decoration
on the unfired slab.
Previously unavailable on the Polish market,
this technology was rewarded with a Euro
pean tender in which Ceramica Paradyz
participated as part of a plan to expand
its product portfolio, to which seven new
collections were recently added in partnership with key international fashion and
design players. This allows us to produce
tiles ranging in size from 60 cm × 60 cm
to 120 cm × 280 cm and even as large as
180 cm × 320 cm, as thin as 6 mm or as
thick as 3 cm. Moreover, some formats offer
through-the-body decoration. Overall the
project is valued at over PLN 125 million.
Of that, over PNL 50 million was granted
to Ceramika Paradyz by the European Regional Development Fund as part of the
Intelligent Development Operational Program 2014–2020, co-financed by the EU.
The project is also part of the “fast track”
tender for large companies and consortia
run by the National Research and Development Center.
Together with the Continua+, the project
includes a full array of technological solutions, from compaction to end-of-line. More

specifically, alongside the PCR 3000, SACMI
has supplied the dryer, the kiln, the handling
systems and the glazing and sorting lines.
The order also includes SACMI’s DHD1408
digital decorator; featuring a host of in
novative systems, this unit allows perfect
coordination with in-body decoration to
make products with through-body veining.
Moreover, farsighted management has ensured highly effective coordination between
the various departments, allowing the project to be completed with installation of
SACMI-BMR grinding and finishing lines.
Germany
Nabaltec Expands Production
Capacities at Schwandorf Site
Nabaltec AG is expanding its production
capacities for boehmite at the Schwandorf
site by investing an amount in the mid
double-digit million range. Production output will be more than doubled from 10 000
to 25 000 t/a. Commissioning is slated for
the second half of 2023.
“With the Supervisory Board’s approval
of this forward-looking project, we are in
a position to consistently meet the rapidly
increasing growth in the lithium ion battery
market, financially a key market for us”, said
Johannes Heckmann, CEO of Nabaltec AG.
Boehmite is an important component for
the coating of separator films in lithium
ion batteries and serves as a thermostab
il
iser among other things. The company
foresees strong, growing demand for electric cars based on lithium ion technology
over the next five years. This expectation is
supported by the course of the automotive
industry in Europe, with its increasing focus
on the manufacture of electrically powered
vehicles.
Romania/Italy
Apulum Romania Chooses
SACMI’s Nebula
Nebula is an excellent, simple and efficient alternative to dip-glazing, especially
suitable for the production of single-fired
tableware. This is the SACMI/IT solution recently supplied to its long-standing Roman
ian customer Apulum/RO; the first solution
for spray-glazing (in airless booths) dishes
of various sizes and depths.
Well-known and successful as a system for
glazing tiles, the main benefits of SACMI’s
Nebula solution are that it is user-friendly
cfi/Ber. DKG 99 (2022) No. 2

+++ GLOBAL NEWS +++
and it is equipped with special features
such as adjustable nozzles (four for each
booth) making it possible to precisely regulate the spray of the glaze according to the
specific type of piece to be glazed.
The principal advantage of this process,
when applied to the manufacture of singlefired tableware, is the optimum application
of the glaze on the unfired piece – which
does not have the porosity typical of a biscuit fired piece – thus achieving the best
possible uniformity of application, excellent
quality and process repeatability.
In particular, the line supplied to Apulum
is characterised by a first airless glazing
booth, inside which the top face of the dish
is glazed. Subsequently the dish is turned
over and transferred by conveyor belts to a
second glazing booth where the underside
of the dish is glazed. SACMI has also supplied the system for cleaning the foot of the
piece. Finally, the piece undergoes quality
control and is then sent for firing.
This technology has been designed to ensure sustainability and includes special
glaze vapour collection systems for the recycling of the overspray thus avoiding both
wastage and contamination of the work
environment.
Germany/South Korea
Fraunhofer IKTS Deepens
Cooperation with South Korea
On 5 January 2022, Dr Roland Weidl,
Head of the Battery Innovation and Technology Center BITC/DE, signed a Memorandum
of Understanding (MoU) on behalf of Prof.
Alexander Michaelis, the Director of the
Fraunhofer Institute for Ceramic Technol
ogies and Systems – IKTS. Contractual partners are Hyundai Heavy Industries (HHI) and
Korea Shipbuilding and Offshore Engineering (KSOE). In the MoU, the cooperating
parties agree on close R&D collaboration in
the fields of hydrogen, fuel cells (especially
SOFC), e-fuels and digitalization.
KSOE is one of the world’s largest shipbuilders and is headquartered in Ulsan, South
Korea. In its own research centres, the global player pursues the further development
of innovative technologies, including in the
field of green ship propulsion.
“Today we are taking the first step towards
a successful and outstanding collaboration
for all of us, and ultimately an important
step for global society. Renewable energies
cfi/Ber. DKG 99 (2022) No. 2


are the challenge of our time, and in this
cooperation, we can apply our many years
of experience, particularly in the field of fuel
cells”, said Dr Weidl, describing the scope of
the signing. Concrete projects to implement
the MoU are already in preparation.
Great Britain
Lucideon: New Update Guide
for Metal Release from Ceramic,
Glass and Enamel Ware
International technology company Lucideon has pulled together information
from across the globe for the latest version
of its cross-industry reference guide, which
sets out details on the safe use of ceramic,
glass and enamel ware in contact with food.
The guide “Metal Release from Ceramic,
Glass and Enamel Ware in Contact with
Food” has been updated for 2022, indexing
the rules relating to worldwide regulations
and standards across more than 90 countries and/or economic areas – listing the
relevant test methods and toxic metal migration limits in a simple and concise table.
The guide has provided a single point of
reference for testing facilities and ceramic,
glass and enamel ware manufacturers since
its launch in 1972. It is also an invaluable
resource to exporters, importers, retailers
and glaze or colour producers looking to
ensure their products conform to relevant
international requirements.
Authored by Lucideon’s Environmental Scientist, Joanne Dawson, this latest version
replaces the 2018 publication and features
amended entries including those required
by Colombia, Ecuador, Indonesia and UAE.
Joanne Dawson said: “The amount of migration from the ware to food is dependent
on the composition of the glaze, temperature at which the ceramic was fired, type
of food and duration of product contact.
Compliance testing of decorated ceramic
and glass ware must be carried out for toxic
metals that are used in some colours and
glazes. This is done to establish not only
safety, but conformity with the legally allowed maximum levels of migration and
to ensure continued consumer protection.”
The new version of the guide is available in
electronic and hard copy formats, priced at
GBP 695.
For further information, please contact
Joanne Dawson, +44 (0)1782 764245 or
joanne.dawson@lucideon.com
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Germany
Development of a New Generation
of Sodium Batteries in the KeNaB-ART Project
Germany must become climate-neutral by 2045 – that is the
target set by the German Government’s Climate Protection Act.
This ambitious goal requires the transformation of energy generation to 100 % renewable energy from wind, solar, hydropower
and biomass. This energy generation, which will be more and
more volatile in the future, requires stabilising measures to ensure a secure energy supply. Electricity storage in batteries can
enable this transformation and will become increasingly important. In the project KeNaB-ART (ceramic-based sodium battery
with beta-aluminate for applications above room temperature),
the German Federal Ministry of Education and Research is supporting the development of new ceramic sodium batteries for
the storage of renewable energy in the funding initiative Battery
2020 Transfer.
The sodium battery is considered to be one of the most promising
approaches in the search for alternatives to lithium-ion technology that are both ecologically and economically attractive.
Four project partners are now working on an innovative concept
for sodium solid electrolyte batteries: battery powder manufacturer IBU-tec, Technical Ceramics and industrial technology
specialist Rauschert Heinersdorf-Pressig GmbH, measuring cell
manufacturer EL-Cell GmbH and the Fraunhofer Institute for Cer
amic Technologies and Systems – IKTS.
Unlike conventional lithium- and also sodium-ion batteries, this
type of battery is based on a solid electrolyte made of a special
sodium-ion conductive ceramic as the heart of the battery cell. It
is combined with a metallic sodium anode and a high-perform
ance cathode powder based on transition metal oxides to form
a so-called all-solid-state battery cell. In contrast to the usual
liquid electrolyte, this battery cell does not have a high fire load,
and the hazard potential is greatly reduced. The metallic sodium
anode also has the advantage of a very high achievable energy
density, since additional carbon, as in commercially available battery cells, is not required. KeNaB-ART meets the technical challenge of developing a marketable solid-state battery cell: from
raw materials to ready-to-install product. The battery concept can
contribute to the “post-lithium-ion era” and enable the scalability of necessary cell compartments. The expertise gained in the
project will help to manufacture more sustainable, stable and
safer cells with high energy density in Germany and thus make an
important contribution to the energy transformation.

Market
Italian Ceramic Machinery:
45 % Growth in Turnover in 2021
According to the preliminary figures compiled by the Italian
MECS – ACIMAC Research Centre, 2021 has been a year of recovery for the Italian ceramic machinery and equipment industry,
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bringing a 45 % growth in sales to EUR 2145 million. Almost six
months of production is guaranteed in 2022.
The Italian market has performed strongly, gaining 58 % with
respect to the previous year to reach a total of EUR 623 million.
However, exports continue to make up the lion’s share of the total
with a value of EUR 1522 million, up 40 % on 2020.These are
some of the preliminary figures published by the MECS – ACIMAC
(Italian Ceramic Machinery and Equipment Manufacturers’ Association) Research Centre.
In 2021, the domestic market has received a boost from the
National Transition Plan 4.0, while the international market has
benefited from a cyclical recovery in the sector following two years
of modest investment. However, the return of industrial plants to
full capacity has been accompanied by an increase in production
costs. Companies face soaring raw materials costs, higher prices
and delayed deliveries of components, more expensive land and
sea transport, and a disproportionate rise in the cost of energy
for operating factories. This situation was impacting companies’
turnovers in the final months of 2021 and risks undermining
Italy's overall economic recovery. “Following the signs of recovery
that we first saw a year ago, our expectations have been fulfilled
in 2021. It is a truly exceptional result but one that will be difficult
to replicate in 2022, given the different fundamentals. Despite the
six months of production assured by existing orders, we believe
that a slowdown in the sector’s growth is inevitable. We are also
deeply concerned about the 30 % increase in production costs,
which are no longer sustainable for companies. Our association
is working to secure urgent systemic measures to support businesses and enable them to benefit fully from the current productive and economic recovery without facing further difficulties,”
commented Paolo Mongardi, ACIMAC Chairman.

Persons
Germany
Change of Managing Director
at QSIL Ceramics GmbH in Auma
QSIL Ceramics GmbH has a new Managing Director. Jaime
Schmitt succeeds Martin Weber-Liel and is managing the business
together with Michael Keitz since January 2022. Jaime Schmitt
already works for QSIL Ceramics as Director of Sales and Marketing since 2015. For many years, even before he joined QSIL, he
held management positions at leading ceramics manufacturers.
Martin Weber-Liel has changed his professional orientation, was
looking for a new challenge and left the company at the end of
2021. Jaime Schmitt is a very experienced ceramic expert for this
role. For sure he will help QSIL Ceramics to further progress in
the chosen path as a dynamic, international and forward looking
company.
Germany
SGL Carbon: New Plant Manager at the Meitingen Site
As of 17 January 2022, Rüdiger Krieger has succeeded Markus
Partik as Manager of the SGL Carbon site in Meitingen. In add
ition, he also took over the management of SGL Carbon’s global

cfi/Ber. DKG 99 (2022) No. 2
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corporate function Production Technology,
Safety and Environment (PTSE). Rüdiger
Krieger comes to SGL Carbon with many
years of international experience in manufacturing, lean and transformation management. Before joining SGL Carbon, he
held various management positions at ZF
Friedrichshafen AG/DE and Robert Bosch
GmbH/DE.
Germany
CeramTec: Change in the
Group’s Management
Horst Garbrecht assumed the position
of President of the Industrial Division on 1.
January 2022. With an engineering background, he most recently for 12 years led
the power tool manufacturer Metabowerke
GmbH with the well-known Metabo brand
in the capacity of CEO.
Since 2019, he was concurrently COO
Europe of the Japanese parent company
Koki Holdings and thus also responsible for
the European business of the sister brand
HiKOKI. In previous stages of his career, he
was Managing Director and COO at the

Swedish machine manufacturer Atlas Copco
and later at the Hong Kong-Chinese company Techtronic Industries. His professional
career as an engineer began at the power
tool manufacturer Festool.
Horst Garbrecht is a qualified Supervisory
Board Member of Deutsche Börse and has
been a member of the Supervisory Board of
Basler AG (Computer Vision) in Hamburg
since 2015. He was President of the European Power Tools Association (EPTA) from
2016 to 2021.

Events
Cersaie 2021
The results of Cersaie had far exceeded
expectations in 2021 (held in 27.09.–
01.10.2021): 62 943 attendees (56 % of
the 2019 figure), consisting of 38 924 Italian and 24 019 international visitors (38 %
of the total). The 15 occupied halls (a total floor space of 150 000 m2) hosted 361
companies from the ceramic tile sector, 87
from bathroom furnishings and 175 from
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the installation, raw materials, new surfaces and services sectors. There was also
a strong international presence, with 238
foreign exhibitors (38 % of the total) from
28 countries, first and foremost Spain.
Confirming the renewed vitality of international demand, the Italian ceramic tile
industry closed the first half of 2021 with
a 12,3 % increase in sales compared to
the pre-pandemic levels of the first half of
2019 (+10,7 % in Italy and +12,6 % in
international markets). One reason for this
is the new perception of living and working
spaces, which has fuelled growth in building renovation and modernisation work.
With 148 companies and around 22 000
direct employees, the Italian ceramic industry has annual revenues of EUR 5,2 billion,
more than 85 % of which is generated by
exports (with around half of all exports
shipped to EU markets). Italian tile maintains its leadership position in terms of international trade by value with a 31 % market share, followed by China at 20 % and
Spain at 17 %. Next Cersaie will be held in
Bologna from 26–30 September 2022.

TECHNOLOGY NEWS
Tosoh Achieves World-First Technological Breakthroughs
with Environmentally Friendly ZgaiaTM Zirconia Powders

Tosoh Corporation/JP announced its newest addition to its line-up of zirconia powders, the Zgaia series.

The company’s redesign of the particle structure of conventional zirconia makes possible lower-temperature sintering, at 1250 °C, than the usual 1500 °C, thus, reducing carbon dioxide emissions in the
manufacturing process.
Tab. 1 Features of the Zgaia series 1,5Y-HT
Zgaia 1,5Y-HT
Amount of Y2O3 added
[mol-%]

1,5

Sintering temperature
[°C]

1250

3P bending strength
[MPa]

1200

Fracture toughness
[MPa·m1/2]*

8,5

Monoclinic ratio after
autoclave test
[140 °C × 24 h]

33

Tab. 2 Features of the Zgaia series 3Y-LD
TZ-3YSB-E
(Conventional Tosoh Product)
3

1350

1500

Zgaia 3Y-LD
Amount of Y2O3 added [mol-%]

0,25

Sintering temperature [°C]

1250

3P bending strength [MPa]

1000

Fracture toughness [MPa·m ]*

3,9

Monoclinic ratio after autoclave test:
140 °C × 100 h
140 °C × 1500 days

0,2
2,5

1/2

1200
10,1

67

Tosoh Corporation is the parent of the Tosoh
Group, which comprises over 100 com
panies worldwide and a multiethnic workforce of over 12 000 people, and generated
net sales of YEN 732,9 billion (USD 6,9 billion at the average rate of YEN 106,1 to the
US dollar) in the fiscal year 2021, ended at
31 March 2021.
Tosoh is one of the largest chlor-alkali
manufacturers in Asia. The company supplies the plastic resins and an array of
the basic chemicals that support modern
life, while its advanced materials business
serves the global semiconductor, display,
and solar industries. In addition, Tosoh demonstrates its commitment to a sustainable
future in part by manufacturing a variety of
eco-products.
Tosoh was the world’s first company to
mass produce zirconia, and it maintains its
position as the world’s leading manufacturer in the field of fine ceramics. The company
continues to focus on developing innovative
technologies.
cfi/Ber. DKG 99 (2022) No. 2

1500
4,7

73

3

Amount of AI2O3 added [mass-%]

* This value is the result of an evaluation by Tosoh and
is not guaranteed. Fracture toughness was measured by
the JIS R1607 Single-Edged Pre-Cracked Beam (SEPB)
method

Tosoh’s Zgaia 1,5Y-HT features the lowest
level of yttrium oxide (Y2O3) content, of only
1,5 mol-%, ever achieved in zirconia, while
exhibiting both superior bending strength
and fracture toughness. Furthermore, Tosoh
will also start introducing to customers the
Zgaia series’ 3Y-LD grade, which features
high durability owed to past efforts of Tosoh
R&D.
The mechanism behind Zgaia 1,5Y-HT’s
fracture toughness, meanwhile, is being
investigated by the Next Generation Zirconia Social Cooperation Program, which
involves the University of Tokyo and Tosoh Corp
or
ation and other private companies. The participants in this research
program plan to issue a joint announcement soon to inform customers of that
mechanism.
The company is also considering starting
the mass production of its Zgaia series in
tandem with the announcements regarding
the mechanism of Zgaia 1,5Y-HT’s fracture
toughness.

The features of the Zgaia series overall are
the following:
•
A redesigned particle structure makes
possible low-temperature sintering;
• A proprietary manufacturing method ensures uniform Y2O3 distribution:
• A Y2O3 content of 1,5 mol-% is sufficient
for sintering Zgaia 1,5Y-HT;
• A uniform microstructure of sintered par
ticles suppresses hydrothermal deg
rad
ation in Zgaia 3Y-LD.
The features of the Zgaia series by grade are
the following:

Tosoh Corporation
Tokyo 105-8623
Japan
www.tosoh.com
Keywords: zirconia powders, fracture toughness, bending strength
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Fig. 1 Relationship between the Y2O3 content and
fracture toughness for the Tosoh zirconia powders

Fig. 2 Sample of Zgaia 3Y-LD
after the autoclave test at
140 °C for 1500 days at a
monoclinic ratio of 2,5 %

SC I E N C E MEETS

TE C H NOLOGY
DESIGN – For more than 40 years, we have been designing
customised high-temperature plants for the production of
innovative high-performance materials.

MANUFACTURING – We manufacture sintering systems
based on our extensive experience.

RESEARCH – Our in-house technical centre is constantly
improving and developing innovative plant concepts and
sintering processes.
PERFECT SYMBIOSIS –

achieve maximum service life and low operating costs: high quality
made in Germany.

LEARN MORE – See for yourself and learn more about
our company and products.

Information & contacts:
FCT Sintering plants
HOT PRESSES
FAST / SPS
GAS PRESSURE SINTERING
VACUUM SINTERING
HYBRID TECHNOLOGY
CVD/CVI TECHNOLOGY

FCT Systeme GmbH
Gewerbepark 16
96528 Frankenblick, Germany

Phone: +49 (0) 36766 824 0
Email: info@fct-systeme.de

Find out more: www.fct-systeme.de

• Zgaia 1,5Y-HT: Y2O3 content lower than
previously capable of being sintered en
ables the fracture toughness and bending
strength not possible with conventional
zirconia.
• Zgaia 3Y-LD: a four-year period of accelerated degradation tests where the sintered
material was immersed in 140 °C water
resulted in almost no deterioration and
confirmed Zgaia 3Y-LD’s remarkable dur
ability.
For more information, please contact:
Tosoh Corporation: zirconia@tosoh.co.jp
Tosoh USA, Inc.: info.tusa@tosoh.com
Tosoh Europe B.V.: info.tse@tosoh.com
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DORST Cross-Pressing Modules – X-press
Technology for Near Net-Shape Powder Pressing
Ch. Müller

As far back as in 2005, DORST Technologies equipped the first axial powder press worldwide with

six servo-motorized cross-pressing modules – a development that would enable near net-shape pressing of entirely new part geometries. Major benefits of cross-pressing include the considerable saving of
material and the specific side-compaction of surfaces as well as the fact that additional machining and
post-processing steps may be reduced respectively eliminated altogether. Now the new generation of
cross-pressing modules X-press has once again accomplished to set the benchmark both for the economic
near net-shape production of compacts with undercuts and cross holes and in the field of cross-pressing.

Fig. 1 Cross-pressing module X-press
by DORST Technologies (Source: DORST)

Introduction
Near net-shape pressing is increasingly
gaining in importance, especially with
high-cost powders, but also with regard
to a sustainable and resource-saving production of powder metallurgy products
of complex geometries. Apart from saving
raw materials, this technology often makes
it possible to reduce the number of costly
machining and post-processing steps such
as grinding operations or even eliminate
them altogether. One issue that contributes
considerably to this economic and near netshape production are the new closed-loop
E 11

Fig. 2 Maximum configuration with six position-controlled cross-pressing modules
X-press
(Source: DORST)

controlled cross-pressing modules X-press
(Fig. 1) developed by DORST Technologies,
which combine maximum precision, oper
ator convenience and flexibility with unparalleled small space requirement and significantly reduced tool costs.

Christian Müller
DORST Technologies GmbH & Co. KG
82431 Kochel am See
Germany

Technology

E-mail: christian.mueller@dorst.de
www.dorst-technologies.com

Owing to their modular design and flexible
arrangement of up to six modules (Fig. 2),
one basic setup is enough to cover the entire
range of tasks and products. The individual
modules can be positioned around the die
as required in just a few steps and swivelled

Keywords: axial powder pressing,
powder metal, hard metal, technical
ceramics, net-shape, cross-pressing,
cross hole, split die, X-press
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Fig. 3 Cross hole

Fig. 6 Cross-pressing

(Figs.: DORST)

out of the press center by up to ±7,5°. Each
X-press module is equipped with a precise
load cell as well as a high-resolution linear
position measuring system next to the tool
locating surface, which enables to achieve
a position control accuracy of ±0,001 mm.
Combined with a maximum pressing force
of 80 kN per module and high travel speeds
of up to 50 mm/s, it is possible to realise
even extreme demands such as are made
by closed-looped cross-pressing of large
surfaces precisely and without fixed stops
on tool side.
The unique and innovative drive kinematics
of the X-press module eliminates a spindle
drive, which avoids radial runout of the axis
and guarantees a completely linear movement across the entire stroke of the crosspressing module. Combined with the compact and rigid structure of the modules and
the overall system, this results in reduced
tool wear and thus reduced part-specific

Fig. 4 Split die

Fig. 5 Open die

tool costs. In addition to that, the fact that
there is no need for positive stops facilitates
the design and production of the entire tool
significantly, thus making it considerably
more cost-effective.
When designing the modules and software,
special attention has been paid to convenient set up and very quick tool change. A few
quick steps are all it takes to position, clamp
and determine the reference position of the
modules. Owing to the seamless integration
of the modules into the Intelligent Program
Generator (IPG®), it is possible to generate
and optimise the entire pressing sequence
in a simple and user-friendly manner. The
cross-pressing modules are additionally
integrated into the electronic handwheel
function to enable the operator both to
position each module precisely and individually and to move all axes synchronously
over the entire cycle.
As with all the other tool axes, the crosspressing modules are integrated into the
DORST Tool Setup (DTS), which enables a
quick, standardised and reproducible product change between DORST presses.
The following examples illustrate some typ
ical fields of application of DORST X-press
modules.

of core rod to create a hole transverse to the
main pressing direction.

Application – Cross hole
Two cross-pressing modules are placed opposite each other and equipped with a type

Application – Split/Open die
Several cross-pressing modules are arranged in such a way that segments of
the die will move transversely to the main
pressing direction, thus enabling to demould compacts with undercuts or negative
geometries.

Application – Cross-pressing
Up to six modules can be positioned around
the die and can be swivelled out of the
center if required to repress surfaces transverse to the main pressing direction at up
to 80 kN.

Conclusion
The transformation towards an economic,
sustainable and resource-saving production will increasingly require new pressing
geometries and manufacturing processes
to which the enhanced cross-pressing modules X-press can make an important contribution by enabling to reduce raw materials,
process steps and tool costs.
Due to their space-saving design combined
with high pressing forces and travel speeds
at highest precision, the X-press modules
represent the perfect complement to servomotorised precision powder presses from
DORST Technologies.

www.cfi.de
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Zero-Contamination High-Pressure Extrusion of
Ceramic Bodies for Manufacturing Batteries –
a Contribution to the Energy Transition
F. Händle, M. Schulz, L. Kiesel, T. Seidel

The development and manufacture of high-performance batteries for storing electric energy for station-

ary and mobile applications are some of the most important preconditions for achieving the goals of the
energy transition. Herein, the authors report on a research and development project conducted in cooper
ation between the Fraunhofer-Institute for Ceramic Technologies and Systems (IKTS) and ECT-KEMA on
the manufacture of extruded ceramic components for sodium batteries.
1 Drivers for new technical
developments. A short digression
on the “manufacture of
knowledge”
The following key drivers for new technical
developments have been identified in relevant literature on the history of science and
technology:
•
natural or anthropogenically induced
changes in the environment;
• social, political and demographic changes;
• scientific findings that enable technical
developments and new products;
• new markets that cannot be adequately
served with available products;
• new technical developments that in turn
bring or enable other new developments.
In this concrete case, essentially two drivers
can be identified for a new technical development. The anthropogenically induced
increase in greenhouse gases with their
impact on the environment as well as the
political and social reaction to this threat,
this reaction now being known better as
the energy transition. Its success depends
not only on wide acceptance among the
population, but also on global cooperation
to come up with relevant scientific findings
and the technical developments and products derived from these.
In their diversity, ceramic materials play a
key function in the energy transition, and
without them crucial problems (catalytic
converters, gas and liquid filters, fuel cells,
batteries, etc.) cannot be resolved.
With its research and developments in
ceramic materials and systems for power
cfi/Ber. DKG 99 (2022) No. 2

engineering, the Fraunhofer IKTS is leading the way in Germany and Europe. In
ceramic shaping, ECT-KEMA GmbH is doing
pioneering work in the development of new
highly innovative extrusion technologies, for
instance in the development of insulators
for low-loss High-Voltage Direct Current
Transmission (HVDC). Working together,
IKTS and ECT-KEMA GmbH have developed
a process (material, process, machine) for
manufacturing ceramic solid-state electrolytes by means of extrusion for use in sodium batteries.

2 New requirements for
extrusion derived from
new materials and components
for power engineering
Ceramic components in power engineering
are functional ceramics with special properties and generally have to meet specific
requirements with regard to:
• geometric shape (dimensionally accurate
production of often filigree structures);
• purity (zero-contamination processing).
From this combination, specific requirements are derived for extrusion technology.
For the manufacture of filigree structures it
is necessary to realise high pressures up to
350 bar during continuous extrusion. At the
same time, despite the high radial and axial
pressures, it is imperative to avoid metallic
contamination caused by abrasion. Aside
from conventional plastic ceramic bodies,
because of the materials used, other requirements result for the extrusion process.
Functional ceramics in power engineering

are sometimes highly abrasive and reactive,
which can generally lead to high-viscosity
and corrosive ceramic bodies.

3 Technical realisation of a zerocontamination high-pressure
extruder for battery engineering

3.1 Background to the
development process
In 2004, under the title “Ceramic Components for the Extrusion of Ceramic Compounds“, the results of a research project
conducted in cooperation between HITK
Hermsdorf (today Fraunhofer IKTS HermsFrank Händle
frank händle transfer
75417 Mühlacker, Germany
www.haendletransfer.de
Matthias Schulz, Lutz Kiesel
Fraunhofer IKTS
01277 Dresden, Germany
www.ikts.fraunhofer.de
Torsten Seidel
ECT–KEMA GmbH
02829 Schöpstal, Germany
www.ect-kema.de
Corresponding author: F. Händle
E-mail: f.haendle@haendletransfer.de
Keywords: extrusion, plasticity,
ceramic bodies, batteries
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dorf/DE), RWTH University of Aachen/DE,
HC-Starck/DE and ECT GmbH/DE were
published. This project was motivated by
the observation that metallic contamination
is undesirable for certain ceramic products,
like transparent ceramics, liquid filters or
special catalysts.
Back in 2004, it did not prove possible to
meet these new requirements by welding
on tungsten carbide to the extruder components, or with CVD or PVD coatings, ceramic
coatings or coating with hard chrome plating. The technical approach realised in this
project was the use of monolithic elements
made of materials such as carbide or ceramic for those extruder components exposed
to high stresses. Consequently, 
augers
made of ceramic were developed that are
still being used successfully today in an
older model of extruder. On the basis of this
work and findings from the year 2004, as
well as experience with the ceramic components in operation, further developments
were undertaken from 2019 to 2020. These
led to an optimized 80-m/350-bar extruder,
This was possible thanks to cooperation
with the Fraunhofer IKTS and the development of ceramic s olid-state electrolytes for
sodium batteries achieved there.

3.2 Zero-contamination
high-pressure extrusion of
ceramic solid-state electrolytes
for sodium batteries –
a typical application
The development of sustainable and efficient mobile and stationary batteries for
the storage of electric energy is a necessary
condition for the success of the energy transition. Renewable power from PV and wind
power is volatile and requires suitable storage for a stable power supply.
A current study of Germany’s Federal Min
istry of Economic Affairs and Energy entitled
“Erneuerbare Energien in Zahlen” (Renewable Energies in Figures) showed that “…
the percentage of renewable energies in
the gross power consumption in 2020
leapt over three percent to a new record of
45,3 %…”. This increase correlates with
a growth in the stationary power storage
units. This trend is also visible on European
level and for various applications. For 2021,
growth of 65 % to 8,3 GWh was expected
for stationary storage units. Li-ion batteries are currently the dominant technology,
E 14

which has been optimized almost to its
limits with regard to performance and costs.
With a steadily growing need for batteries, technical and economic limits will be
reached, and it will only be possible to compensate for this with so-called “Generation
5-Technologies” (beyond Li). Promising
candidates are sodium batteries which are
currently in different development stages.
The family of sodium batteries includes, in
addition to the ZEBRA battery (Na-NiCl2)
and sodium-sulphur battery (NaS), new
technologies such as sodium-ion (Na-ion)
and sodium-all-solid-state batteries (NASS).

Extrusion is a process that is predestined for
the highly efficient mass production of cer
amic components and has been developed
together by ECT-KEMA GmbH and IKTS for
the manufacture of ceramic electrolytes.
The electrolyte material is a high-Na-doped
alumina (Na-ß-aluminate) that on the basis
of its crystal structure has a very high Naion conductivities with simultaneously outstanding stability.
In shaping by means of extrusion, on account of the required material and compon
ent properties, formidable challenges had to
be overcome.

Fig. 1 High-pressure extruder with zero-contamination ceramic fittings
(Source: ECT-KEMA GmbH)

Fig. 2 Ceramic extrusion augers of the high-pressure extruder (Source: ECT-KEMA GmbH)

A core component of all battery technologies mentioned is the electrolyte, which, as
in known lithium-ion batteries, can exist in
liquid form but also as ceramic solid-state
electrolyte. For Na-NiCl2, NaS and NASS, the
use of a solid electrolyte is essential so that
it is of crucial importance to be able to manufacture these components cost-effectively
and to a high quality.
Only in this way is the mass production of
batteries of these types possible so that a
significant contribution to the energy transition can be made.

For instance, during prep
ar
ation of the
ceramic body, a pH value >13 is reached,
which leads to the components in contact
with the product being exposed to considerable corrosive stress. Furthermore, it is necessary to produce large components (diameter up to 60 mm, length to 500 mm) and
thin walls (0,5–1,5 mm). As a result, the
storage capacity of the battery cell is maximised and the internal resistance of the cell
minimised. To achieve sufficient stability of
the large-size and thin-walled green body,
high-stiffness extrusion bodies and resultcfi/Ber. DKG 99 (2022) No. 2

PROCESS ENGINEERING
ingly high working pressures in the extruder
are necessary. Moreover, contamination has
to be avoided as far as possible. A metallic
abrasion contamination leads to a change
in the chemical and sometimes mineralogic
al composition and therefore to a reduction
of the stability of the electrolyte in the battery cell.
The defined requirements were implemented by ECT-KEMA GmbH in the design and
engineering of an 80-mm/350-bar extruder.
In Fig. 1, the extruder is shown as a result of
the development. Fig. 2 shows the ceramic
auger. The significant innovations of the extruder are:
• ceramic auger with cooling;
• ceramic barrel;
• working pressures up to 350 bar;
• extensive sensors with fully digital oper
ation and HMI.

In the following, the design and materialrelated detail issues are listed that were
resolved in the realisation of the zero-contamination high-pressure extruder.
• Is a ceramic material available on the
market that on the one hand is highly
wear-resistant, but, on the other hand,
is not too brittle so as not to fail when
exposed to the prevailing stresses – pressure, friction, torsion, etc?
• How can the torsional stresses transmitted via the auger shaft be transmitted to
the monolithic ceramic auger segments?
• How damage to monolithic auger elem
ents at the joints be prevented? – A phenomenon that occurred in augers of the
first generation.
• How can the separate wear cylinder be
designed with regard to minimising contamination?

Fig. 4 Na–NiCl2 battery cell with a cap
acity of 100 Ah (250 Wh) manufactured
with the use of an extruded ceramic
electrolyte
(Source: Fraunhofer IKTS)

Fig. 5 Wear cylinder with full-ceramic
sawtooth strips (Source: Fraunhofer IKTS)

Fig. 3 Extruded green body of a ceramic solid-state electrolyte made of Na-ß-aluminate
with a diameter of 60 mm and a wall thickness of 1,5 mm
(Source: Fraunhofer IKTS)

Low-contamination electrolyte green bodies
with a diameter of 60 mm and a wall thickness of 1,5 mm (Fig. 3) could be produced.
After sintering, these were fitted into NaNiCl2 battery cells with a capacity of 100 Ah
or 250 Wh (Fig. 4) and successfully trialled
in charging/discharging tests so that a technology including the required machines is
available for transfer to industry.

3.3 Technical realisation
and specifications of
the zero-contamination
high-pressure extruder
The specific requirements for the extruder
for the manufacture of ceramic electrolytes
are detailed in the last paragraph.
cfi/Ber. DKG 99 (2022) No. 2

• How can an effective temperature control
of the wear cylinder be realised in respect
of the temperature-sensitive bodies and
additives?
• As for certain extrudates, instead of the
standard horizontal, vertical or inclined
extrusion can be expedient, it must be
possible to extrude bodies with an inclin
ation angle between 0–90°.
• What sensors are necessary to measure,
monitor and log online all operating
states during extrusion?
Other, by no means trivial details like the
fixing of the sawtooth strips in the wear cylinders, as shown in Fig. 5, or the choice of
the high-strength steel for the auger shaft
in view of the high torque with the dimen-

sions being limited because of the auger
geometry also had to be resolved. With a
lead time of around one year, building on
the groundwork that already been done,
the VAQRS vacuum extruder was successfully commissioned at the Fraunhofer IKTS
in Hermsdorf and installed in the new oper
ating facility.
The project EXTREM, sponsored by the Free
State of Thuringia, was co-financed with
resources from the European Union in the
scope of the European Regional Development Fund.
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3D Screen Printing of Solar Absorbers Made of SiSiC,
Sintered in an Efficient High-Performance Furnace
L. Birkigt, J. Hennicke, R. Kirchner

New manufacturing methods like 3D screen printing allow for the development of new unique designs

with optimized features. In the present paper the core component of the central receiver system in solar
thermal power plants like the Solar Tower Jülich – the porous absorber structure – was optimized. The
layer-wise printing process allows for the adjustment of form and shape between layers and therefore
purposefully varying its geometry along the airflow direction of the volumetric absorbers. By doing so,
important properties like the penetration depth of the incident solar irradiation will be improved [1].
This new design with delicate, fine-structured parts calls for innovative sintering methods, on the one
hand, to maintain the high quality of the 3D-printed parts, and on the other hand to ensure cost-efficiency
of the sintering process. Only in this way the 3D-printed components can successfully be introduced in a
wide range of mass applications.

Introduction
New optimized components can only be
as good as current manufacturing technol
ogies allow. Therefore, new designs with
advanced micro-geometry become technic
ally and economically feasible as manufacturing technologies improve. By combining
the optimized volumetric receiver proposed
by Capuano [2] with the possibilities of
the innovative manufacturing technology
of industrial 3D screen printing by Exentis,
the German Aerospace Centre, Institute of
Solar Research, in cooperation with Exentis,
developed the so-called StepRec absorber
design. The flexible material selection of the
above-mentioned technology allowed for
the better-suited absorber material SiSiC. To
ensure economic feasibility the sloped pins
are replaced by three “step”-like sections
(as shown in Fig. 1) since every change
in geometry requires a new screen and
minimising the number of screens reduces
set-up time and overall screen cost. The
present absorber is designed according to
the “HiTRec” receiver technology where the
receiver is made up of thousands of small
modules [3].

manufacturing technology of industrial 3D
screen printing, which can produce fine
ceramic structures by layer-wise build-up.
By changing the screen with different layouts, complex and at the same time delicate
structures are possible, such as the solar
absorber with 3-way stepped spikes, which
in the finest structure has a web width of
440 µm (as a green body). But even more
delicate structures such as walls with a
thickness of a minimum of 100 µm can be
realised with this technology. A variety of

L. Birkigt
Exentis Technology GmbH
07745 Jena, Germany
www.exentis-group.com
J. Hennicke, R. Kirchner
FCT Systeme GmbH, Rauenstein
96528 Frankenblick, Germany
www.fct-systeme.de
Corresponding author: J. Hennicke
E-mail: j.hennicke@fct-systeme.de

3D screen printing of solar
absorbers
Exentis Group AG is the inventor of Exentis 3D Mass Customization, an innovative
cfi/Ber. DKG 99 (2022) No. 2

metals, polymers, and ceramics can be processed due to the adaptability of the developed paste recipes for this process.
The concept of 3D screen printing is as follows. Like conventional 2D screen printing,
it involves creating a stencil on a fine mesh
screen and then pushing a specially developed paste through the printing screen, to
create an imprint of the design on the surface beneath. In the case of 3D screen printing, this process is repeated while the printing screen is very precisely moved upwards

Fig. 1 Step-like pins printed with different
screens

Keywords: 3D printing, additive
 anufacturing, serial production,
m
ceramics, solar absorbers, SiSiC, infiltration,
furnace
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Fig. 2 Grid-like green body with a still
wet freshly printed layer on top

Fig. 3 Schematic view of the five different layer designs

along with the layer-wise “growing” part.
In Fig. 2, a grid-like green body is shown
with a still wet freshly printed layer on top.
The flexibility in material selection is possible due to applying pastes, which usually combine the desired material in powder
form with binder and other additives.
While the concept is straightforward, the
actual printing of 3D parts requires a precisely tuned process, including highly developed machines, paste, screens, and printing
parameters. For example, in the case of the
solar absorbers, a specialised paste containing SiC and additionally carbon powder for
better infiltration needed to be developed
and optimized for fine structures as well as
the best possible green body stability. So,
the thin pins would withstand layer-by-layer
printing and further processing. To accomplish the varying geometry, five different
screens are used.
The base channel width of 2,29 mm and
the wall thickness of 0,44 mm stay constant, but as shown in Fig. 3 layers 1 and 2
are grid-like forming offset square channels.
Layers 3–5 are cross-shaped pins decreasing in size, to minimise the reflective surface
area perpendicular to impinging sun rays.
The final product is shown in Fig. 4, and a

closeup of the top part can be seen in Fig. 5.
After optimizing the printing parameters on
a small laboratory machine, the industrial
3D screen printing developed by Exentis allows for easy scale-up of production volume
by transferring the process to an Inline production unit.

Thermal processing of 3D screen
printed absorbers
The solar absorber, which can be made of
SSiC or SiSiC, is sintered at FCT Systeme
GmbH. FCT Systeme is a producer of innovative high-temperature furnaces for sintering predominantly non-oxide materials.
Together with Exentis, FCT developed efficient sintering methods, specially designed
for filigree, fine-structured parts. Besides
the optimized process, FCT also integrated
a fast-cooling system in order to guarantee
an economic production of the parts.
As mentioned above, SiSiC (Silicon Infiltrated Silicon Carbide) is a very well-suited
absorber material. It is manufactured by
infiltrating a moulded part made of silicon
carbide and carbon with liquid silicon, with
virtually no shrinkage of the part, in contrast to classical sintering. The infiltrated
silicon melt is partially reacting with the

Fig. 4 Final solar absorber in transmitted light to show
the continuous channels
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free carbon to secondary SiC. The other part
fills the remaining pore structure almost
completely. The resulting, nearly pore-free
ma
ter
ial consists of two interpenetrating
phases (80–95 % primary and secondary
SiC + silicon). This special microstructure
leads to high thermal conductivity and
strength, making it insensitive to thermal
shock. Additionally, corrosion and wear resistance is high. All these are key properties
for high-performance solar absorbers.
After the 3D screen printing process, the
green absorbers (Figs. 4–5) consist of sil
icon carbide, carbon and a relatively high
amount of organic binders, which give the
filigree printed parts sufficient strength for
handling without damage. To allow the subsequent silicon infiltration, this binder must
be removed at first. But in the debound
state, the filigree parts are very sensitive
and difficult to handle without damage.
That is why the thermal processing of
the absorbers is carried out in a so-called
combi-process, in which the debinding and
infiltration are carried out in the same process and furnace, without having the parts
to be moved between debinding and infiltration. This greatly reduces the number
of broken parts, and at the same time, it

Fig. 5 Closeup of the top part with pins

cfi/Ber. DKG 99 (2022) No. 2

PROCESS ENGINEERING
results in much better overall efficiency, by
reducing the heat treatment to one thermal
processing step instead of two separate
ones (debinding, infiltration).
Of course, the furnace must be specially designed to be able to support the different
requirements of the combi-process steps.
For example, special gas vacuum management as well as precise temperature control
are of crucial importance for a complete
infiltration, and thus optimal material

quality.
The exhaust gases generated during the
combi-process must be managed inside
the furnace appropriately, not to impair the
service life of the furnace. This is especially
important for high-volume mass production. For the same reason, the furnace must
be equipped externally with an appropriate
exhaust gas treatment (thermal post-combustion and dust separator).
Fig. 6 shows a typical example of such a
batch furnace equipped with the abovementioned features, in this case with a size
of 400 l of useful volume. The material quality and the overall efficiency of the process
do not only depend on a suitable furnace/
peripheral design, but are also decisively
influenced by the configuration of the components to be infiltrated in connection with
the supply of liquid silicon during the infiltration. With different methods (crucibles,
wicks, etc.), the supply of liquid sil
icon
during the infiltration must be optimally
matched to the component shape and size.
This is the only way to ensure, that the free
carbon reacts as completely as possible
to SiC and that the remaining pore space
is filled as completely as possible. On the
other hand, the component should not be
soiled with excess silicon sticking at its surface, since this would entail a high cleaning
effort (Fig. 7). The described relationships
between process requirements and its demands on the furnace design are listed in
Tab. 1.

Fig. 6 Batch furnace, specially equipped for thermal processing of SiSiC 3D screen
printed parts

Increasing the efficiency of
thermal processing for
mass production of
3D screen printed parts
In ceramic technology, thermal processing
not only significantly influences the key
properties of the final part but has also a
huge impact on energy consumption and
required equipment. Hence thermal processing massively influences the overall process cost. This indicates the huge relevance
of the efficient design of the thermal processing step, also in the case of 3D screen
printed parts, e.g. solar absorbers. The main
influencing factors are:
• Batch size (useful capacity of the furnace);
• Cycle time;

• Feed time;
• Availability rate;
• Shift operation;
• Scrap rate.
Regarding the “effort”, it is not sufficient to
consider the energy consumption alone (energy efficiency), although this is one of the
most important aspects. Instead, a h olistic
view of effort is becoming increasingly accepted (TCO = Total Cost of Ownership or
LCC = Life Cycle Costing), which generally
covers the following factors:
• Investment costs (equipment, kiln furniture, auxiliary units, infrastructure);
• Expected useful life;
• Disposal of equipment;
• Required space;

Tab. 1 Relationships between process and furnace requirements for SiSiC

Fig. 7 SiSiC absorber with excess silicon (l.), and after optimization of infiltration configuration (r.)
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Fig. 8 Twin furnace, specially equipped for thermal processing of C/SiC and SiSiC parts

• Costs for consumables (energy, auxiliary
media, e.g., protection gas, cooling water,
etc.);
• Disposal of potential waste or exhaust
gas;
• Personnel costs;
• Service, repair, and spare part costs (e.g.,
kiln furniture);
• Cost of regular and unscheduled downtime.
The above-mentioned influencing factors
show that the efficiency of a sintering facility depends critically on how carefully
the sintering technology is selected and
how precisely its design is matched to the
respective application. This selection and
matching are forming the basis of the company strategy at FCT Systeme GmbH [5].
Here for nearly 30 years sintering facil
ities for engineering ceramics and powder
metallurgy are not only built. Rather very
early during project planning, technological
development is performed in close collabor
ation with the customers and with the use
of the company’s well-equipped pilot plant
lab [6].
This customer service ranges from simple
feasibility tests to pilot production under real
industrial conditions if required. The result is
a complete package of optimally matched
sintering technology and equipment design,
ensuring the user obtains a tailored, highly
efficient sintering technology.
A core consideration in the design of
sintering facilities is the realisation of the
required productivity. Here it is often not
advisable to try to reach the required productivity with the use of one single, big
sintering furnace. It is often much better
to split production between more than
E 20

one, identical small-size furnaces operated
parallel (downsizing). Small furnaces have
lower electrical connection power as well
as shorter cycle times, which increase productivity compared with a single big furnace
and benefit product quality in many cases.
Furthermore, the potential downtime of just
one of several smaller furnaces is much less
significant.
The twin-concept is one step in this dir
ection. It is based on the pair-wise aggregation of furnaces using a common process
control system, power supply, gas and
vacuum supply, thermal post-combustion
(if required), etc. Now every single furnace
is no longer independent, but significant
costs can be saved because the single steps
of thermal processing (heating, debinding,
dwell time, cooling) don’t need every per
ipheral for full-cycle time. With a respective
time offset of the sintering cycles, a twin
system shows practically the same productivity as two single furnaces, but at a lower
price. This concept has proven itself in many
industrial applications.
Fig. 8 shows by way of example an industrial twin furnace used for pyrolyzing and
siliconizing C/SiC brake discs. The process
and furnace requirements of this process
are very similar to the case of 3D-printed
SiSiC parts, described above (Tab. 1). Each
of these furnaces provides 4000 dm³ useful volume, using a common process control
system, power supply, gas and vacuum supply, and thermal post-combustion.
Depending e.g., on the ratio of heating,
dwell, and cooling duration, in some c ases
even three furnaces can be combined to
one assembly. Of course, even several
such assemblies can be combined to form

Fig. 9 Several equally sized batch
furnaces, forming a “quasi-continuous”
sintering technology network

a “quasi-continuous” sintering technology
network (Fig. 9).
In this case, the potential downtime of just
one of several assemblies is much less significant, and the advantages of both concepts can be harnessed.
In industrial thermal processing, real continuous sintering technology, e.g., roller
or push cup kilns, are state-of-the-art for
many years. But in SiSiC or other engineering ceramics, special features are required
as described above (Tab. 1). In continuously
working furnaces these requirements can
only be realised with high technical effort,
making the equipment expensive, complex,
difficult to operate and service as well as
susceptible to failure and malfunction. Because even small continuous furnaces have
high productivity, any downtime results in a
significant loss of productivity, like the failure of a large batch furnace, as described in
the last section.
All these facts are, in the authors’ view,
arguments against real continuous furnace
technology in engineering ceramics. In contrast – as explained in the last section – a
larger number of small furnaces working in
parallel with a smart time offset can facilitate “quasi-continuous” sintering technology, which works in effect more robustly,
reliably, and uniformly.

Conclusion
New innovative manufacturing technol
ogies like the industrial 3D screen printing
developed by Exentis Group AG together
with optimized thermal processing and specially developed furnaces by FCT Systeme
GmbH allow the production of yet unthinkable geometries in a variety of materials.
cfi/Ber. DKG 99 (2022) No. 2
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Both technologies are now available at the
highest Technology Readiness Level (TRL),
allowing a successful introduction of 3D
screen printed components made of highquality ceramic material in a wide range
of mass applications. Therefore, with these
capabilities in mind, future projects can shift
the boundaries of what is possible even further.

Energy based on a decision by the German
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Comparison of Different Reaction-Bonded Mullite Ceramics
R.-N. Cegla, J. Sperber

STEULER-KCH/DE manufactures different types of mullite ceramic kiln furniture. In this paper, five differ-

ent mixtures were tested using the reaction bonding process established in an earlier paper [1]. Each body
showed different properties, in its original state, therefore the results differed.

1 Introduction
Mullite formation, during sintering, is
a side effect in many ceramics as there
is often Al2O3 and Si in some form in the
starting mixtures. Depending of the ratio of
Al2O3/SiO2, mullite crystallises in the 2/1
or 3/2 form, respectively. The further away
from the stoichiometric optimum, including
impurities, the more glass phase will occur at the grain boundaries. In order to use
mullite-based ceramics at high temperature,
it is important to have as little glass phase
at the grain boundaries as possible. Pure
mullite can keep >90 % of its room temperature strength, less with the presence of
glassy phase. However, because of the low
bulk and surface diffusivities of mullite, in
ceramics glass phase develops usually [2].
In the authors’ previous work, they had
been focused on finding a way to produce
mullite-based ceramics with enhanced
properties.
After the initial attempt to achieve the results with only the addition of silicon metal,
the study showed that the mullite reaction
via reaction bonding can be accomplished
only through the additional supplementation of aluminium hydroxide [1]. Alumin-
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Fig. 1 Five coordinations of surface
OH–-groups [3]

ium hydroxide is likely having two effects,
firstly within the initial heating period
(300–600 °C) the additional OH–-groups
evaporate which opens up diffusion passes.
Secondly, this opening of the internal structure, leading to a large open porosity, helps
the mullite formation through activated
aluminium oxide [3]. As the volume transformation of aluminium hydroxide proposed
by K. Wefers and C. Misra [3], during heating it is eventually more effective with less
internal density, leading to activated transition phases of the aluminium oxide. The
authors [3] also summarised in their work
how different other authors have worked
on the behaviour of alumina and aluminium
hydroxides.
It is reported, that transition alumina forms
with high surface areas through water
loss. It has been argued that not all OH–-groups are removed from the aluminium
hydroxide i.e. only two-thirds, leaving OH–-bridges (Fig. 1), resulting in an opening of
the structure forming a sponge like texture
as well as lamellae within the solids. When

temperature is raised over 650–700 K, the
surface area decreases but the pore volume
increases minimal. Over 1000 K, the short
range stability from the remaining OH–-bridges stops and three dimensional sintering begins.
To find out to which extend this knowledge
can be applied, the authors of this paper
studied five different mullite based mixtures
of STEULER-KCH. These mixtures each have
different attributes and apparent porosities;
therefore, each product has its individual
purpose.
The initial materials are different or in different percentages influencing the porosities,
stability, high-temperature behaviour, bending strength, abrasion resistance as well as
surface roughness. Targeting different uses
of the finished product in the form of pushers, sinter capsules even customer specific
forms.

2 Experimental procedure
The mixtures 1, 2, 3, 4 and 5 were each prepared in the usual way and sintered at two
different temperatures 1750° C/1650 °C
(.0) as well as at 1550 °C (.1), for control.
In the second step, to each original mixture were added 1,3 mass-% silicon metal
and 3,1–3,3 mass-% aluminium hydroxide respectively, and these mixtures (AS1,
AS2, AS3, AS4 and AS5) were sintered at
1550 °C.

2.1 Sample preparation
To prepare the mixtures, the raw materials
were measured and mixed with water to
reach each 2,75 ± 0,25 mass-% moisture.
They were then pressed with a hydraulic
press into cylinders (50 mm × 50 mm), bigger cylinders (jumbos: (80 mm × 80 mm)
and bars (150 mm × 25 mm).
cfi/Ber. DKG 99 (2022) No. 2
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Tab. 1 Established data for mixture 1.0, 1.1 and AS1, respectively

Tab. 2 Established data for mixture 2.0, 2.1 and AS2, respectively

1.0

1.1

AS1

Bulk density [g/cm ]

2,31

2,29

2,23

Bulk density [g/cm ]

2,40

2,38

2,39

Water absorption [%]

14,03

14,36

15,22

Water absorption [%]

12,62

13,03

12,49

Apparent porosity [vol.-%]

32,34

32,92

33,92

Apparent porosity [vol.-%]

30,24

30,99

29,82

74

63

61

80

74

74

Tensile strength [MPa]

13,8

11,8

11,2

Tensile strength [MPa]

8,90

9,60

11,50

Hot tensile strength (1500 °C) [MPa]

15,5

14,0

14,7

Hot tensile strength (1500 °C) [MPa]

8,60

13,20

13,40

Thermal expansion [·10 K ]

Thermal expansion [·10 K ]

3

Cold crushing strength [MPa]

2.0
3

Cold crushing strength [MPa]

2.1

AS2

5,82

5,91

5,71

5,88

6,12

6,25

Dynamic Young’s modulus [GPa]

18

13

16

Dynamic Young’s modulus [GPa]

16

15

20

R 1 thermal shock parameter (Hasselmann) [K]

78

85

71

R 1 thermal shock parameter (Hasselmann) [K]

90

85

64

–6

–1

Tab. 3 Established data for mixtures 3.0, 3.1 and AS3, respectively

Bulk density [g/cm3]

–6

–1

Tab. 4 Established data for mixtures 4.0, 4.1 and AS4, respectively

3.0

3.1

AS3

2,52

2,55

2,52

Bulk density [g/cm3]

4.0

4.1

AS4

2,56

2,55

2,55

Water absorption [%]

7,98

7,64

7,71

Water absorption [%]

7,41

7,53

7,12

Apparent porosity [vol.-%]

20,14

19,45

19,42

Apparent porosity [vol.-%]

18,96

19,20

18,15

Cold crushing strength [MPa]
Tensile strength [MPa]

121

107

122

Cold crushing strength [MPa]

68,60

54,30 104,50

19,80

19,50

22,30

Tensile strength [MPa]

6,20

8,60

10,70

Hot tensile strength (1500 °C) [MPa]

9,80

8,60

8,20

Hot tensile strength (1500 °C) [MPa]

16,60

11,30

17,80

Thermal expansion [·10–6 K–1]

5,38

5,47

5,39

Thermal expansion [·10–6 K–1]

5,35

5,24

5,40

Dynamic Young’s modulus [GPa]

39

34

44

Dynamic Young’s modulus [GPa]

21

15

33

R 1 thermal shock parameter (Hasselmann) [K]

62

61

56

R 1 thermal shock parameter (Hasselmann) [K]

65

74

63

2.2 Physical testing

3 Results

The samples were tested for:
• porosity, giving the bulk density [g/cm3],
water absorption [%], apparent porosity [vol.-%], weight dry, afterwards pressurised in water and then weight under
water and wet;
• cold crushing strength [MPa];
• tensile strength and hot tensile strength
[MPa],
• ultrasonic speed [km/s] to calculate the
dynamic Young’s modulus [GPa],
• thermal expansion [·10–6 K–1]
• creep in compression (1600 °C).

All tested mixtures allowed production of
white samples without cores. The data of
mixtures 1 are shown in Tab. 1, water absorption and open porosity, only change in
the normal variations for the 1.0 and 1.1
samples, AS1 sample has a little higher
water absorption as well as a higher apparent porosity, density decreases from 1.0 to
1.1 and AS1, respectively. The cold crushing
strength decreases from 74 MPa (mixture
1.0) to 63 MPa (mixture 1.1) to 61 MPa
(mixture AS1). In the same order the tensile strength decreases from 13,8; 11,8
to 11,2 MPa respectively. Similar with the
hot tensile strength, its highest for mixture
1.0 (15,5 MPa) and lower for samples AS1
and 1.1, respectively. Thermal expansion
varies from 5,82 ·10–6 K–1 for mixture 1.0 to
5,91·10–6 K–1 for mixture 1.1 and further to
5,71·10–6 K–1 for mixture AS1. The dynamic
Young’s modulus changed from 13 GPa for
mixture 1.1, up to 16 GPa for mixture AS1
and finally to 18 GPa for mixture 1.0. The
R1 parameters changed from 71 K (mixture
AS1) to 78 K (mixture 1.0) and finally to to
85 K (mixture 1.1).

2.3 Samples nomenclature
The samples were systematically designated
with 1–5.
The sintering temperature was indicated
with (.0) for the original sintering temperature of 1750 °C or 1650 °C. The second
sintering temperature was 1550 °C for all
samples (.1).
The samples with the addition of
1,5 mass‑% silicon metal and with
3–4 mass-% aluminium hydroxide were
designated as AS + number 1–5.
cfi/Ber. DKG 99 (2022) No. 2

Tab. 5 Established data for mixtures 5.0,
5.1 and AS5, respectively
5.0

5.1

AS5

2,61

2,89

2,62

Water absorption
[%]

7,13

6,46

6,83

Apparent porosity
[vol.-%]

18,61

18,69

17,90

Cold crushing
strength [MPa]

68

77

90

Tensile strength
[MPa]

11,20

11,20

16,10

Hot tensile strength
(1500 °C) [MPa]

6,50

12,80

16

Thermal expansion
[·10–6 K–1]

5,39

5,41

5,34

Dynamic Young’s
modulus [GPa]

18

10

28

R 1 thermal shock
parameter
(Hasselmann) [K]

77

147

66

Bulk density [g/cm ]
3

The data displayed in Tab. 2, show that
density, water absorption and open porosity don’t change much and stay within the
tolerance of the normal deviation, slightly
E 23
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Fig. 2 Creep in compression under load at 1600 °C for mixture 1.0, 1.1 and AS1,
respectively

Fig. 3 Creep in compression under load at 1600 °C for mixture 2.0, 2.1 and AS2,
respectively

Fig. 4 Creep in compression under load at 1600 °C for mixture 3.0, 3.1 and AS3,
respectively

less density for mixture AS2. The cold
strength of mixture 2.0 was 80 MPa and
for the both samples at lower temperature
(mixture 2.1 and AS2, respectively) it was
only 74 MPa. Whereas the cold bending
strength of the three samples increased
from mixture 2.0 with 8,9 MPa to the
2.1 mixture (9,6 MPa) and finally up to
11,5 MPa for the AS2 mixture. The hot tensile strength shows an increase for the mixE 24

ture 2.1 and AS2, respectively of 13,2 MPa
and 13,4 MPa from 8,6 MPa. Similar with
the thermal expansion, an incline from
the 2.0 mixture to the 2.1 mixture and to
the AS2 mixture is visible (5,88 ·10–6 K–1;
6,12 · 10–6 K–1; 6,25 · 10–6 K–1). The Young’s
modulus was similar for mixture 2.0 with
16 GPa and for the 2.1 mixture with
15 GPa; and slightly higher for the AS2
mixture being 20 GPa. The thermal shock

parameter changes from over 90 K to only
64 K.
The data for mixture 3 (Tab. 3) is compliant with the other results as there are no
changes regarding bulk density and water
absorption. Only the apparent porosity decreased a little with the reduction of sintering temperature. The cold strength is with
121 MPa and 122 MPa nearly equally high
for the 3.0 and AS3 sample, respectively,
only for the 3.1 mixture it is lower with only
107 MPa. The tensile strength is similar for
the 3.0 and 3.1 mixture, respectively, with
19,80 MPa and 19,50 MPa, and higher
for the AS3 mixture with 22,30 MPa. The
hot tensile strength in contrast is lower
for the 3.1 and AS3 mixture, respectively
(8,60 MPa and 8,20 MPa) than for the 3.0
mixture (9,80 MPa). The thermal expansion
is similar for mixture 3.0 and AS3, respect
ively (5,38 · 10–6 K–1 and 5,39 · 10–6 K–1)
and slightly higher for the 3.0 mixture with
5,47 · 10–6 K–1. The dynamic Young’s modulus rises from 34 GPa mixture 3.1) to
39 GPa (mixture 3.0) and finally to 44 GPa
for the AS3 mixture. The thermal shock par
ameter decreased for mixture 3.0 to mixture
AS3 beeing lowest with 56 K.
Regarding the data in Tab. 4, it can be
seen that the bulk density and water absorption stay similar only the apparent
porosity changes being highest for the
4.1 sample (19,2 vol.-%) and lowest with
18,15 vol.-% for the AS4 sample. The cold
crushing strength is lower for the 4.1 and
4.0 mixture, respectively (54,30 MPa and
68,60 MPa) and higher for the AS4 mixture
with 105 MPa. The tensile strength rises
from the 6,20 MPa over 8,60 MPa and is
again highest as 10,70 MPa for the AS4
mixture. Interestingly, regarding the results
for the hot tensile strength they are similarly high with 16,60 GPa and 17,8 GPa for
the mixture 4.0 and AS4, respectively, and
lowest for the 4.1 mixture with 11,30 GPa.
Similar thermal expansions lead to similar
thermal shock parameters for the 4.0 and
A S4 mixture, respectively (65 K and 63 K).
Regarding data for mixture 5 (Tab. 5), again
there is no apparent change for density,
water absorption and apparent porosity.

Only mixture AS5 shows a little less apparent porosity. The cold crushing strength
increases from 68 MPa for mixture 5.0 to
77 MPa for the 5.1 mixture and to 90 MPa
for the AS5 mixture. Same data for tensile
cfi/Ber. DKG 99 (2022) No. 2
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strength which increased from 11,20 MPa
for mixture 5.0 and 5.1, respectively, to
16,10 MPa for mixture AS5. The hot tensile
strength increased from 6,50 MPa (mixture 5.0) to 12,80 MPa (mixture 5.1) and
equally high 16 MPa (mixture AS5) as with
the tensile strength. The thermal expansion
coefficient changed for mixture AS5 with
5,34 · 10–6 K–1 to 5,39 · 10–6 K–1 for mixture 5.0 and to 5,41 · 10–6 K–1 for mixture
5.1. Whereas the Young’s modulus changes
from 18 GPa for mixture 5.0 to 10 GPa for
mixture 5.1 and to 28 GPa for mixture AS5.
The thermal shock parameter is the highest
for mixture 5.1 (147 K) and as low as 66 K
for mixture AS5.
Following the creep in compression results,
one can derive the tendency of the refractory material behaviour in use. All creep in
compression tests were done under load
at 1600 °C. Fig. 2 shows the behaviour of
mixture 1.0, 1.1 and AS1, respectively. It
can be seen that mixture 1.0 shows better creep in compression than the 1.1 and
AS1 mixture, respectively, which values are
closed together.
For the mixture set 2, shown in Fig. 3, mixture AS2 shows the best creep in compression, similar to mixture 2.0, as they are
closed, but mixture AS2 fairs better towards
the longer holding time.
Mixture AS3 in Fig. 4 displays the less stable
creep in compression after 3.0 and 3.1 mixture, respectively.
Again as with the mixtures of set 1, regarding the mixtures of set 4 in Fig. 5, the
original mixture 4.0 shows better creep in
compression than the lower-temperature
sintered mixture 4.1 and AS4, respectively,
which are so closed together that the lines
are nearly identical.
The same situation can be depicted in Fig. 6,
where the original mixture 5.0 displays the
best creep in compression; the decline in
the creep in compression follows from mixture 5.0 to 5.1 and to AS5, respectively.

4 Discussion
Viewing the mixtures ordered in respect to
their bulk densities compared to the origin
al mixtures, it looks like the mullite formation may well be connected to the densities
of the mixtures. The higher the apparent
porosity is, the easier the volume transform
ation during mullite formation, and therefore an easier diffusion of the necessary
cfi/Ber. DKG 99 (2022) No. 2

Fig. 5 Creep in compression under load at 1600 °C for mixture 4.0, 4.1 and AS4,
respectively

Fig. 6 Creep in compression under load at 1600 °C for mixture 5.0, 5.1 and AS5,
respectively

elements takes place. This can be confirmed
by comparing the strength parameters,
cold crushing strength, tensile strength
and hot tensile strength of all five tested
mixture sets. With the densest mixture 1.0,
with a bulk density of 2,31 g/cm3, all three
strength results are lower for mixture AS1
than for the mixture 1.0. The bulk density
decreases, the water absorption and the apparent porosity increases.
For mixture 2.0 and AS2, respectively, the
bulk density of 2,40 g/cm3, shows an decrease in the cold crushing strength, but
both tensile strength values increased from
mixture 2.0 to AS2, respectively, allowing
the assumption that mullite transformation
increased, even with the lower temperature,
and the increase in both tensile strength
values could indicate to the needle-shaped
crystal form of secondary mullite developed
during the process.
Regarding the next mixture set 3, with a
density of 2,52 g/cm3, it displays a similar
cold crushing strength and a slightly higher

tensile strength, but a lower hot tensile
strength, for the 3.0 and AS3 mixture, respectively. This is an indication that there
may be glassy phase at the boundary as the
mullite transformation is not complete. The
tensile and flexural strength values are affected by the presence of glassy phase as
stated by many authors as for example Mah
[4] and Kanaziki, et al. [5].
For the mixtures of set 4, showing a density
of 2,56 g/cm3, the mixture strengthens considerable. The cold crushing strength nearly
doubles, same as the tensile strength, and
the hot tensile strength increases slightly.
This set leaves the impression that the formation of mullite was successful, matrix
was free of defaults and less glassy phase
was formed.
In the mixtures of set 5, with a density of
2,61, g/cm3, the cold crushing strength and
the tensile strength increase noticeable, the
hot tensile strength however more than
doubles. Again, this is indicating the secondary mullite formation with little glassy
E 25
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phase, therefore stabilising the refractory
product for hot temperature use.
It is proposed, that to some extent the glassy
phase can lead to fracture healing during
stress under load, for example visible during hot tensile strength test. The proposal is
as follows, that an increase in strength occurs near the softening temperature of the
glassy phase in high temperatures, causing
stress relaxation and crack healing [6]. This
could explain the difference in the strength
increase data of the compared mixtures.
One can conclude an onset of mullite transformation, firstly with glassy phase and
then closer to stoichiometric formation less
glassy phase and overall higher strength
data, even regarding the cold crushing
behaviour. As there seems to be a connec-

tion between the density as well as the
stoichiometric composition with the mullite
formation, it could be an interesting step to
change the percentage of additional aluminium hydroxide in order to maximise the
effectiveness of the reaction-bonded mullite
transformation.
The reduction of the sintering temperature
from 1750 °C and 1650 °C to 1550 °C is
one step STEULER-KCH goes towards its
climate goals of reducing CO2 in its productions. The change of temperature saves approx 1 t of CO2-emissions per 1 t of product.
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Clean and Green: Challenges and Opportunities for
Industrial Kiln Construction in a Post-COVID Era
A. Hajduk

Despite COVID-related restrictions, Riedhammer/DE – together with the entire SACMI Group/IT – has

proven itself fully capable of meeting customer needs thanks to a far-reaching network with decentralised
supply chains, flexible production, virtual maintenance tools and a skilled international workforce.
For the calcination of Li-Ion-Battery (LiB) powder, a single contract can often involve 50 or more production lines. Such high-volume orders require extensive experience, pre-engineering and testing. Detailed
designs need to be in place at the time of project negotiation. Customers are striving to replace fossil
fuels with cleaner energy sources while standards are becoming ever-stricter and thermal processes more
complex. In response to all these demands, Riedhammer offers multiple sustainable heating concepts. An
outstanding example of the company’s kiln technology – developed for the needs of tomorrow – is the
ELK (Extra Large Kiln), designed to meet demand for ultra-high production capacities in the LiB sector. One
ELK provides the throughput of 4–8 modern RHKs (Roller Hearth Kilns) while matching or even surpassing
RHK performance parameters.
1 Challenges and opportunities

1.1 Challenges mainly linked to
the COVID pandemic
Since the beginning of the pandemic, we’ve
seen that travel restrictions and lockdowns
can be imposed in any country, area or region, at any time. Responding to such unpredictable events with appropriate action
to secure business continuity is extremely
challenging. Production plants were tempor
arily shut down to minimise the spread of
the pandemic. Meanwhile, available stocks
have been exhausted and global markets are
increasingly affected by severe shortages of
materials and components, as the situation
on the chip market clearly demonstrates.
Indeed, from the pre-COVID period to September 2021, the lead time for standard
PLC components escalated from 2–5 days
to 120–350 days. Simultaneously, prices for
electronic components, steel, copper, and
many other products and materials have risen dramatically; the same is true for service
rates, which have been impacted by quarantine times and generally higher hourly fees.
In June 2021 and August 2021, two of the
world’s largest ports, Yantian (Shenzhen)
cfi/Ber. DKG 99 (2022) No. 2

and Ningbo-Zhoushan, both in China, shut
down for a couple of days due to a COVID
outbreak. This caused a huge backlog that
hampered international goods transport
and caused a severe shortage of containers on global markets, which had already
been hit hard by the Suez Canal blockage
in March 2021. As a result, between March
and October 2021 the average price for a
standard 40 ft (12,19 m) freight container
from Asia to Europe, pre- and on-carriage
included, jumped from EUR 7900 to EUR
20 000.
Despite these challenges, Riedhammer, as
a plant and kiln manufacturer that exports
over 90 % of its production, has successfully
positioned itself as a reliable supplier and
service provider. Overriding priority is given
to customer care, wherever and whenever
customers need the company’s services, to
ensure ongoing projects continue without
delay and future projects are not put at risk.
Using the SACMI Group’s existing global
network (Fig. 1) means customers can count
on Riedhammer via direct contact, subsidiaries or agencies, or even remote tools.
Teams meetings to discuss projects and negotiate contracts are just one way of pro-

viding Riedhammer’s services. For example,
the first kilns were put into operation and
the required test runs completed exclusively
by way of remote solutions, which included
training for customers’ personnel, ongoing
advice and process parameter adjustment,
all to ensure successful project finalization.
Manufacturing workshops in different areas
have been set up for flexible production:
this is extremely important as a single contract can contain between 10–50 kiln lines
(e.g. on the LiB market). Major projects like
this require sufficient space, quality control
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Fig. 1 SACMI Group in the world

pandemic, assembly teams are often unable
to travel as planned, resulting in changes to
staff and/or tasks; hence the need for excellent remote support, which must be assured
at all times. Fig. 2 shows two production
lines, both installed and commissioned in
the midst of the COVID crisis.

1.2 Challenges specific
to the LiB market

Fig. 2 RHK pre-production lines with SHS

Fig. 3 Cathode active materials

systems and a suitable workforce. Simultaneously, supply chains have been largely
decentralised to enable sourcing of goods
and components as quickly as possible
without compromising quality. Additionally, design processes have been adapted to
market situations, as long-lead items must
E 28

(Source: batteryuniversity.com)

be purchased during the earliest engineering stages.
Alongside virtual service and maintenance
tools, having a well trained, highly skilled,
experienced international workforce in
charge of assembly at Riedhammer customers’ facilities is crucial. Because of the

To understand the LiB market from the perspective of a kiln and equipment provider,
it’s necessary to understand that thermal
treatment is required right at the beginning
of the LiB production process to synthesize
the Cathode Active Material (CAM) and
Anode Active Material (AAM). The CAM has
a wider variety of material compositions,
and the industry is under continual pressure
to develop new materials.
This is a dynamic, fast-paced process with
strong competition among CAM and AAM
manufacturers. The challenge for equipment
suppliers is to adapt kiln technology continuously and use the dynamic development
process as an opportunity to keep one step
ahead of competitors. In this context, Riedhammer’s key strength is outstanding kiln
development and construction know-how,
as the competition from China is good at
quickly copying the equipment.
Fig. 3 shows an overview of the different
CAMs currently on the market. AAM also
consists of different materials, such as
structured graphite, graphite-Si compounds
cfi/Ber. DKG 99 (2022) No. 2
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and anode precursors. Some materials are
further divided: for example, NCM (also
called NMC) is subdivided into Hi-Ni, Single Crystal NCM and Multi Crystal NCM. All
individual materials require special, tailormade thermal processes. However, the
specifications become even more complex
when one considers that several process
steps are needed (e.g. pre-calcination, primary and secondary calcination, heat treatment). In leading industrialised nations,
CAM and AAM markets are volatile and
sensitive to legislative developments (e.g.
bans on combustion engines or changes
to strategic product planning on the part
of the main automotive players). Such developments can impact entire supply chains
as projects are put on hold and customers
await their decisions. For equipment suppliers, this situation brings challenges in terms
of forecasting, budgeting, and production
planning, making flexible manufacturing a
must.
The market is under capacity pressure; the
automotive industry is the key driver in
terms of performance and price development and has, by far, the highest projected
growth in demand: a glance at Fig. 4 shows
the market will expand more than threefold
between 2020–2028. At the same time,
intense downward cost pressure saw LiB
prices drop by 80 % between 2010–2020
(Fig. 5). By 2030, battery costs are expected
to fall to USD 75 per kWh or less.
Considering the above market structure,
Riedhammer must decide on how to align
in different market areas. This decision is
fairly clear, though, as its customers require:
unmatched product quality, excellent equipment performance and more extensive/indepth service and support. Consequently,
the company’s long-term survival on a

Fig. 6 Equipment example: RHK with SHS
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Fig. 4 Global LiB market for automotive applications, revenue 2020 [USD million]

(Source: Orbis Research Analysis)

Fig. 5 Annual LiB price, 2010–2020 [USD/kWh]

competitive market can only be assured by
serving the “expensive and good” or “slow
and good” areas. The third intersection is
the “low quality” market, which is out of
the question for the company.
A good reputation and outstanding references are musts for serving the abovementioned markets. The SACMI/Riedhammer Group has already built up a large pool
of satisfied customers and is continuously
striving to increase it. In addition, SACMI/
Riedhammer enjoy a very good reputation
in the industry. However, it’s vital to main-

(Source: Orbis Research Analysis)

tain this standing by ensuring high product
quality, continuous equipment development, excellent service and high levels of
sustainability.
Riedhammer/SACMI are involved in most
existing LiB manufacturing facilities, with
more than 300 production lines consisting
of (Figs. 6–7):
• Roller Hearth Kilns (RHK);
• Sagger Handling Systems (SHS);
• Rotary Kilns (RK);
• Additional upstream/downstream process
equipment and engineering.

Fig. 7 Equipment example: RK
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Fig. 8 LiB process chain

Fig. 9 Specific energy consumption in 2011 and 2021 by kiln type

2 Clean and green
When one considers the LiB market development, it’s essential to focus not just
on increased capacity. One also needs to
keep sustainability in mind. Various sources
indicate that LiB Gigafactories reject approximately 30–40 % of batteries for quality reasons. The aim is to lower rejection
rates to approximately 5 % within the first
five years of operation and put rejected
and end-of-life batteries through recycling
processes to achieve closed-loop material
flows. European governments and industry are clear that the fast-growing battery
production sector must ensure that 100 %
of produced batteries undergo recycling at
some point (Fig. 8).
As recycling processes – whether already
available or under development – always
E 30

use thermal processes at some stages of
production, kiln manufacturers have a responsibility to develop appropriate kilns
for LiB recycling. Such developments will
broaden market opportunities while helping to increase the proportion of recycled
components among the raw materials
and, ultimately, improve LiB sustainability.
Another key aspect of kiln construction
consists of all the related standards and
regulations in force. The latter may depend on the respective country or region
(e.g. CE, UL, CSA, EAC, UKRSEPRO, UKCA,
OSHA, KOSHA etc.) or the specific industry (e.g. automotive, chemical). Also, large
corporate groups have their own additional
regulations. Lastly, there is a broad array of
equipment safety standards (e.g. ATEX for

explosion-proof design, European Commission for recycling processes, toxic material
handling standards).
Of course, compliance with the applicable
regulations and standards is compulsory for
equipment suppliers. Attentive monitoring
of standards and regulations concerning
the various limit values helps kiln manufacturers prepare for future scenarios. Being
aware of the specific limits in a process –
which may be subject to stricter rules in the
near future – allows design development to
include compliance with any new standards
in advance. Using this tool easily wards off
the risk of non-compliance.
From an environmental standpoint, excellent equipment performance is crucial. Fig. 9
compares, by kiln type, specific energy consumption on the sanitaryware kilns of 2011
with that of today’s models. As the graph
indicates, it has decreased significantly over
the last decade; shuttle kilns now have the
same – or less – energy consumption as a
continuous tunnel kiln from 10 years ago.
In CAM production, average productivity on
individual production lines has, when using
RHKs, increased by over 300 % over the last
nine years.
Additionally, Riedhammer kilns offer customers more flexibility because multiple
products can be produced on the same
equipment simply by adjusting the tem
pera
ture and atmosphere profiles. More
over, high availability, low maintenance and
limited floorspace requirements enhance
kiln efficiency even further.
However, the demand for eco-friendly kiln
performance goes far beyond pure energy
consumption. The company’s customers
need to remove dust, gaseous acids, nitrocfi/Ber. DKG 99 (2022) No.2
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Fig. 10 RHK cross section, 4 saggers in width, 2 layers

gen oxides and other pollutants released
by the production process. Furthermore,
cutting-edge energy recovery systems
(which allow high output and operation
under clean conditions) can, together with
improved environmental results, generate
additional market opportunities for kiln
manufacturers with expertise in thermal
processes. Energy mapping of customers’
plants to ensure optimal use of the waste
energy produced during thermal treatment
is just one example of such eco-friendly solutions.
Of course, the heating process itself aims to
reduce the CO2-footprint as much as possible. Today many of the company’s electrically heated kilns are powered by green
energy that uses wind, solar or hydroelectric
power. Riedhammer offers hybrid heating
technologies, such as:
• Natural gas – electricity;
• Natural gas – hydrogen (H2);
• Up to pure H2.
H2 firing technology is already fully available
at Riedhammer; however, the challenge is
not so much the availability of the firing
technology as that of green H2. Current
forecasts indicate that H2 prices will drop
from 6 USD/kg to 2 USD/kg, but not until
2050, and that a potential H2 European
pipeline grid will take until 2040 to become
far-reaching. In light of these figures, kiln
and firing technology look set to remain far
ahead of green H2 availability/distribution
logistics.
cfi/Ber. DKG 99 (2022) No. 2

Fig. 11 RHK cross section, 6 saggers in width, 2 layers

3 Outlook
For kiln manufacturers and many other
companies in various fields, the maxim of
develop or die is as valid today as ever. R&D
is a must if Riedhammer is to continuously
enhance its technical solutions. It will be
necessary to use simulation technology to
confirm the basic soundness of new concepts, yet such concepts must also be ver
ified by testing and validation. To respond
to large multi-line orders, detailed designs
must be ready at the time of order inflow
as each design failure would have knock-on
effects and could lead to fatal results.
In this respect, let’s look at the development
of RHKs for CAM production over the last
decade. CAM production with RHKs began
with four saggers across the kiln width, arranged in two layers with a length of approximately 30 m (Fig. 10).
Over the years, kiln lengths gradually increased to 60 m and effective widths to six
saggers with a double layer (Fig. 11).
The sagger footprint of 330 mm by 330 mm
has remained unaltered due to manufacturing reasons and because handling systems
have been developed for this sagger size.
Even though the current standard for this
product group is a length of 60 m, Riedhammer can now offer kiln lengths of up
to 120 m; this is achieved without any technical difficulties and still allows use of the
same sagger size.
The idea of increasing load by adding further layers – as suggested by some kiln

manufacturers and users – would fail due to
limited heat treatment of the product. Heat
transfer is mainly based on convection as
processes operate at a temperature range
of up to 900 °C. The top layer of saggers
is heated by upper heaters and the bottom
layer by lower heaters without any chance
of reaching any additional mid-layer between them. Consequently, heat transfer to
the middle layer would only occur by way
of conductivity and the effect would be
extremely limited because of the specific
heat capacity of sagger and product, not to
mention the extremely low heat conductivity of the product. And the fact that roller
strength would be at its limit also makes
multi-layer, 6-sagger-wide solutions unfeas
ible. Moreover, wider kilns would be impossible because rollers of sufficient length and
strength are as yet unavailable.
Considering the RHK capacity limits, which
can only be extended with an increase in

Fig. 12 ELK (Extra-Large Kiln)
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Leading Preparation Technology
for the Ceramic Industry

The EIRICH mixer
 the only mixer capable of mixing, granulating,
kneading and dispersing
 significantly less wear than ring trough and
planetary mixers due to its system

kiln length, and market demand for significantly higher productivity per line, Riedhammer has developed the Extra-Large Kiln
(ELK) for CAM production (Fig. 12). This
new concept has been fully tested at Riedhammer/SACMI facilities on a specially built
ELK Demo plant. ELK Demo plant tests have
confirmed previous computer simulation results and demonstrated the expected good
temperature uniformity as well as high
product quality. Riedhammer has set itself
the following ELK development targets,
which have already been largely validated:
• Fourfold capacity in cross section;
• No limits on kiln length and, therefore,
capacity;
•
Temperature uniformity equal to 4 × 2
RHK and 6 × 2 RHK;
• Reduction of RHK specific energy consumption by 10 %;
• CAPEX reduction, related to RHK productivity, of 5 %;
• Space savings of 30–50 % (depending on
layout);
• Ultra-efficient cooling system;
•
Significantly lower service and maint
enance requirements.
In terms of future applications for the Riedhammer kiln technology, the company will
undoubtedly continue to focus on new
CAMs and AAMs. Fuel cell production is
currently making the step from small-medium capacity to mass production and will
require a switch from batch to continuous
firing technologies, plus development of the
relative handling systems.
Several space programs already use com
pon
ents produced in Riedhammer kilns;
many such programs are developing and
growing rapidly. Nanopowders will be
needed to meet the demands of new applications and opportunities.
The chip and electronic component sector will also grow further in terms of both
capacity and variety, not just because of
current market shortages but also because
these components are essential to new
technologies. Indeed, in all the mentioned
fields, heat treatment technology plays a
crucial, central role in the production process.

 therefore, the worldwide standard in the
ceramics industry for decades

eirich.com
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Initial R-Curve Behaviour of SiAlON Ceramics
K. G. Schell, M. Riva, S. Fünfschilling, M. J. Hoffmann, T. Fett

Many ceramics of interest for load-bearing applications exhibit the effect of an increasing crack growth

resistance, KR, during crack extension, ∆a, that is closely related to its microstructure. For a rising R-curve
with KR=f(∆a), after exceeding the so-called crack-tip toughness, KI0, stable crack extension occurs initially under increasing load until eventually a final critical fracture event occurs. Especially bridging effects
behind the propagating crack are responsible for this behaviour, which is known for silicon nitride-based
ceramics. In this paper, R-curves KIR(∆a), including crack tip toughness KI0, were determined for three different neodymia-based α/β-SiAlON ceramics. Strongly rising crack-growth resistances were found in all
cases with plateau values of 4,8–6 MPa√m. The evaluation of crack opening measurements on Vickers
indentation cracks provided starting values of the R-curves of about 1,4 up to 1,6 MPa√m respectively, depending slightly on the composition. As an example for the importance of the initial part of the
R-curves, the effect on strength predictions is discussed.

1 Introduction
Fracture in most ceramic starts from natural
cracks with sizes a0 in the order of a few
10 μm introduced during the processing
of these materials. A crack in a component
starts to propagate when the externally applied stress intensity factor Kappl exceeds the
so-called crack-tip toughness KI0. Therefore,
the value KI0 is of high importance for the
assessment of crack-containing ceramic
components against the onset of stable
crack propagation.
Many ceramic materials exhibit the effect
of an increasing crack growth resistance
during crack extension ∆a, i.e. a rising Rcurve with KR = f(∆a) starting at KI0 and
often tending to a saturation value of KR,max.
In the present study SiAlON ceramics are
addressed which are important materials
for applications under high mechanical
and thermal stress such as cutting tools or
engine components [1, 2]. These solid solutions offer a wide variety of microstructures
and properties depending on composition
and sintering parameters [3].
SiAlON ceramics can be derived from both
α- and β-silicon nitride modifications by
substituting silicon by aluminium and nitro
gen by oxygen. The possibility to stabilise
two crystal structures offers the opportunity
cfi/Ber. DKG 99 (2022) No. 2

to design materials ranging from pure α-,
mixed α/β-, up to pure β-SiAlON.
In general, α-SiAlONs are in the form of
equiaxed grains with high hardness and
good wear resistance but low fracture
toughness, whereas β-SiAlON crystals
grow more needle-like and thus enable
crack wake mechanisms leading to a higher
fracture toughness as known from silicon
nitride ceramics [4]. To combine the advantages of both crystal structures, α/β-SiAlON
composites have been developed over the
past years by different mechanisms including the choice of starting powders, sintering
parameters and amount of additives [5–7].
To the knowledge of the authors, there is a
lack in trustworthy KI0 data for this class of
ceramics. In principle, KI0 can be obtained
from the initial part of the R-curve. Unfortunately, also R-curves describing stable crack
extension behaviour of SiAlON ceramics are
very seldom in literature.
In a paper by Zenotchkine et al. [8], R-curves
for several SiAlON ceramics are reported.
These measurements were carried out with
starter notches of about 25 µm notch root
width, by using the stress intensity factor solution for a long crack. As shown in
[9], the application of the long-crack solution for a short crack emanating from a

finite notch must result in too high stress
intensity factors for short crack extensions
and, consequently, in a too high KI0. An
independent method to measure KI0 is the
evaluation of crack-opening displacements
(COD) δ very close to the crack tip where
KI0 ∝ δ. This procedure was applied to alumina [10, 11] and silicon nitrides [12–14].
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Fig. 1 Investigated compositions in the system Nd–Si–Al–O–N and corresponding α/β-ratio of the manufactured samples. Compared to
the material with ms = 0,5, ns = 1,0 and excess of 10 % Nd2O3, samples with 60 % excess show a higher amount of glassy phase

Here, the authors report small-extension
R-curves for three different neodymiabased α/β-SiAlON ceramics, their variation
with composition, and the importance on
strength predictions.

2 Experiments and results

2.1 Materials investigated
In the present work, Nd2O3 was used as
sintering additive in the starting powder
mixtures for the fabrication of three variants of mixed α/β-SiAlONs [6]. The starting powders Si3N4 (UBE, SN-E10), AlN (H.
C. Starck, grade C), Al2O3 (Alcoa, CTC 20),
Nd2O3 (Alfa Aesar, neodymium (III) Oxide
REacton) were attrition-milled for 4 h with
silicon nitride milling balls in isopropanol.
The slurry was subsequently dried in a rotatory evaporator and finally sieved.
Consolidation of the powder mixture into
rectangular plates has been obtained by
uniaxial pressing in a steel matrix and

subsequent cold isostatic pressing at
400 MPa pressure. Sintering was performed in nitrogen atmosphere in a BNcrucible using a hot isostatic press with
a graphite resistance heater. The powder compacts were heated at a rate of
10 K/min to the maximum sintering temperature of 1830 °C. During this heat-up
phase, the pressure was kept below 1 MPa.
After reaching the maximum temperature,
the pressure was held at 1 MPa for 15 min
and then increased to 10 MPa for another
45 min.
The compositions investigated were calculated according to the general α-SiAlON
formula [15]

where M stands for Nd) with the coefficients ms = 0,5, ns = 1,0 and ms = ns = 1,0
(subscript s for SiAlON) respectively (Fig. 1).
To improve densification 10 % excess of

the sintering additive Nd2O3 related to the
stoichiometric composition were added. A
further composition with ms = 0,5, ns = 1,0
was densified with 60 % excess of additive
in order to obtain a SiAlON with a higher
amount of glassy phase. The so obtained
plates exhibit a relative density of 99,4–
99,8 % of theoretical density measured according Archimedes’ principle.
SEM micrographs of the three SiAlON compositions (Fig. 2 a–c) show a microstructure
with a bright phase with an equiaxed grain
morphology that corresponds to α-SiAlON
and dark grains with elongated morphology
corresponding to β-SiAlON. The small bright
spots are rich in neodymium and represent
the small fraction of amorphous grain
boundary phase located at triple junctions
being higher in the composition with 60 %
excess Nd2O3 (Fig. 2 b). The amount of
glassy phase averaged out 3 % in this case
compared to 0,5 % of the composition with
10 % excess of sintering additive. No other

Fig. 2 a–c SEM-micrographs of α/β-SiAlON with ms = 0,5, ns = 1,0 and 10 % excess of Nd2O3 (a); α/β-SiAlON with ms = 0,5, ns = 1,0 and
60 % excess of Nd2O3 (b); and α-rich-SiAlON with ms = 0,5, ns = 1,0 and 10 % excess of Nd2O3 (c)
E 34
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Fig. 3 a–b Load vs. displacement curve for a SiAlON (a), and R-curves (b); colours for α/β-SiAlON: blue 55/45, black 55/45 + glass, red 90/10

crystalline phase could be detected by XRD
after sintering. X-ray diffraction analysis of
the samples show an α/β-ratio of 55/45
and 90/10, respectively (Fig. 1).
Specimens for 4-point-bending tests were
machined from dense plates according to
the European Standard EN 843-1:1995
with the final dimensions of 3 mm × 4 mm
× 48 mm.

2.2 R-curve evaluation
Whereas subcritical crack growth properties
of the produced ceramics were discussed in
[16], here their R-curves are addressed. For
the SiAlONs the same tests and evaluation
procedures were used as outlined in [9] for
hot-pressed silicon nitrides. For the evalu
ation of KR = f(∆a), the actual crack length,
a, has to be determined. Two possibilities
are widely used for this purpose:
The optical method is applicable in all cases
where the crack propagation test starts
from a pre-existing crack and can be detected at the side surfaces. In most investigations, however, slender starter notches are
used. At the beginning of a test, such notches exhibit no observable cracks at the side
surfaces although the compliance clearly
indicates crack extension inside. This calls
cfi/Ber. DKG 99 (2022) No. 2

for application of the compliance method
at least at the beginning of a test (∆a = 0).
The effective initial crack size,
, emanating from the notch root can be estimated by
comparing the intrinsic crack tip toughness,
KI0, with the stress intensity factor computed with A = 2,243 for the load σ0 at first
crack extension [9]


(eq. 1)
KI0 has been obtained independently from
the near-tip crack opening displacement
field as will be outlined in Section 2.3.
Fig. 3 a shows a part of the load-displacement curve near the load maximum. The
initial crack size for the R-curve evaluation
was obtained using an initial stress intensity factor of KI0 = 1,5 MPa√m (Tab. 1). The
actual crack length was than determined via
compliance measurements ∆C for slender
notched bending bars for which the necessary equations are presented in fracture mechanic handbooks, e.g. [17]. The individually
measured notch root radii were in the range
of 5–10 µm.
The resulting R-curves given in Fig. 3 b
show similar behaviour as the results obtained for the silicon nitrides. Already after a

Tab. 1 Evaluation of crack-tip toughness for the
investigated materials; data in brackets 90 %
confidence intervals (CI)
SiAlON with α/β

KI0 [MPa√m]

90 % CI

55/45

1,56

[1,50; 1,63]

55/45 + glass

1,33

[1,28; 1,39]

90/10

1,58

[1.50; 1,66]

All data combined

1,51

[1,47; 1,55]

crack-length extension of abut ∆a = 10 µm,
the R-curve has nearly reached saturation.

2.3 Crack-tip toughness from
COD measurements on Vickers
indentation cracks
The determination of accurate KI0 values
from an extrapolation of the measured Rcurves in Fig. 3 b to ∆a = 0 is hardly possible, since the range of ∆a in which KR rises
from KI0 to the saturation value is very short.
An independent method to measure KI0 is
the evaluation of Crack-Opening Displacements (COD).
For the determination of the starting point
of the R-curve, KI0, Vickers indentation tests
were performed on polished surfaces with
E 35
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Fig. 4 SEM-micrograph of the crack tip in α/β-SiAlON 55/45
Tab. 2 Plateau values of the R-curves, KR,max, and fracture toughness
for long cracks KIc, C is the shape parameter of the R-curve
as defined in eq. 6
SiAlON with α/β

KR,max [MPa√m]

KIc [MPa√m]

C [1/√m]

55/45

5,7

5,54 ± 0,12

1520

55/45 + glass

6,0

5,93 ± 0,04

1300

90/10

4,9

5,22 ± 0,03

1600

Tab. 3 Apparent and true strength for different initial crack depths for
SiAlON composition 90/10
a0

σc(1)

σc

σC/σC(1)

∆a [µm]

Kc
[MPa√m]

5

1676 MPa

1114 MPa

0,66

3,07

4,10

10

1185 MPa

887 MPa

0,75

4,3

4,34

20

838 MPa

686 MPa

0,82

5,85

4,51

an indentation load of 98,8 N with a dwelling time of 15 s. Before the indentation
tests the surfaces were polished up to 1 µm
diamond slurry.
Fig. 4 shows a SEM image of a Vickers indentation crack in the α/β-SiAlON 55/45 very
close to the tip. The crack opening displacement δy were measured as a function of the
distance x from the tips for several cracks.
Results are plotted in Fig. 5 as the Crack
Opening Displacement (COD) δy versus the theoretical COD, δcalc, calculated
for an applied stress intensity factor of
K = 1 MPa√m according to [18]. The slope
of the near-tip straight-line gives the cracktip stress intensity factor KI0. This line is for
x → 0 represented by the Irwin parabola

 (eq. 2)
The region of evaluated data was up to
x ≈ 7 µm from the tip. The deviations from
the initial straight-line behaviour reflect the
influence of the higher-order terms in eq. 2.
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Fig. 5 Crack-opening 2δy from Vickers indentations for the
SiAlON-ceramics: measured displacements plotted vs. the
displacements calculated for K =1 MPa√m (δcalc), according to [18]
(evaluation of the solid straight line)

The individual results for the three materials
are compiled in Tab. 1 with an average of
KI0 = 1,5MPa√m obtained by the common
evaluation of all data points. The crack-tip
toughness for the SiAlONs is below that of
the Si3N4 [18].

3 Discussion
Crack-tip toughness KI0 determined by
measurement of crack opening displacement for cracks generated by Vickers indentation tests for three neodymia doped
SiAlON ceramics. The results of the KRplateau values, KR,max and fracture toughness KIc from measurements via single edge
V-notched beam specimen are compiled
in Tab. 2. These data show that the grain
morphology has no considerable influence
on the crack tip toughness and the initial
R-curve.
Although the KIc-results correspond to
rather large cracks in the range of about
1–2 mm, not necessarily characterising
strength of small “natural” cracks with

depths in the order of a0 ≈ 520 µm, they are
in good agreement with the plateau v alues
for KR (∆a) already reached after about
∆a = 10 µm. The red dash-dotted lines indicate an “apparent crack resistance” for
material composition 90/10 with KR = KR,max
≅ KIc = 4,9 MPa√m.
Strength σc is reached when the applied
stress intensity factor Kappl, given by


(eq. 3)
(a = crack depth, σappl = applied stress)
equals a critical value Kc that is generally
lower than fracture toughness KIc.
Strength predictions ignoring the initial Rcurve behaviour are often made by use of
the saturation value KIR,max exclusively via


(eq. 4)
where the geometric factor F stands for
the half-penny-shaped surface crack. This
apparent strength is given by the applied
cfi/Ber. DKG 99 (2022) No. 2

PROCESS ENGINEERING

Fig. 6 Critical toughness for small cracks of 10–20 µm derived from tangent c ondition
between applied stress intensity and crack resistance curve

Fig. 7 Weibull representation of the inert strength
for the SiAlONs 55/45, 55/45 + glass and 90/10,
respectively

PROCESS ENGINEERING
stress that leads to the dash-dotted black
curve in Fig. 6. For an initial crack depth of
a0 = 10 µm it results from eq. 4
(*)
For determining the true strength, the tangent condition between applied stress intensity factor, Kappl, and R-curve has to be
evaluated by solving the equations



(eq. 5 a)


(eq. 5 b)
simultaneously. In order to allow a numer
ical solution, it is recommended to use an
analytical description of the R-curve. For
this purpose a theoretically based relation
is suggested in [18]


(eq. 6)
and results from near-tip bridging stresses
and near-tip weight function application.
The R-curve for composition 90/10 in Fig. 6
is represented by C = 1600/√m.
For the solution of eq. 5 a and eq. 5 b,
the authors used the Mathematica Routine FindRoot [19] with the result of
σc = 887 MPa and ∆a = 4,3 µm. These
data are indicated in Fig. 6 by the circle.
Compared with the apparent strength, the
true strength is only 3/4th of the usually determined apparent strength.
By introducing ∆a in eq. 3 or eq. 5 a, the
critical stress intensity factor follows as
Kc = 4,34 MPa√m that is about 90 % of
KR,max, i.e. 90 % of the fracture toughness
KIc for macroscopic cracks. Tab. 3 compiles
some strength data for differently depth
cracks.
Fig. 7 shows 4-point bending strength results for the 3 compositions in Weibull representation. From the median strength of
σc = 920 MPa for the 90/10 composition
indicated by the dash-dotted arrow, the
median value of the initial crack depth can
be computed inversely. It results: a0 = 9 µm,
∆a = 4,09 µm and Kc = 4,31 MPa√m.
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4 Summary
In this study, the R-curve behaviour of
three SiAlON-compositions was investigated. For a sufficient characterisation of
crack-growth resistance KIR(∆a), the authors determined the initial stress intensity factor, the so-called crack-tip toughness KI0 by COD-measurements on Vickers
indentation cracks, identifying values of
about KI0 ≈ 1,5 MPa√m. By evaluation of
load-displacement measurements, the Rcurves were determined via the compliance
method. All R-curves showed very rapid increase and reached saturation already after
10 µm crack extension comparable to sil
icon nitrides.
Finally, the R-curves were discussed with
respect to strength. First, they were fitted by
a theoretically based equation, the strength
of half-penny shaped surface cracks computed from the tangent condition between
the applied stress intensity factor and the
R-curve, and then compared with measured
bending strengths.
It could be shown that conventional
strength predictions via fracture toughness
KIc are non-conservative.
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Strategies for the Development of Environmental Barrier
Coatings for High-Temperature Applications
A. Nöth, J. Maier, J. Vogt, F. Raether

Ceramic coatings provide an excellent protection of components, which are applied in harsh environments.
They can withstand high temperatures and corrosive media and form an excellent barrier against reactive
molecules and heat. Due to complex requirements, multiphase and multilayer coating systems are developed. A systematic approach for material selection as well as microstructure-, layer- and process design is
required to achieve optimum performance of the coatings. This approach is outlined in the present paper. It
is demonstrated in the development of an environmental barrier coating system.

Introduction
During the past 50 years, gas turbines were
the most important driver for the development of high-performance coatings. Since
their efficiency increases with operating
temperature, sophisticated metallic mater
ials (e.g. nickel-based super-alloys) and
Thermal Barrier Coatings (TBC) were developed since the 1990ies – allowing gas temperatures significantly higher than 1000 °C.
In the last decade, operating temperatures
could be further increased by substituting
metallic parts by Ceramic Matrix Composites (CMC) in the hottest parts of gas turbines [1]. CMC are ceramic materials with
a reinforcement component, typically a cer
amic fibre, which can be used at high thermal and mechanical loads [2]. Thereupon,
the performance of the protective coatings
had to be further improved by the development of systems providing a diffusion barrier against hot gas corrosion [3, 4]. These
so called Environmental Barrier Coatings
(EBC) have to be carefully adapted to the
substrate material, which can be a metal, a
monolithic ceramic or a CMC. Besides stationary and aircraft gas turbines, a multitude
of applications for EBC exist, e.g. in thermal
and chemical processing and concentrated
solar power technologies [2, 5–7].
Since there is not a single coating mater
ial that can fulfil all the requirements, EBC
systems are typically layered composites
comprising at least a bond coat and a top
cfi/Ber. DKG 99 (2022) No. 2

coat. Current EBC systems for CMC comprise a silicon bond coat, a mullite-based
intermediate layer and a rare earth silicate
as top coat. For more details on the various EBC systems, the reader is referred to
some excellent review papers [8–10]. There
are five key requirements the EBC must fulfil
to increase the lifetime of high-temperature
components:
(1) Control of thermal stresses
If the difference in coefficients of thermal
expansion (CTE) between the different EBC
layers and the substrate is too large, high
stress levels arise in the CMC under thermal
cycling [11, 12]. This can lead to cracking
or delamination of the EBC system. There is
an important aspect that is often not considered: the stress states in the EBC are of
dynamic nature [13], if temperature gradients occur during fast temperature changes.
These temperature gradients are controlled
by the heat transfer properties of coatings
and substrate and the design of the cooling
system.
(2) Phase stability of EBC materials
Phase transformations are in most cases associated with volume and shape changes of
the material. This leads to the generation of
stresses and can cause cracks, delamination
or pore formation [14]. Thus, EBC materials
should exhibit no phase transformations up
to the application temperature.
(3) Chemical compatibility between
EBC layers and substrate

There should be no “negative interactions”
between the different EBC layers or the substrate material [9]. Examples for “negative
interactions” are chemical reactions that
lead to the formation of gases, pores, melts
or the appearance of phases prone to corrosion. If this happens, there is a risk of failure
of the EBC system. Moreover, the chemical
compatibility is also an important factor to
achieve good adhesion between the different EBC layers and the substrate.
(4) Environmental durability
The different EBC materials need to show
high durability under use conditions. In
most cases, high durability means a high resistance to corrosion and in some cases also
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Fig. 1 Stages during EBC development including
feedback loops and systematic tools

abrasion and erosion. The specific requirements depend a lot on the use case. In aeroengines for example, the harsh conditions
are primarily due to the combination of high
temperature, high gas velocity, steam envir
onment and the ingestion of dust particles
during flight triggering the occurrence of
debris and highly corrosive melts [8, 9, 13,
15, 16].
(5) Thermal protection
In many cases, EBC layers also provide a
thermal barrier between environment and
substrate, meaning they are simultaneously
EBC and TBC systems. The latter requires
a low through plane thermal conductivity.
However, there is a trade-off between small
temperature gradients during thermal cyc
ling, required for stress control (compare
item 1), on the one hand and small thermal
conductivity, required for thermal protection
of the substrate, on the other hand. If low
emissivity coatings are used as a top layer in
an EBC/TBC system, both the temperature
gradient and the heat flow are reduced and
the conflict is mitigated.
In this paper, the authors describe strat
egies and tools used at Fraunhofer-Centre
HTL to develop EBC systems efficiently. The
paper starts with theoretical considerations
to identify potential EBC materials that fulfil
the above-mentioned requirements followed by an experimental material screening. Then a slurry-based coating technology
and the development of a specific EBC system for SiC-based ceramics are described.
E 40

Fig. 2 Tensile stresses in the top coat of a 40 mm thick section of a SiC
ceramic coated with a mullite bond coat (thickness: 0,24 mm) and a
Y2O3–SiO2–Al2O3 top coat (thickness: 0,1 mm) during fast cooling (100 K/s).
Maximum stresses occur after 9 s, the temperature distribution is shown
as an insert

Moreover, the possibilities offered by in
novative characterisation methods for the
testing of EBC systems are illustrated.

Strategies and tools for
EBC development
As outlined in the previous section, EBC
systems often consist of several layers, and
the individual layers contain several solid
phases and pores or cracks. A careful material design is required to reduce the experimental effort in coating development.
The principal steps are shown in Fig. 1.
First, a selection of appropriate materials is
required to ensure thermodynamic stability
and mutual compatibility. Thermodynamic
databases and CALPHAD methods provide
valuable information on the respective
phase diagrams and possible reactions [17].
However, data is often missing for rare cer
amic phases. Methods are developed to fill
this gap by training Artificial Intelligence
(AI) algorithms by correlating other easily
available material data with existing thermodynamic data [18].
Other important properties of the selected
phases are the coefficient of thermal expansion, the elastic moduli (especially the inplane Young’s modulus) and the throughplane thermal conductivity. These data can
often be extracted from material databases
[19]. Otherwise, they have to be measured
at operating temperatures [20]. Material indices are used to define selection criteria if
conflicting attributes occur [21].

The material properties of individual layers
are calculated from the properties and the
arrangement of the contributing phases by
microstructure-property simulations. Using appropriate structure generators and
Finite Element (FE) methods, a high precision is already obtained by these methods
[22]. Moreover, methods for a top-down
design of microstructures for preset properties have recently been developed [23]. So,
the overall material properties of individual
layers are predicted without the need of
their synthesis in the lab.
Next, the coating system and the substrate
are simulated in a FE model. Thermal loads
are applied, according to the operating requirements, and the resulting stresses are
calculated. If these stresses are unaccept
able, other microstructures and compos
itions are considered, until a promising
system has been identified. Fig. 2 shows as
an example the calculated thermal stresses
in the bi-layer EBC described in the next
section.
Last but not least, processing of the coating system has to be designed. At this stage,
cost issues are also considered.
The state-of-the-art deposition technology
for EBC coatings is Atmospheric Plasma
Spraying (APS). With APS, the feedstock material is injected through a plasma at high
velocity, where it is (partially) molten to
form droplets of micrometer size. The droplets are sprayed on the substrate, where
they solidify on the surface. With APS, a
cfi/Ber. DKG 99 (2022) No. 2
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large variety of different material types
can be deposited with a high deposition
rate. However, coatings are often porous
or cracked, can contain residual amorphous
material and control of the microstructure
of the coatings is limited. APS is a line-ofsight method with large overspray and
difficulties to coat complex-shaped parts.
Moreover, the equipment and its operation
are rather expensive.
As an alternative to APS, the authors developed a slurry-based deposition technique for EBC. The slurries can be applied
to the substrates by spraying, brushing or
dipping, which also enables the coating
of complexed-shaped parts (Fig. 3). At this
stage, the coatings can be machined by
simple tools, if necessary. After deposition,
the coatings are sintered in a furnace to
densify and to form a strong bonding to the
substrate. The slurries can be designed to
achieve a high-packing density of the coatings without cracks. Thicknesses of up to
200 µm are possible in a single coating step.
The slurry deposition technology also offers
a large flexibility in the design and control
of the microstructure of the coatings. This
includes grain size and shape as well as the
pore structure, if needed. Multiphase-composite coatings can be designed to tune the
properties of the coatings. Moreover, the
technology is rather simple, it is easy to
implement, cost-efficient in operation and
needs only low investments. During process

Fig. 3 Example of the slurry-based deposition technique based on spraying

development, Design of Experiments (DOE)
is very helpful to reduce the experimental
effort. In the next section, the development
process is illustrated by means of an EBC
system for high temperature use of SiC cer
amics.

Development of a bi-layer EBC
for SiC ceramics
Based on the preview steps, a quick screening of promising materials was done. Bulk
samples of these materials were prepared in

form of cylinders with a diameter of 10 mm.
The samples were then exposed for some
100 h to the flue gas atmosphere of a gasfired furnace at temperatures of 1400 °C.
Thereafter, the samples have been assessed
in terms of dimensional stability, void formation, change of mass and appearance
and their interaction with the substrate material. Based on this material screening, the
authors selected 3Al2O3·2SiO2 (mullite) and
Y2Si2O7 (yttrium disilicate) for further development (see below).

Fig. 4 Light microscope image of the cross-section of mullite/YAS EBC: cross section
(left), mullite-SSiC-interface (right, bottom) and YAS-mullite-interface (right, top)

cfi/Ber. DKG 99 (2022) No. 2
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Fig. 5 SEM image of the YAS top coat on a mullite coated SSiC substrate: cross section (left) and top view (right)

Depending on the specific material system,
densification by sintering sometimes needs
quite high temperatures. In case of coatings,
this is a problem if the sintering temperature exceeds the temperature limit of the
substrate. On the other hand, low-sintering
materials often show insufficient thermal
stability for the use as EBC.
Considering these aspects, different strat
egies are feasible: sintering temperature
can be decreased by using smaller particles
or sintering additives. Liquid phase sintering
or melt infiltration processes can be used as
well to decrease sintering temperature. Yet,
the authors followed another more promising approach to develop a well densified
and thermally stable top coat keeping the
processing temperature below a tolerable
threshold. This approach is based on a sys-

tem which is easily densified in the amorph
ous state by a viscous sintering mechanism
and then crystallized to form stable crystalline phases.
As material system, Y2O3–SiO2–Al2O3 (YAS)
was identified fulfilling the requirements
for the top coat of the EBC system as described above. Based on the identified compositions, a glass frit from mixed powders
was prepared. After milling of the glass
frit, a slurry was formulated for the coating process. The applied coatings were heat
treated using a cycle with two steps. First,
at 1050 °C the coatings were densified to
more than 95 % by viscous sintering. After
densification at 1050 °C, the temperature
was increased to a maximum of 1390 °C
to crystallise the coating (step 2). Crystallisation resulted in the formation of a phase

mixture of Y2Si2O7, Al2O3 and 3Al2O3·2SiO2
as verified by X-ray diffraction. Due to its
favourable properties, the authors selected mullite as an interesting candidate
for the bond coat of the present EBC
system.
Drawbacks of mullite as discussed in the
literature [9, 24, 25] were considered and
systematically mitigated by material and
processing design, e.g., post-crystallisation
effects of mullite were avoided by using
well-crystallised mullite powders and sintering the coating after slurry deposition.
Fig. 4 shows a cross-section of the mullite/
YAS–EBC on an SSiC substrate. The coatings
were crack-free and good adhesion was observed between the substrate and between
the different layers.
Fig. 5 shows SEM images of the YAS top
coat applied on SSiC substrate with mullite
bond coat. The YAS top coat exhibited good
densification without larger pores or voids.
Small pores could be detected. These pores
were mainly closed. The YAS layer consisted
of a phase mixture of Y2Si2O7, Al2O3 and
3Al2O3·2SiO2, which were finely dispersed.

Testing of EBC systems

Fig. 6 Specific weight change of a mullite/YAS coated SSiC sample in comparison to an
uncoated SSiC reference sample in a hot gas corrosion test. The samples were tested at
1200 °C with a gas velocity of 100 m/s
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The mullite/YAS EBC system described
in the previous section was selected for
application-relevant tests for its use in
aero-engines. For that, it was applied on an
SSiC substrate. The thermal cycling stability
was studied in a Furnace Cycle Test (FCT)
at MTU Aero Engines. The sample was cycled 500 times between room temperature
and 1135 °C. The EBC system successfully
passed these tests. No cracks or spallation
of the coating was detected. A mass change
of only +0,03 % was observed.
cfi/Ber. DKG 99 (2022) No. 2
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Moreover, the stability of the EBC system
in hot gas environment was studied in
a test rig at Fraunhofer IKTS. A temperature of 1200 °C with a partial pressure of
water v apour of 0,15 respectively 0,08 atm
were selected as test conditions. After an
exposure of 200 h, the sample protected
by the EBC showed a mass gain of only
0,006 mass-% compared to 0,36 mass‑%
in case of an uncoated SSiC reference
sample (Fig. 6).
With X-ray diffraction studies, it was confirmed that no change in phase composition
of the YAS top coat occured. The coated
samples adhered well on the substrates
without spallation or visible cracks. Therefore, it was concluded that the EBC system
also passed the hot gas test successfully.
Other thermomechanical properties of
EBC systems can be measured with a
special thermooptical measuring furnace
recently developed at Fraunhofer-Center
HTL: TOM_wave (Fig. 7). TOM_wave combines a furnace with a 600 W CO2 laser.
The furnace is used to heat the sample to
a base temperature (Tmax is 1750 °C) in a
controlled atmosphere, while the CO2 laser
is used for additional short-term heating of
the sample.
With this principle, samples can be thermally cycled between two threshold temperatures while detecting the response of
the sample in situ with various sensors.
Microphones are used to detect cracking or
spallation of the samples in situ [26]. Heat
transfer properties are measured using the
same device as well as fast and sensitive
pyrometers for temperature measurement.
By a modified laser flash technique and an
inverse fitting method, through-plane thermal conductivity and hemispherical emissivity are obtained [27].
Another useful device for EBC development
is under construction at Fraunhofer-Center
HTL: TOM_chem. Materials can be characterised up to 1450 °C in variable, controlled
atmospheres while injecting particles or vapours into the gas stream. In TOM_chem,
material behaviour is studied in situ by
measuring the weight change and monitoring the exhaust gas composition [28]. This
provides the unique possibility to setup specific and application-relevant test conditions
in a flexible way. One example includes the
simulation of the corrosive environment
in aero-engines due to melt formation
cfi/Ber. DKG 99 (2022) No. 2

Fig. 7 Thermooptical Measuring Device TOM_wave for the high-temperature
characterisation of thermomechanical properties

of ingested sand, volcanic ash and other
debris.

Conclusions and outlook
Fraunhofer-Center HTL uses its expertise in
material and process design for developing
cost-effective, yet high-performance coatings. A close interaction of experimental
and computational tools has been utilised,
which was named Integrated Computational Ceramic Engineering (ICCE) [29] –
according to the Integrated Computational
Materials Engineering, which is well known
in the development of metals [30]. Within a
large project called DiMaWert, an efficient
development chain for ceramic materials
is currently established. It is based on a
mixture of experimental and digital tools,
where the increasing performance of AI
methods is considered [31]. A decrease of
more than 50 % of development cost and
time can be achieved using these tools.
With EBC systems, the bi-layer coating
presented in the previous section has demonstrated the capacity of a well-aimed development process for ceramic coatings. The
developed EBC system successfully passed
tests under application-relevant conditions
for its use in aero-engines.
Due to the objective to decarbonise econ
omy, future combustion processes will
most likely be fueled by hydrogen instead

of hydrocarbons as used today. In many
applications, this increases the material
requirements, e.g., temperature capability
and corrosion resistance.
An example are future aircraft turbines,
where current state-of-the-art EBC systems with Si bond need to be replaced by
Si-free coatings [32]. To address this issue,
Fraunhofer-Center HTL developed a Si-free,
composite bond coat in the material system
ZrO2–TiO2 [33]. Good adhesion was demonstrated on SiC and SiC/SiC-CMC materials,
and further developments on compatible
top coats for various applications, amongst
others special low-e coatings, are under way.
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ceramitec conference: New Horizons for
Additive Manufacturing of Ceramics and
Applications of Technical Ceramics Components
The conference and exhibition took place at Munich’s Trade Fair Center on 15–16 September 2021. It
was the first physical event in Europe for the ceramic community during the pandemic crisis. The conference connected about 300 delegates and 31 exhibitors from 18 countries and intended to build a
bridge to the ceramitec trade fair from 21–24 June 2022. In the conference track Forum 1, organized
by CERAMIC APPLICATIONS, experts highlighted in their presentations new materials and technologies
for parts production using Additive Manufacturing (AM) technologies as well as various applications of
technical ceramic components.
The conference track Forum 1, organized by
CERAMIC APPLICATIONS, was opened by
the keynote paper hold by Dr Tassilo Moritz
(Fraunhofer IKTS/DE) who introduced the
Scene Additive of the German Ceramic Society: Scene Additive – Together to a
Productive Level of Ceramic AM.
The Scene Additive in the DKG (German
Ceramic Society) has been founded as an
open platform and sees itself as a service,
technical, and lobbying point for the AM
of ceramics. The contribution took a look
back at the activities of the scene in the
past. However, times are changing and
the technology hype of AM is already behind us. Now, we are faced with the slope
of enlightenment for reaching the level of
productivity in this technological area. The
Scene would like to tackle these new challenges and offers those who are interested
in and using AM a platform for exchanging
experiences, further technological development and better representation of the interests of its members.
After intensive discussion of the board
members with industry representatives of
companies which are already using AM for
ceramic components production or which
are on the jump to do so, the Scene Additive
intents to transform into the structure of a
committed association offering its members
unity for solution of upcoming technical
tasks. The contribution acted as initiator for
a subsequent discussion about the contents
of future work, about the frame of collabocfi/Ber. DKG 99 (2022) No. 2

Fig. 1 Dr Tassilo Moritz

ration, and about the goals to be defined
for the very next steps.

New materials / additives for
enhanced performance of
AM-Technologies
Sascha Galic (J. Rettenmaier & Söhne/DE)
made a presentation on Plant-Based
Hydrocolloids and Biopolymers – BioBased Solutions for Ceramic AM?
Aqueous systems of this cellulose ether can
increase the viscosity and form gels upon
heating. A special property is the reversibility of this thermal gelation. HPMC (Hydroxypropyl Methylcellulose) is mainly defined by

the Degree of Substitutions (DS) and the
viscosity. Thereby thickening of mixtures can
be regulated and different gelling points
can be achieved. Natural hydrocolloids are
extracted from brown algae. They differ in
their capacity to react with calcium ions
and other di- or trivalent ions. By this reaction, the rheology changes and the state of
aggregation changes from liquid to solid.
Therefore, water insoluble, temperature stable gels and films can be produced.
MCG (Microcrystalline Cellulose Gel) is a
gel forming agent which is co-processed
from MCC and a water-soluble thickener
such as e. g. CMC or xanthan. The thickE 45
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Fig. 2 Elisabeth To

ener in combination with the MCC ensures
an easy dispersibility and prevents the reaggregation of the MCC particles in water.
To activate the MCG and form a gel, high
shear mixing is necessary. After activation in
water, MCG forms a 3D-elastic gel-network
of insoluble cellulose fibrils. Pectin is a versatile biopolymer which is found in the cell
walls of fruits, especially citrus fruits and
apples. Pectins are complex polysaccharides
that chemically consists of partial methyl esters of polygalacturonic acid and their salts
(sodium, potassium, calcium and ammonia).
Elisabeth To (Nanoe/FR) talked about Ceramics and Metal AM by FFF Process
and Use-Cases. Due to the price of molds
and the constraints of casting, technical ceramic parts are costly and complicated to
produce by regular processes, in particular
for small series or on demand parts. Com-

panies and labs have to make compromises
between the choice of the material and the
price, sometimes giving up ceramic for a less
suitable but more affordable material. Zetamix filaments enable companies to solve
these issues and to produce parts in the
most suitable material for the application.
Zetamix range offers 3 ceramic filaments –
alumina, zirconia, and black zirconia – and
two metal filaments – H13 steel and 316L
stainless steel. They are all compatible with
almost every FFF printers, and make it possible to cut down investment cost of ceramic
and metal 3D-printing implementation.
Inspired by ceramic powder injection process, the Zetamix manufacturing process
consists of three stages: printing, debinding and sintering. With a density of over
99 %, the finished product benefits the
same properties as its counterparts made
with traditional methods.This technology is
used in a wide range of fields: aerospace,
foundry, luxury industry, automotive but
also labs and research centers. Possibilities
of applications are endless: Zetamix range
is relevant to produce on demand parts,
complex parts, prototypes but also tools.
From the production of aeronautic probes
to sample holder, Zetamix filaments solve
many production issues.

New technologies for the
manufacture of AM parts
3D Printing of Ceramic Structures via
Material Jetting was the topic of Alexander Cremer (Rauschert Heindersdorf-Press-

Fig. 3 Marc Ferrato (MERSEN Boostec), Richard Gaignon (3DCERAM Sinto) and
Karin Scharrer (CERAMIC APPLICATIONS) (f.l.t.r.)
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ing GmbH/DE). Since licensing the patented
AM process direct inkjet printing in 2020,
Rauschert Heinersdorf-Pressig GmbH pushes its development towards industrialization. Direct inkjet printing is a material jetting process that is characterized by a direct
deposition of aqueous ceramic suspensions
onto a substrate via inkjet printheads. After
deposition, each printed layer is dried in a
controlled manner, resulting in high packing densities of the submicron particles.
This leads to sintered parts with theoretical
densities of up to 99,9 %. Furthermore, by
simply using multiple printheads simultaneously, the drop-wise deposition of material allows for an easy manufacturing of
multi-material parts with a high freedom
of design analogous to colour transitions in
graphic printing.
Richard Gaignon (3DCERAM Sinto/FR)
made a presentation titled Ceramic AM
for New Space. 3D-printing is a technology which remains associated with prototyping and spare parts for the majority of
industry. However, early adopters from markets such as, aerospace or biomedical, rapidly understood how to use to their advantage and jumped, from the very beginning,
on the opportunity to actively participate in
its development. They could see the capabilities to produce parts not possible with
traditional processes, with new designs to
enhance parts and add new functionalities
to obtain better performances. Above all,
3D-printing works with different materials
including technical ceramics.
For over 15 years, at 3DCERAM, experts
have been working to perfect the prototype
and material qualification stage. Now it arrived at the production stage, the so-called
mass customization. Is it reliable now? The
answer arises from 2 case studies coming
from the spatial industry. The first one concerns a new-space industrial nanosatellites
builder, the second is a company that designs and manufactures spacecraft thrusters
for nanosatellites.
Boris Agea-Blaco (CerAMing GmbH/DE)
spoke about Making Binder Jetting Really work for Technical Ceramics. As
an alternative shaping method to the traditionally used processes, AM can produce
economical ceramic components in small
lot sizes and/or with complex geometries.
Powder-based AM processes like binder jetting are popular in the field of metal AM.
cfi/Ber. DKG 99 (2022) No. 2
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One reason is the increased productivity
compared to other AM technologies. For
ceramic materials, powder-based AM technologies result in porous ceramic parts, provided they are not infiltrated.
CerAMing unites the advantages of powder-based processes with the production
of dense ceramics by means of the layerwise slurry deposition. By using a slurry, a
high packing density of the powder bed is
achieved which leads to high green body
densities. Furthermore, a very economical
debinding time allows the production of
parts with high wall thicknesses. The advantages of the technology were discussed in
detail.

Ceramic components made by
AM – the economic alternative?
Dr Uwe Scheithauer (Fraunhofer IKTS/DE)
focused on CerAMfacturing of Ceramic-Based Multi-Material Components.
AM is on everyone’s lips, as previously
unknown possibilities arise in the field of
shaping. However, AM processes also have
their limitations in terms of design freedom
and still have some catching up to do compared to conventional processes in terms of
realizable component properties and manufacturing costs.
By adapting AM to the manufacturing of
multi-material components, the component
properties can be further increased, so that
advanced ceramic components with previously unattainable properties and property
combinations can be realized. The presen-

tation summarized the current status for
two different manufacturing strategies.
With simultaneous manufacturing, thermal
co-processing of the different materials is
necessary, while this can be avoided with
sequential manufacturing. However, the
geometric freedom in simultaneous manufacturing is much higher than in sequential
manufacturing, but the choice of material combinations that can be processed is
much smaller.
Dr Patrick Gehre (TU Bergakademie
Freiberg – Institute of Ceramics, Refractories and Composite Materials/DE) presented
New Approaches of AM of Dense and
Porous Ceramics for Advanced Refractory Applications. AM enables the production of specially designed foams, grids,
and bulk structures for customized applications. The combination of additively manufactured sacrificial templates with flamespray technique enables the production of
ceramics for hightemperature applications
with excellent thermal shock resistance
and chemical inertness, such as ceramic filters for molten metal filtration and casting
moulds. Watersoluble templates based on
hydroxypropyl methylcellulose and manufactured by Selective Laser Sintering (SLS)
were covered by an alumina flame-spray
coating, which acts as standalone ceramic
object after removing the organic template.
for
The resulting microstructure and phase
composition were analysed and the interaction of the products with molten metal
evaluated.

Fig. 4 Dr Uwe Scheithauer

Rene Kirchner (FCT Systeme GmbH/DE)
together with Daniel Bienenstein (Exentis
Group AG/CH) introduced the 3D-Screen
Printing of Solar Absorbers Made of
SiSiC, Sintered in an Efficient HighPerformance Furnace.
Exentis Group AG, as the inventor of Exentis 3D Mass Customization, an innovative
manufacturing technology of industrial
integrated
3D-screen printing, can produce the finest
sintering furnace
ceramic structures by layer-wise build-up.
high volume production
By changing the screen with different structures, complex and at the same time fine
geometries are possible, such as the 3-way
stepped solar absorber with spikes, which
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Fig. 5 Dr Simona Iliescu

in the finest structure has a web width of
450 μm (as green body). But also more
delicate structures such as walls with a
thickness with a minimum of 100 μm can
be realized with this technology. A variety
of metals, polymers and ceramics can be
processed due to the adaptability of the developed paste recipes for this process. The
afore mentioned solar absorber which can
be made of SSiC or SiSiC is sintered at FCT
Systeme GmbH.
FCT Systeme is a producer of innovative
high temperature furnaces for sintering predominantly non-oxide materials. Together
with its partner, Exentis, FCT Systeme developed efficient sintering methods which
are designed especially for filigree, finestructured parts. Besides the optimized
combined process (de-binding and sintering in one furnace), FCT Systeme also integrated a fast-cooling system in order to
guarantee an economic production of the
parts. In the framework of this project it has
succeeded, to provide solar absorber with
finest structures via an innovative forming
process combined with an efficient sintering
process to the market in an economic way.

Ceramic components for
enhanced system solutions
Dr Ulrich Degenhardt (QSIL/DE) introduced
Silicon Nitride Speciality Materials
for Product and Process Innovation
cfi/Ber. DKG 99 (2022) No. 2

in Semiconductor and Analysis Technology. High-performance ceramic components on the basis of silicon nitride are
used for the optimization of structures and
processes (for instance, for reducing wear,
increasing process temperatures, avoiding
corrosion or cross-contamination to lightweight engineering or reducing accelerated
masses. However, the established standard silicon nitride grades available on the
market are now reaching their limits. One
solution may be speciality grades with a
properties profile that has been selectively
changed based on modification of the composition and/or microstructure compared to
established Gas-Pressure-Sintered Silicon
Nitride (GPSN). On account of the high
technological challenges involved, however,
such special variations developed in laboratories in recent decades are only slowly
finding their way into production.
As a specialist in silicon-nitride-based materials and niche supplier, QSIL recognized the
sign of the times early on and has therefore

been offering speciality Si3N4 material variants for several years now. The technological benefit can be shown very clearly with
the example of semiconductor technology:
For example, for the lining of coating equipment or handling systems for wafers, speciality ceramics are sought that contain the
lowest possible quantities of sintering additives and impurities in their composition
in order to minimize the effects of crosscontamination.
In other cases, a thermal expansion coefficient identical to that of the silicon or SiC
wafers is required to structure semiconductors as finely and precisely as possible and
then test them accordingly. For the perfect
tempering of wafers, on the other hand,
speciality Si3N4 grades with increased thermal conductivity are useful. These are also
used increasingly as substrates for highpower circuits – e.g. in wind power and
electric mobility applications, as, besides
good heat dissipation, higher application
temperatures, thermal shock resistance and
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strength or damage tolerance are becoming increasingly important for these components. For measurement and analysis
systems, tailored Si3N4 ceramics offer crucial
advantages: e.g.crucible holders in smelters for XRF specimens – made of Hastelloy
up to now – are now being replaced with
a special Si3N4 grade. Thanks to high-temperature strength and corrosion resistance,
Si3N4 offers not only a longer lifetime, it also
reduces cross-contamination in XRF analysis specimens.
Ceramic Filters for Advanced Prosecc
Rechnologies were reviewed by Martin
Simon (ECT-KEMA/DE). Due to their specific
advantages, the demand for ceramic filters
is increasing worldwide. As a consequence
of the rapid spread and development, the
quantitative and qualitative requirements
for the demands on the extrusion of these
filters as the dominating shaping method
are growing in concept and detail. Requirements to be met in extrusion, expected perspectives and drivers as well as new developments in the geometry or the coating of
the filters were presented.
Christian Münch (KERAFOL/DE) reported
on Tailoring Natural Fertilizer. The situation is coming to a head. Agriculture is
blamed for being the sole culprit for too
high nitrate concentrations in the ground
water. Farmers are asked to reduce the
spreading of manure and digestate, accepting the loss of earning. Of course, this leads
to protests from the agricultural sector.
The origin of this issue is, that manure and
digestate contain too less essential phosphate or too much ammonium, respectively,
to sufficiently supply the highly bred crops
with nutrients. To provide the plants with
ideal growing conditions, either phosphate
can be added (Morocco and China are the
only countries with noteworthy deposits)
or the volume of the untreated natural fertilizers is adjusted to the phosphate need
(which leads to the nitration of unused ammonium).
A well-working solution to the dilemma is
to separate the raw material into different
fractions by ultrafiltration. The possibility
results from the comparatively large size
of phosphate ions. This process should
of course be ideally run continuously, at
low energy consumption and in high yield
(heavily concentrated). Dynamic crossflow
filtration is a separation technique that
cfi/Ber. DKG 99 (2022) No. 2

fulfills all these requirements. Disc-shaped
membranes are assembled onto a hollow shaft which is rotated by a motor. The
transmembrane pressure generated in a
pressurized housing. The filtrate passes the
membrane from the outside to the inside
and is removed through the shaft, while the
retentate is constantly removed from the
membrane surface and re-dispersed.
Continuous cleaning through tangentially
flow (crossflow effect) is thus not reached by
pumps like in conventional setups (moving
liquid, static membrane), but by the rotation
of the filter stack (moving membrane, static
liquid). This ensures significant energy savings during operation. Beyond that, the values transmembrane pressure and cross flow
velocity are preserved as individual parameters. This allows both the cleaning effect to
be increased many times over (higher flux)
and the processing of high concentrations
(savings in volume of the tailored material). The filtration using KERAFOL’s alumina
membrane disc with 5 nm coating leads to
a phosphorous-enriched fraction, while a
subsequent reverse osmosis gives a potassium- and nitrogen-rich concentrate as well
as pure demineralized water. All in all, this
procedure can reduce the nitrogen content
in natural fertilizers as well as significantly
save volume for storage and transport.
Marc Ferrato (MERSEN Boostec/FR) introduced the Silicon Carbide Material:
Solutions for Laser Processes, Semiconductor and Opto-Mechanics OEM
as well as for Chemical Industries.
Boostec® SiC is a technical ceramic obtained
by pressureless sintering. This process leads
to a silicon carbide that is completely free
of non-combined silicon. Boostec® SiC is
well known for its outstanding properties
specifically for harsh environments uses and
is commercially available since the 90’s for
mechanical seals and bears (automotive
and chemical industries). Its uses have been
enlarged to other industrial sectors with the
capacity to produce large and complex full
SiC parts and assemblies until 3,5 m class
to offer new solutions for semiconductor
and opto-mechanics OEMs.
These 30 years old background allows the
company to develop new innovative applications based on collaborative programs
with end users. From the manufacturing
of monolith ceramics to the production of
complex solutions, MERSEN Boostec has
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Fig. 6 Senad Hasanovic

developed over the years a unique expertise.
The presentation began with a short description of the company inside MERSEN, a
large and worldwide industrial group. Process and material properties were described
within a second part. Final focus on four of
the company´s main current commercial activities were overviewed as following:

• Laser processes: MERSEN Boostec provides standard and custom active mirrors from 10–500 mm aperture, with a
range of high reflective coatings. Market
segments for high end scanning mirrors
are for laser material processing and for
instrumentation. Key advantages were
discussed (fast thermal stabilization, low
moment of inertia, lightweight and many
others).
•
Semiconductor and optomechanics
OEMs: MERSEN Boostec provides SiC
ultra-stable structures thank tohigh specific stiffness and high thermal stability of
the material.
• Continuous flow reactors for the chemical
industry: MERSEN Boostec develops and
manufactures high technology chemical
reactors for continuous flow systems in
cooperation with Corning SAS.
• Heat exchangers for the chemical industry: it is a key solution for processes with
high corrosion and for processes with
high service rates (less maintenance).
Water-Based Tape Casting Process –
Innovative Environmental Friedly Process for Mas Production of Thick and
Thin Ceramic Substrates for Electric
Applications was addressed by Dr Simona
Iliescu (Sedal/ES).

Towards the commitment to the environment by introducing a cleaner process within the mass production, Sedal has been involved for the last years in the optimization
of the water-based tape casting process to
produce high quality ceramic substrates for
electronic applications. It is well known that
water-based tape casting is a low-cost and
especially an environmentally friendly process. But its main difficulty relies on the drying conditions and controlling the thickness
of the tapes obtained, among others.
That is why, its mass production introduction is being a difficult task for the ceramic
substrate´s industry and is the main reason
for which the organic solvent-based tape
casting process predominates, even its complex installations, high cost and harmful effect for the environment.
Sedal has optimized the water-based process for different thicknesses of alumina
96 substrates for mass production from
0,3–1 mm. Slurry formulation, tape casting
process conditions, densification and postsintering processes, all have influence on
the final quality of the substrate, but also
are conditioning the continuity of the process. Using the optimized process, Sedal
can produce high quality ceramic substrates
that accomplish state-of-the-art standards

Fig. 7 Exhibition area of the ceramitec conference
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required by electronic applications. Physical,
mechanical, electrical, thermal and surface
properties are showing that this process
can be used industrially in continuous production, gaining a cleaner process without
losing performance of the substrates. Some
results concerning ceramic substrates obtained in the mass production by waterbased tape casting process were presented.
Advanced Ceramics for Healthcare –
Materials, Properties and Applications
were discussed by Ulrich Werr (Rauschert
Heinersdorf-Pressinbg GmbH).
The most important properties of advanced
ceramics in the field of medical technology
are hardness, electrical insulation, stiffness
and, of course, biocompatibility. Ceramics
are therefore indispensable in this field;
they play a decisive role in many areas,
including implants, dental prostheses and
medical instruments.
In this lecture, the most common ceramic
materials for applications in surgical instruments, their specific properties and typical
areas of use in this application were shown.
In addition to solid ceramics, ceramic coatings were presented, which are also suitable for such applications and in some cases
can represent an interesting alternative.
Consequences of Stretching Ceramic
Mechanical Properties to their Limits
for Technologically Challenging Applications were the topic of the preentation
made by Senad Hasanovic (Ceramaret/CH).
The mechanical performance of ceramic
materials are typically characterized according to various standards, which mainly focus
on final test geometry and surface roughness of the samples. However, it is common
knowledge that also the manufacturing
route plays a crucial role in the final performance of a ceramic monolith, for given
pressing and sintering conditions. This is
even more relevant for zirconia were the
different manufacturing steps could significantly influence its crystallographic phase
composition. So far, this was not critical for
most of the applications as the safety factors for design were very large.

Fig. 8 Discussion at the booth of FGK (Forschungsinstitut für Glas-Keramik/DE)

Today in applications, such as dental implants, the components are designed at
the limit of what the material can deliver in
controlled conditions. The intrinsic statistical
distribution as well as the process variability of the mechanical resistance of ceramics, such as zirconia, needs to be addressed
when designing sensitive components, such
as medical implants. The talk aimed at raising the questions of ceramic mechanical
characterization and its implications on
materials selection. Finally, it addressed the
importance of product characterization for
sensitive applications.
Last presentation wad made by Dr Kai
Sauerzapfe (Alumina Systems GmbH/DE):
Highly Leak-tight Ceramic-Metal Assembly for a Novel, Three-dimensional Imaging X-Ray Process. The presentation is intended to provide an overview of
the ongoing bilateral 4-year development

work by Adapter Imaging LTD/GB and Alumina Systems in the context of the production of a new, three-dimensional imaging
X-ray process. The main focus of the work
presented was the evolution of the vacuumtight brazed ceramic-metal component to
generate the required X-ray radiation. In
this case, the ceramic-metal brazed part is
one of the core components for the patented process.Selected evolutionary steps
(from the first idea to the implemented solution) and the corresponding joining technology were presented and discussed. Advantages and disadvantages concerning the
required production steps were presented,
including the design decisions derived from
them.
Finally, the advantages of the novel process
were presented showing first examples
from tests conducted by Adaptix Imaging
LTD.
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3rd Annual SVMT Expert Group Powder Technology Meeting
After one year break, the 3

Annual SVMT Expert Group Powder Technology Meeting was a hybrid event
organised by the experts Dr Frank Clemens, Empa Dübendorf/CH; Prof. Bruno Bürgisser, HES-SO Friborg/
CH and Prof. Efrain Carreño-Morelli, HES-SO, Sion/CH. Due to the pandemic situation, the meeting was
organised under the 2G-rules – vaccinated or recovered. In addition, it was possible to attend the meeting online.
rd

Fig. 1 Participants of the 3rd Annual SVMT Expert Group Powder Technology Meeting

Because of the 20 year anniversary of Additive Manufacturing (AM) activities at
HES-SO Valais-Wallis, the meeting took
place under the motto “Powder Technology-Based AM Methods” and the idea
was to give an overview on selected AMmethods for polymer, metal and ceramic
materials. More than 40 participants from
industry and research labs with a focus
on powder metallurgy, ceramics and inorganic fillers were present at the hybrid
meeting.
After the opening by Prof. Efrain CarreñoMorelli, the meeting started with a short
presentation of the SVMT (Swiss Associ
ation for Materials and Technology) and
HES-SO Valais-Wallis School by Dr Frank
Clemens and Prof. Efrain Carreño-Morelli,
respect
ively. Dr Frank Clemens informed
about the new Anwenderkreis Additive
Ke

ramische Fertigung that will be setup
in the DKG – German Ceramic Society.
and Prof. Efrain Carreño-Morelli showed
an over
view of the 20 years in AM on
metals and metal-ceramic composites in

Sion. Afterward, seven lectures from acaE 54

demia and industry on AM, which was followed by enriching discussions with the p
articipants.
Prof. Gioele Balestra from iPrint HEIA-FR,
Fribourg/CH, presented Challenges and
Opportunities of Binder Jetting from
an Inkjet Perspective. He showed that
this technology can be used for powder,
metal and ceramic materials. He explained
the rheological characterisation of the inks
using high-frequency analysis and the TriMaster filament stretching method for the
development of better inks. iPrint uses print
heads with a self-circulation ink system. The
advantages and limitations of this printing
technology were discussed. Finally, he pres
ented the results of some selected projects
and the iPrinting Center in Fribourg.
Prof. E. Carreño-Morelli presented his work
on Recent Advances on Solvent on
Granules 3D-Printing, a technique invented in his lab to process steels, low thermal
expansion alloys, titanium, and more recently cemented carbide parts. He demonstrated
the fabrication of drilling tool bits made of
WC with 12 % Co binder, which were de-

veloped in an Innosuisse project with Hilti
AG. He explained how HIP post-processing
allowed to achieve good results in percussion drilling of concrete. Further research is
still necessary to meet the standards for application in the construction sector.
Afterward, David Burnand from Instrumat
SA, Renens/CH, gave a presentation on
Challenge to Disperse and Measure
Fine Powder in the Micro-Nano Range
Using Dynamic and Static Light Scattering Techniques. He started with an
overview of analytic machines to characterise particle size, shape, stability and
molecular properties. In his presentation,
he explained how electrostatic, steric and
combination of both will affect the quality
of the particle size of dispersions. Finally,
he demonstrated how to use zeta potential
and the right pH to evaluate the particle
size without agglomerates.
The afternoon session started with a talk by
Somashree Mondal from Empa, Dübendorf/
CH, on Pellet Printing of Soft Thermoplastic Elastomers – New Soft Robotic
Sensor/Actuator Modules Using Functional Inorganic Filler Materials. She
started with an overview of different extru
sion heads for material extrusion AM technique, also known as FFF printing. Using
pellet-based extruder it is possible to print
soft elastomer materials with integrated
sensors based on inorganic materials, like
carbon and magnetic particles using multimaterial printing approach.
Michael Wagner, from ETHZ, Zürich/CH,
presented his activities in the field of filament printing of metals: Fused Filament
Fabrication of Stainless-Steel Structures – from Binder Development to
cfi/Ber. DKG 99 (2022) No. 2
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Fig. 2 Somashree Mondal from Empa
during her presentation
(Figs.: Empa)

Sintered Properties. In his presentation,
he explained how he optimized the binder
composition and powder content of a feedstock to achieve dense 316L sintered structures. He proposed the use of an elastic
polymer like TPE to achieve the flexibility,
needed for the metal filament printing process. The sintered parts exhibit good shape

preservation and were tested under compression tests.
Later, Fabian Hubschmid, Fabru GmbH,
Epnat-Kappel/CH and Dr Frank Clemens,
presented the development of ceramic filaments uder the titel Swiss Ceramic Filaments: Transfer of Filament Development to Production. A small overview of
the Fabru GmbH startup was given. Then,
challenges in filament printing of ceramics
and the different processing steps to develop the ceramic filaments were discussed.
After showing the production scale-up, case
studies for potential applications were pres
ented.
Before starting the lab tour, Torsten Remmler
from Netzsch GmbH, Selb/DE presented the
Characterisation of Compounding Behavior of Ceramic Feedstocks Using
Capillary Rheometer. In this presentation,
he showed a study in collaboration with
DDP Specialty Products Germany GmbH &

Co. KG. In this case study, a rheometer was
used to investigate the homogeneity of ceramic feedstocks using two different methylcellulose binders and varying the mixing
time. Interestingly the mixing time evolution
clearly probes the activation of the cellulose
binder. However, a correlation between homogeneity (deviation of the pressure value)
and mixing time could not be observed.
The meeting concluded with a lab tour,
where the participants could visit the new
building of the Powder Technology and Advanced Materials Group. The different labs
are dedicated to powder characterisation,
mixing and shaping, including uniaxial cold
pressing, injection moulding, hot isostatic
pressing, AM by binder jetting, SLM, and
mechanical testing, as well as sintering furnaces for metals and oxide ceramics.
The next Expert Meeting is planned for the
end of November 2022 in Lugano at SUPSI.
An exact date will be announced.
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TZ ZIRCONIA POWDER FROM TOSOH
THE

ZIRCONIA

If you are looking for the best in purity, homogeneity,
reproducibility, and ease in sintering, come to TOSOH.
With our line of yttria stabilized “TZ” zirconia powders, you
will find the ultimate in your processing and sintering
properties. As the world leader in high purity zirconia
powder for advanced engineering ceramic applications, our
powders have set the standards that have come to be
accepted worldwide, including various regulatory
approvals on sintered bodies. Whether it is for injection
molding, pressing, slipcasting or extrusion, our zirconia
will provide you with outstanding properties, so that you
can take the lead. With the largest capacity in the world,
and worldwide technical support through offices in Europe,
USA and Japan, you can depend on TOSOH for the
ULTIMATE in zirconia!

TOSOHZIRCONIA
ZIRCONIA
TOSOH
Powder
Series
Powder Series

PartiallyStabilized
Stabilized
Partially
Zirconia
Zirconia

Binder"Plus"
”Plus“
Binder
Grade
Grade

3YE
3Y

3YSE
3YS

3YBE
3YSBE
3YB
3YSB

33
(94.8)
(94.8)
≤0.1
0.250.1
≤0.02
0.02
16±3
163

3
3
(94.8)
(94.8)
≤0.1
0.250.1
≤0.02
0.02
7±2
72

Sintered Density
3)
Sintered
Density
(g/cm

6.05
6.05

6.05
6.05

6.05
6.05

Bending Strength
Bending Strength
R.T.
R.T. (MPa)
(MPa)*

1200
1200

1200
1200

1200
1200

FullyStabilized
Stabilized
Fully
Zirconia
Zirconia

8Y
8Y

8YS
8YS

8
8
(86.7)
(86.7)
≤0.1
0.1
≤0.02
0.02
16±3
163

8
8
(86.7)
(86.7)
≤0.1
0.1
≤0.02
0.02
7±2
72

6.05
6.05

5.90
5.90

5.90
5.90

1200
1200

300
300

300
300

Specification
Speciﬁcation
Y O (mol%)

Y22O33 (mol%)
ZrO2 (wt%)

ZrO2 (wt%)
Al2O3 (wt%)

Al2O3 (wt%)

SiO2 (wt%)

SiO2 (wt%)

Specific Surface

Speciﬁc
Surface
Area (m2/g)
Area (m2/g)

3
3
(94.8)
(94.8)
≤0.1
0.250.1
≤0.02
0.02
(16±3)
(163)

3
3
(94.8)
(94.8)
≤0.1
0.250.1
≤0.02
0.02
(7±2)
(72)

Typical Properties

Typical Properties
(g/cm3)

★ 3 point Bending Test

* 3 point Bending Test

TOSOH CORPORATION

Some of the many applications where TOSOH
Zirconia is used.

Visit us at www.tosoh.com
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North American Office: Tosoh USA, Inc. 3600 Gantz Road, Grove City, OH 43123 Toll free tel: 866-844-6953 Fax: 614-875-8066
European Office: Tosoh Europe B.V., Crown Bldg. South, Hullenbergweg 359, 1101 CP Amsterdam Z.O., The Netherlands Tel: +31 020-565-0014 Fax: + 31 020-691-5458

