APRIL 2021

2/2021

www.cfi.de

ISSN 01739913

E 5270

Berichte der Deutschen Keramischen Gesellschaft

ceramic
forum international

INTERVIEWS – INMATEC Technologies/DE, SACMI/IT | EVENTS – Preview ceramitec conference + exhibition
2021 | PROCESS ENGINEERING – Measuring the Plasticity of Ceramic Bodies, High-End Al2O3 Ceramics,
Ceramic Additive Manufacturing for Restoration of Historic Porcelain Artifacts, Application of Electric Current
Assisted Sintering Techniques for Advanced Processing of Energy Materials, Granulometry of Nanopowders

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
Branka Di Stefano (Advertising Administration)
Phone: +49 (0) 7221-502-211
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.

Dear Readers,
In the context of the discussions on appropriate climate protection measures, it shouldn’t be forgotten that Technical Ceramics are a crucial en
abler for green technologies.
The ceramics industry itself has a high energy demand as high-tempera
ture processes such as debinding and sintering are key elements in the
process chain.
New technologies are needed to realise more energy-efficient and therefore also CO2-neutral ceramic production. Besides hydrogen, oxyfuelbased processes can make a considerable contribution, which can also
lead to substantial savings in production costs.
From industrial kiln and furnace engineering, more and more hybrid concepts are available today, ready to replace widespread systems that use
fossil energy sources. In this connection, electric kilns are becoming more
important, also in combination with hydrogen or the combustion of hydrogen and methane mixes. On the cost side, hydrogen is currently still a
very expensive source of energy. Hydrogen cannot be produced econom
ically without the use of ceramic materials (see also the programme for
the ceramitec conference + exhibition E 11).
The Annual Meeting of the German Ceramic Society for 2021 (virtual from
18.–21.04.2021) is taking up this current issue. One set of topics comprises ceramic-based materials, their microstructuring, process engineering and properties for components in energy, chemicals and environment
applications, e.g. electrochemical equipment for energy conversion and
storage (solid oxide fuel and electrolysis cells, solid-state batteries, etc.)
and power generation (thermoelectrics, hybrid perovskites for photovol
taics, artificial photosynthesis, solar thermal energy, etc.).
Energy efficiency technologies and hydrogen systems therefore offer great
potential for new products in technical ceramics – e.g. sensor technol
ogies for use in sophisticated processes, as only ceramics boast the necessary spectrum of properties.
With the introduction into hydrogen systems, ceramic-based systems
must be developed that enable efficient hydrogen production and can be
integrated in the production process.
For this reason, the German Ceramic Society (DKG) has been working
together with the Federal Association of the German Ceramics Industry
(BVKI) to launch a new initiative Szene Wasserstoff (Task Force Hydrogene) (www.dkg.de).
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Company News
Italy/China
Monalisa Partners with
SACMI to Produce
the World’s Largest Ceramic Slab
Monalisa, an industry’s leading Chinese
brand and a key player on the large ceramic
slab market for over ten years, has produced
a record-breaking slab thanks to SACMI’s
latest ceramic slab manufacturing technology.
The official announcement came on 27
January 2021. It was issued by the firm’s
headquarters in Xiqiao, in the Guangdong
District, after the first slab (measuring a
stunning 1,8 m × 6,1 m, a world record)
rolled off the SACMI Continua+ line that
had started up only a few days earlier.
The new line features the PCR 2180, the
latest model in the SACMI Continua+ family, the global standard-setter for the manufacture of ceramic slabs and their sub-sizes.
This new solution provides a comprehensive

set of advantages as it is designed to provide the customer with optimal versatility
when it comes to managing size and thickness. A key feature on this new model is the
increased width of the compactor belt; this
allows for the production of slabs as wide
as 1800 mm, of variable length and thickness (the latter ranging from 3–20 mm).
The most productive compactor ever (up to
21 500 m2/d), the PCR 2180 also stands out
on account of automated settings and extreme user-friendliness, as demonstrated by
the record-breaking installation and start-up
times; in fact, the first maxi-slab was produced only a few days after the first test runs.
Automatic settings and integration with the
TPV cutting unit mean maximum manufacturing versatility, allowing the customer to
create products of high added value with
through-the-body effects: all thanks to a
line that also features, downstream from
the compactor, the innovative SACMI MDX
system for real-time slab density and thickness control resulting in both maximum
quality and process repeatability.

This latest high-performance stoneware
slab plant is part of the key Monalisa 2020
project, an ambitious investment plan that
aims to strengthen the customer‘s role as
one of China’s innovation trailblazers. Close
support from SACMI Nanhai, the hub for
all SACMI assistance services before during
and after the sale throughout China, played
a key role in completing this order.
USA
Superior Technical Ceramics
Expands Capabilities with
Acquisition of IJ Research
Superior Technical Ceramics (STC), one
of the country’s most experienced technical
ceramics manufacturers, announced the
acquisition of IJ Research, a manufacturer
specialising in sapphire-to-metal brazed
hermetic assemblies based in Santa Ana,
California.
“Their brazing and sealing capabilities
expand our technical capabilities for key
customers and provide multiple opportunities for vertical integration. Moreover, like

SERVO-PUMP-HYDRAULIC
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ISOSTATIC PRESSES
We offer: Efficiency through completely
innovative Servo-pump-hydraulic!
Energy is only consumed when it is really
needed.
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> Pressure curves as usual
FREY & CO GmbH · Papyrerstraße 12 · D-83661 Lenggries-Fleck
info@frey-systeme.de · www.frey-systeme.de

+++ GLOBAL NEWS
us, they have earned a well-deserved reputation for working in
markets that require complex and challenging materials solutions.
These include the defense, aerospace, medical and analytical
instrumentation industries, which are all growth markets”, said
Peter Morten, CEO of STC.
IJ Research, Inc. is a manufacturing company specialising in applications that include electrical feedthroughs and opto-electronic
windows, along with various sapphire-to-metal brazed hermetic
assemblies. The firm provides a broad range of services for customers with demanding engineering requirements, including
conceptual design, research and development, materials selection
consulting, and prototyping through to manufacturing.
Germany
CeramTec Launched 3D-Printed Components
CeramTec has implemented a 3D-printing process for the production of construction elements made from a new technical
ceramics material. With ROCAR®3D, the internationally operating specialist for technical ceramics adds a new material to its
portfolio and thereby combines the special material properties
of silicon carbide (SiSiC) with the advantages of the fast, costeffective 3D-printing process. It is primarily suitable for the innovative development and production of prototypes or components
starting with batch size 1, for example in plant and mechanical
engineering.
At the same time, 3D-printing is also increasingly used in a variety of industrial applications. According to a recent study by the
European Patent Office, 3D-printing, known as Additive Manufacturing (AM), is growing rapidly in a wide range of industry sector,
especially in recent years.
Compared to polymers and metals, the process is not yet used as
frequently in technical ceramics production. The parts made from
ROCAR®3D by CeramTec exemplify the many advantages of the
innovative process.
Germany/The Netherlands
40 Years of Innovation and Precision
in Elemental Analysis
The development of the first carbon and sulphur analyser in
1981 marked the beginning of the success story of the German
company ELTRA 40 years ago.
From day one, the focus was on the design of analysers for the
precise determination of C, H, N, O, S element concentrations in
solids. Over the years, the product portfolio was further expanded
and refined, for example by adding thermogravimetric analysers
in 2007. ELTRA’s goal has always been to design combustion
analysers which are characterised not only by high precision and
detection sensitivity but are also robust enough to provide reliable
measurement results under rough conditions.
The new generation of ELEMENTRAC analysers impressively combines this claim with state-of-the-art technology and ease-of-use.
The excellent price-performance ratio of the company’s products
together with its fast and reliable technical service helped the it to
continuously gain market share over the past four decades. Today,
ELTRA is represented in more than 80 countries by a broad sales
and distribution network.
cfi/Ber. DKG 98 (2021) No. 2
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In 2012, ELTRA became part of the VERDER
Group/NL and was integrated into the Scientific Division, which is home to renowned
companies from the laboratory and ana
lytical sector, including Retsch and Microtrac. Under the new management, substantial investments were made in new products
and services for C/H/N/O/S elemental ana
lysis and macro thermogravimetry. Customers in quality and analysis laboratories as
well as research departments appreciate
the speed, precision, and ease-of-use of
ELTRA’s analysers.
Germany
Nabaltec AG Back on Track, Reporting
Growth in the 4th Quarter of 2020
Nabaltec AG was able to resume its longterm growth trend in the fourth quarter,
with revenues up 7,7 % to EUR 40,7 million according to preliminary data. Results
in the first three quarters of 2020 were
heavily affected by the coronavirus pandemic, and revenues were down in each of
those quarters.
As a result, 2020 consolidated revenues
were down 10,8 % from the year before,
to EUR 159,6 million. According to prelim
inary data, earnings before interest, taxes,
depreciation and amortization (EBITDA)
amounted to EUR 23,6 million in 2020,
compared to EUR 32,3 million in the previ
ous year (down 26,9 %). Nabaltec AG reported preliminary EBIT of EUR –15,9 million in its 2020 financial statements, down
from EUR 18,6 million the year before. This
figure includes a EUR 23,7 million writedown on the book value of property, plant
and equipment for Nashtec in USA, as well
as other non-recurring effects amounting to
EUR 1,6 million. The non-recurring effects
had no impact on the company’s liquidity.
“2020 was an extraordinary year in every
respect. The pandemic brought an enormous slump in sales in the first half of the
year and we had to act quickly to cut costs,
which we largely succeeded in doing very
effectively.
For our subsidiary Nashtec in USA, the
lower utilisation and expectations of a

slower recovery led to an impairment, resulting in extraordinary write-downs on the
book value of property, plant and equipment. There were also non-recurring effects in 2020 due to our strategic decision
to discontinue mullite production in the
E 6

Specialty Alumina product segment at the
Schwandorf site. Adjusting for these nonrecurring effects, we were able to post EBIT
of EUR 9,4 million according to preliminary
data, with an adjusted EBIT margin (EBIT
as a percentage of total performance) of
6,0 %. In light of the pandemic, we are
highly satisfied with this result”, reported
Johannes Heckmann, Nabaltec AG’s CEO.
The negative non-recurring effects from
write-downs and impairments weighed
down earnings by a total of EUR 25,3 million. Aside from EBIT, these measures also
affected net income as well as the assets
reported in the consolidated balance sheet.
In light of the uncertainty associated with
the coronavirus pandemic and earnings
performance, Nabaltec AG is not planning
a dividend payout for Financial Year 2020.
“In light of the fact that the future course of
the pandemic is unforeseeable, strengthening the company's resilience is our top priority. We therefore consider it advisable not
to burden the company's liquidity position
with a dividend payment at this time. However, we expect to be able to resume our
longstanding dividend policy in the future”,
concluded Johannes Heckmann.
The Functional Fillers product segment reported EUR 114,2 million in revenues in
2020 according to preliminary data, down
from EUR 122,2 million the year before. The
drop in revenues is primarily attributable to
the worsening in market conditions as a result of the pandemic, as well as increased
price pressure. The still relatively new
boehmite product range once again posted
strong performance, with revenues for the
year up 48,1 % over the year before despite the general market slump. This product range now accounts for around 10 % of
total revenues (previous year: 6 %).
Revenues in the Specialty Alumina product
segment came to EUR 45,4 million in the
past year, according to preliminary data,
down 20,1 % from the year before. This
decrease is due to the general weakening
in the refractory industry, resulting in lower
demand and prices.
Sales improved at the start of 2021, resulting in a high utilisation ratio for Nabaltec.
However, incoming orders still tend to be
short-term in nature, reflecting the current
uncertainty in the market. In USA, Nabaltec
expects Nashtec’s production to slowly normalize over the medium term. The launch of

Naprotec's products was delayed because
of the COVID-19 pandemic, and the origin
ally expected revenues will not be realised
until a later date due to delays in customer
approval procedures. Because of the current
situation, it will take longer than expected
to build the market.
“The environment remains highly uncertain and the resulting price pressure will
continue in the current year as well. Nevertheless, results in the fourth quarter of
2020 have set the course, demonstrating
that our markets are essentially intact. We
currently expect revenue growth in a range
of 6–9 % in the current year, with an EBIT
margin in a range of 8–10 %, assuming
strong economic and industry performance.
We expect to be posting record highs once
again by 2022 at the latest”, said Johannes
Heckmann.

Persons
Refractories Industry Appoints
New Secretary General
The German refractories industry has appointed Thomas Kaczmarek as Secretary
General of the VDFFI, the German Refrac
tories Industry Association, from July 2021.
He joins the top-level management in the
European Refractories Centre, working
alongside Prof. Dr Peter Quirmbach, Managing Director of Deutsches Institut für Feuerfest und Keramik GmbH and Dr Christian
Dannert, who heads the Forschungsgemeinschaft Feuerfest e. V. (German Refractories
Research Foundation) and ECREF gGmbH
(European Centre for Refractories).
The four organisations are headquartered
in Höhr-Grenzhausen, in Germany’s Wes
terwald region, from where they support
the national and international interests of
German refractories manufacturers. Under
their auspices, the economic and technical
concerns shared by the member companies
are concentrated, training and advanced
training is promoted, new potential applications are developed and protected, and
the quality of raw materials and refractories
available worldwide are tested.
The VDFFI industry association represents
its members in talks with policy-makers,
regulatory bodies, other institutions and
social groups. It contributes to better under
standing of the specific interests of the
cfi/Ber. DKG 98 (2021) No. 2
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refractories industry with its many mediumsized enterprises.
“We are delighted that with Thomas
Kaczmarek we have been able to bring on
board a professional from the construction
materials industry with extensive expertise
and experience working in associations”,
explains Ulf Frohneberg, Chairman of the
VDFFI Board. For over 20 years, Thomas
Kaczmarek has been responsible for the
communications and strategy for companies (Eternit, concrete, sand-lime bricks) and
most recently headed up a trade association
for mineral by-products.
In dialogue with policymakers and together
with other associations such as the BDI
(Federation of German Industries), the Federal Association of the German Construction Products Industry or on European level,
with PRE (Fédération Européenne des Fabricants de Produits Réfractaires), the economic, technical and legal conditions are
monitored, and the interests of the refrac

tories industry introduced into consider
ations early on.

Events
Indian Ceramics Asia 2021 Cancelled
– Next Edition Announced
Owing to the coronavirus pandemic and
industry’s feedback, Messe München India/
DE and Unifair Exhibition Service/CN had
decided to forgo the current edition of Indian Ceramics Asia, which was scheduled
from 3–5 March 2021, at Exhibition Centre,
Gandhinagar/IN. The next edition is scheduled to take place on 2–4 March 2022 at
Gandhinagar.
Currently, there are innumerable uncertainties around the pandemic insights and
ongoing international travel restrictions
certainly means that it is impossible to
make any trade fair plans for March 2021.
Exhibitors are faced with huge uncertain-

ties regarding the visitor’s turnout, making
it extremely difficult to commit to trade fair
participation.
It is believed that conducting the trade fair
in the second half of the year will not serve
the purpose of participants which makes it
indispensable to cancel the event. This decision was taken after consultation with the
industry experts and is also based on the
findings of an extensive survey conducted
by the organiser to assess the market situation.
Bhupinder Singh, CEO, Messe München
India, together with Ken Wong, GM of Unifair Exhibition Service, elucidated on the
decision and said: "while it is unfortunate
that we had to take this call, we believe it
was necessary. We were in constant dialogue with our exhibitors and stakeholders
throughout the decision-making process.
This step is also taken in accordance with
the feedback we received as well as the
analysis of the current market assessment.”
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INMATEC Technologies GmbH Increases Feedstock Production
Since 1998, feedstocks for CIM (Ceramic Injection Moulding) have been developed and produced at

INMATEC Technologies GmbH in Rheinbach/DE. For the industrial manufacturing of ceramic components,
CIM initially stood for a long time in the shadow of established shaping processes like pressing technology, extrusion and pressure slip casting. In the meantime, the product portfolio with regard to the binder
systems for CIM has been widened enormously at INMATEC. Today, the company also supplies the international market with its products and specialist expertise in this highly developed manufacturing technology. Managing Director Dr Moritz von Witzleben (MvW) and Sales Director Dr Karin Hajek (KH) gave us
an insight into the company’s current business activities.

Fig. 1 Managing Director Dr Moritz von Witzleben

cfi: What has motivated the decision to
increase the production capacity by more
than 50 %?
MvW: That has been a long-term decision
process, which is based amongst other
things on market surveys that we began
back in 2012. In one area of the automotive segment, the evaluation of our technology was concluded in August 2017, and
the findings were positive. Then in 2017
BASF/DE took the strategic decision that,
alongside its feedstocks for MIM, it would
no longer make any more products for CIM
as this market volume is much smaller.
At BASF, they worked with POM-based
(polyoxymethylene) systems. And the users
needed a substitute for BASF’s POM-based
CIM feedstocks. So it was good that we
E 8

Fig. 2 Sales Director Dr Karin Hajek

were already familiar with other regimes for
debinding.
There are two key effects that support this
decision. First, the positive evaluation for
CIM in the automotive segment, and second, the widening of our product range,
which has brought us an additional set of
customers. The growth has come especially
in the last two years. Besides increasing the
production capacity, we have added to our
personnel (2017: 25 employees; 2020: 60
employees). Our production runs in threeshift operation. We have increased the number of production lines from five to eight.
KH: Our customers have always appreciated our individual service – not only existing
customers, but companies that have only
started building up this technology.

cfi: What does this full service comprise?
KH: Our services range from innovation
consulting through material and mould
development to project consultation in the
set-up of ceramic injection moulding systems. Besides our standard products, we
develop and produce individually to meet
the needs of the customer, that is formulations adapted to the application.
These customer-specific feedstocks now account for three quarters of our production.
We support customers in the development
of products and steward the projects until
they are ready for series production. That
applies not only to the core components like
injection moulding machine and furnace engineering, but also to the peripheral equipment. It is shown repeatedly that standard
cfi/Ber. DKG 98 (2021) No. 2
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Fig. 3 Injection moulding machine

products are useful in the introduction of
the technology. Tailored feedstock systems,
however, help to place this technology on
the market.
Here we bring in our extensive know-how
from the powder to the final product or
even as far as packaging. Consulting brings
us close to the customer and ultimately ensures customer loyalty.
cfi: How can the market developments
of CIM be rated today, measured against
MIM?
MvW: The market volume of CIM is much
smaller still today (15 % CIM share in
the market for powder injection moulding/PIM). In the years from 2012–2017,
+12 % growth per annum was registered in the PIM market. Since 2017,
INMATEC has grown by 58 % per year!
That is essentially down to CIM. As we are
in such demand in our established market,
we have done comparatively little in MIM,
just contract processing. At present, CIM is
growing faster than MIM and is fully established as a production technology.
cfi: Which user segments are a particular
focus?
KH: On a broad front, I should say automotive and consumer goods, e.g. grinding
disks for automatic coffee machines. Highprice luxury watches are made of ceramic.
But there are interesting developments in

cfi/Ber. DKG 98 (2021) No. 2

other areas i.e. medicine and medical engineering.
cfi: Is CIM being taken up as a technology
only by ceramists or by companies outside
the sector – like plastics?
KH: Only to an extent, it is more the case
for MIM. In ceramics, the production chain
quickly becomes too complex for those
outside the sector. The strengths of CIM
components are not simple standards, but
complex components – a good knowledge
of ceramic technology is useful.
cfi: “Multi-material components” are getting stronger. How are you reacting to this?
MvW: This development has been driven by
MIM, for us the questions relevant for this
are not arising on a broad front. You then
have to look intensively at the upstream
and downstream processes in the manufacturing chain to be able to manufacture
components that are free of defects and
have the required properties.
cfi: In what direction are you steering your
R&D activities generally?
MvW: Internally, optimisation of our binder
systems is an ongoing task. That is the waxbased system (INMAFEED), and the poly
oxymethylene-based system (INMAPOM) or
the new polyamide-based system with good
flow properties (INMAFLOW).
With the extended range of machines, it is
important to push ahead with the optimi
sation and coordination of the production

machines and processes, with the goal of
achieving even greater efficiency and stability in production. We have more than
doubled our efforts in quality assurance.
New customer requirements spark developments. In the case of publicly funded projects, the focus is on 3D-printing, material
aspects (e.g. new material combinations)
or process aspects. And we shouldn’t
overlook the fact that we have more than
doubled our staff in just two years. That
necessitates structural changes in organisation. We have arranged for this project to
be accompanied by coaching/supervision
to eliminate any potential conflicts early
on.
cfi: What effect has COVID-19 had on organisation of the production planning and
sales activities?
MvW: Internal organisation requires much
more time. Back in March 2020, we decided
to introduce a strictly segregated two- or
three-shift system (production). We shall
certainly stick with that up to mid-2021.
The teams are not mixed so that if a case of
corona occurs, we still have two groups fit
to work. The management team is also both
spatially and chronologically separated. We
are paying for corona tests for employees to
limit any risk in good time.
Where necessary, workplaces have been
adapted, e.g. gateway systems at entrances
and exits. For internal and external communication we are relying more on video conferences. In sales we should, of course, like
more in-person talks, whether at trade fairs
or customer facilities. There are situations
when nothing can replace an in-person discussion.
cfi: Thank you for talking to us.
KS

Fig. 4 INMATEC’s new warehouse
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Shaping the Future:
Business Unit Advanced Technologies at SACMI Group

2019 was not only the 100

anniversary of the SACMI Group, headquartered in Imola/IT, as a result of a strategic new orientation a
series of six workshops headed “Re-thinking the Future” was also
held. One of the consequences was the formation of the Advanced
Technologies Business Unit, which is led by Andrea Grandi (AG). He
explained the new strategic focus of the group by giving us some
details on this new business unit.
th

cfi: TEAM by SACMI integrates all the in
nova
tive skills and technology of Sacmi
Imola, Alpha Ceramics, Laeis, Riedhammer, Gaiotto and Sama for applications in
Technical Ceramics and Powder Metallurgy.
Has TEAM now been renamed to Advanced
Technologies by SACMI?
AG: No, TEAM still exists. The Advanced
Technologies Business Unit covers the segments Refractories, Metals (Powder Metallurgy, Hard Metals, Cookware, Hydroforming) and Technical Ceramics in part. Thermal
treatment of Technical Ceramics is an activity of the Advanced Materials Business
Unit, which is led by Mathias Uhl based at
Riedhammer in Nuremberg/DE. He is also
responsible for the growing segment of
batteries, baking technologies for anodes,
electrodes, cathodes and fine-grain carbon,
as well as wet and dry technologies for cellular glass production. Both business units
cooperate in TEAM to prepare and manage
complex projects.
cfi: What were the main consequences of
the strategic new orientation of the SACMI
Group?
AG: Clear customer focus driven by innov
ation. We are no longer led by the legal
entities. The target is to provide a quick response to customers, staying close to them
(although more virtually at present) and
have a good knowledge of market needs
and trends in the various sectors and geographical areas.
E 10

cfi: Has TEAM a role in this strategic marketing process for Technical Ceramics and
Powder Metallurgy?
AG: Of course! We have to define which
topics in the wide field of Technical Ceramics we have to concentrate on. We cannot
allow any dilution of our energy, time and
investment in R&D. We aim to enter new
technologies, with external partners where
needed. But we have to understand the
market not only by assessing competitors.
And we also have to be able to monitor
fast-changing market needs.
cfi: How is R&D organised for the Advanced
Technologies Business Unit?
AG: We have laboratories and pilot plants
at SACMI in Imola, Alpha Ceramics in
Aachen/DE and Sama in Weissenstadt/DE.
We run short-term projects for development
of process improvements and strategic research projects over three years for new
approaches.
Depending on the topic, we set up project
teams with members of different SACMI
companies, who have the best expertise.
They work very independently, are responsible and keep us informed with status reports. This enhances the creativity of these
teams. They are empowered and free to cooperate externally.
cfi: Is it already possible to give an ex
ample?
AG: For the moment I can only refer to a
short-term project of six months, which has

Fig. 1 Andrea Grandi, General Manager
Advanced Technologies Business Unit at SACMI

now finished. For refractories we aimed to
find improvements for a quality control line.
We put together experts from Laeis and
SACMI. The great result is that they also
were able to present a partner who will install the prototype line.
cfi: How important is the industry 4.0 development?
AG: In the group we have a central team of
experts who work on artificial intelligence.
The needs of the business units are very different. For sanitaryware, for example, it is by
far more complex as the sanitary factory of
the future aims to run more or less without
workers. In Technical Ceramics every plant
produces lots of products using a variety of
technologies. Our projects are not complete
plants: we supply single machines with
more or less comprehensive peripheral systems. Here we include in the so-called 4.0
packages, which ensure that relevant data
are compiled and made available, e.g. for
predictive maintenance.
cfi: Thank you for talking to us. 
KS
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Connecting Global Competence

Germany

ceramitec conference + exhibition 2021:
First Look Program (FORUM 1 + 2)
ceramitec, originally scheduled for May 2021, has been postponed

to June 2022 on account of the reduced possibilities for worldwide
travel. On a smaller scale, the ceramitec conference + exhibition will
take place in one of the halls at the trade fair grounds in Munich/DE
from 22–23 June 2021. This event will be held parallel to the “automatica sprint”. The resulting overlaps make a visit to the free-entry
trade fair an attractive prospect.
Working together with Fraunhofer HTL/DE, IAPK/DE and the Expert
Group CIM/DE as partners, CERAMIC APPLICATIONS will organise
a two-track conference in FORUM 1 and FORUM 2, which will be
complemented by AM Ceramics organised by Lithoz/AT in FORUM 3.
In FORUM 1 on 22 June, the Plenary Lecture will be given by
Prof. Dr Alexander Michaelis, Institute Director at the Fraunhofer IKTS/
DE. He will speak on the Common Initiative of the Federal Association
of the German Ceramics Industry (BVKI), the German Ceramic Society (DKG) and the Research Council of the German Ceramic Society
(FDKG) under the heading “Hydrogen Scene – Hydrogen for and with
Ceramics”. After this lecture, in three FORUMS located in the exhibition hall a comprehensive program will be offered.

ceramitec
conference
ready for its
next edition!

Don‘t miss:
June 22-23, 2021
at Messe München
www.ceramitec.com/en/trade-fair/
ceramitec-conference

From raw materials to process
technology to industrial applications – the ceramitec conference will highlight the latest
trends and a multitude of application possibilities. Join in and

ceramitec conference + exhibition 2021

discuss your individual applications with experts from the
∙ automotive,

			9.00–10.45

			Welcome Address
Gerhard Gerritzen, Deputy Managing Director, Messe München GmbH/DE

			Plenary Lecture
			Task Force Hydrogen: Hydrogen for and with Ceramics –

∙ aerospace,
∙ electrical,
. dental and
∙ medical engineering
industries.

Enjoy two days of compact
			a Commmon Initiative 								
know-how transfer – and
			
of the Federal Association of the German Ceramics Industry (BVKI)
seize the opportunity to
			
and the German Ceramic Society (DKG)
intensively network with
			
Prof. Dr Alexander Michaelis, Institute Director, Fraunhofer IKTS/DE
well-known industry leaders.

* Remark: The time schedule will be fixed as soon as FORUM 3 is defined.
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EVENTS
FORUM 1, 22 June 2021

FORUM 2, 22 June 2021

New Horizons for Additive
Manufacturing (AM) of Ceramics

High-Temperature Technologies

11.00–17.30

11.00–17.30

Organized by CERAMIC APPLICATIONS
Moderator Karin Scharrer, Editor-in-Chief,
CERAMIC APPLICATIONS, Göller Verlag/DE

Organized by Fraunhofer HTL
Moderator Prof. Dr Friedrich Raether,
Director, Fraunhofer HTL

Keynote

11.00–13.00

Dr Tassilo Moritz, Task Force Additive Manufacturing DKG,
Senior Scientist, Fraunhofer IKTS/DE

Application of Electric Current Assisted Sintering
Techniques for Advanced Processing of Energy Materials
Apl.-Prof. Dr Martin Bram, Team Leader, Institute of Energy and
Climate Research, Forschungszentrum Jülich/DE

Task Force Additive Manufacturing
– Together to a Productive Level of Ceramic AM

Thermoprocessing Equipment

11.30–12.30

New Materials / Additives for
Enhanced Performance of AM-Technologies
SiC Narrow Grit for AM
Anne Marie Moe, Manager Technology + R&D, Washington Mills/NO
Plant-Based Hydrocolloids and Biopolymers –
Bio-Based Solutions for Ceramic AM?
Sascha Galic, Senior Product Manager, J. Rettenmaier & Söhne/DE
Ceramics and Metal AM by FFF Process and Use-Cases
Elisabeth To, Ingénieur technico-commercial, NanoE/FR

Clean and Green – Opportunities and Challenges for
Industrial Furnace Construction After the Corona Age
Andreas Hajduk, Sales Manager Technical Ceramics, Riedhammer
GmbH/DE
Debinding and Sintering under Advanced Atmospheres
Heinz-Jürgen Blüm, Managing Director, MUT Advanced Heating
GmbH/DE
Using Hydrogen in Ceramic Industry Kilns – H2 Hybrid Kilns
Gaining Ground?
Hartmut Weber, Vice President Sales, CREMER Thermoprozessanlagen
GmbH/DE

13.00–15.20

New Technologies for the Manufacture of AM-Parts
3D-Printing of Ceramic Structures via Material Jetting
Alexander Kremer, TechCenter Additive Fertigung, Rauschert HeinersdorfPressig/DE

Concept and Benefits of Digital Furnace Twins
Dr Gerhard Seifert, Senior Scientist, Fraunhofer HTL/DE

High-Temperature Materials
14.00–15.40

AM by Extrusion of Ceramics
Torsten Seidel, Managing Director, ECT-KEMA GmbH/DE
Ceramic AM for New Space
Richard Gaignon, CEO, 3DCERAM Sinto/FR
Additive and Subtractive Manufacturing as a Complement to
Classical Manufacturing Techniques
Andreas Philipp, Head of Business Unit Powder Injection Moulding,
maxon motor/DE
Making Binder Jetting Really Work for Technical Ceramics
Boris Agea-Blanco, Development Engineer, CerAMing/DE
Nanoparticle Jetting – the AM Avenue for High Definition and
Complex Ceramic Parts
Dror Danai, Chief Business Officer, XJET/IL

Oxide/Oxide Ceramic Matrix Composites – Replacement
Possibility for Metallic Alloys at High Temperatures
Walter Pritzkow, Managing Director, Keramikblech/DE
New Refractory Materials and Concepts for the Reduction
of CO2-Emissions of High-Temperature Processed
Dr Rainer Gaebel, Managing Director, Refratechnik Holding
GmbH/DE
Reaction Bonding of Mullite-Based Ceramics
Tabea Naemi Cegla, Researcher, Steuler KCH/DE
Ceramic Coatings for High-Temperature Applications
Jonathan Maier, Researcher, Fraunhofer HTL/DE

16.10–18.00

Process Development

16.00–17.20

The Challenge of Drying Technical Ceramics
Markus Lindner, Design Manager, Lippert GmbH & Co KG/DE

CerAMfacturing of Ceramic-Based Multi-Material Components
Dr Uwe Scheithauer, Researcher, Fraunhofer IKTS/DE

Upscaling Processes for Advanced Ceramics from
Laboratory into Industrial Production
Axel Weiand, Vice President New Business, Onejoon GmbH/DE

Ceramic Components Made by AM –
the Economic Alternative ?
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EVENTS
New Approaches of AM of Dense and Porous Ceramics for
Advanced Refractory Applications
Dr Patrick Gehre, Scientist, Institute of Ceramics, Refractories and
Composite Materials, TU Bergakademie Freiberg/DE
3D-Screen Printing of Solar Absorbers Made of SiSiC, Sintered in
an Efficient High-Performance Furnace
René Kirchner, Head of Sales, FCT Systeme GmbH/DE;
Lisa Birkigt, Project Manager, Exentis Technology/CH
Breakeven Point for Ceramic AM is Now a Lot More Attractive
Dror Danai, Chief Business Officer, XJET/IL

EnerViT – Energy-Efficient Kiln Plants between Present and
Future
Thomas Alten, Managing Director, Keramischer OFENBAU GmbH/DE
Debinding and Sintering Optimization via Apps
Dr Holger Friedrich, Senior Scientist, Fraunhofer HTL/DE
Energy Efficiency in Practice
Frank Veitengruber, Project Engineer, Forschungsgesellschaft für
Energiewirtschaft mbH/DE

17.20–17.30 Closing Words

17.20–17.30 Closing Words

FORUM 1, 23 June 2021

FORUM 2, 23 June 2021

9.00–15.30

9.00–10.30

Organized by CERAMIC APPLICATIONS
Moderator Karin Scharrer, Editor-in-Chief,
CERAMIC APPLICATIONS, Göller Verlag/DE

CIM – Material Performance and
High Functional Integration –
Economic Solutions for
Many User Industries

9.00–11.30

Panel Discussion

Industry 4.0 / Ceramic Components

Progress of Industry 4.0 Concepts
in the Ceramic Industry
Data Management in Production of Ceramic Membranes
Christian Goebbert, Managing Director, Nanostone Water/DE
Transformation from Manufactory to Smart Production
Wolfgang Heining, Project Manager, Lippert GmbH & Co KG/DE
Data-centric Smart Factory
Matteo Tellarini, Data Analyst, SACMI Innovation Lab, SACMI/IT

Organized by Expert Group CIM
Moderator Dr Moritz von Witzleben,
Managing Director, INMATEC Technologies GmbH/DE
Participants
Dr Karin Hajek, Sales Director, INMATEC Technologies/DE
Hartmut Walcher, Manager PIM Laboratory, ARBURG/DE
Harrie Sneijers, Sales Director, Formatec Technical Ceramics/NL
Jens Graf, Sales & Marketing Director, Kläger Spritzguss/DE
Phillip Ninz, Scientist, IFKB University Stuttgart/DE
Uwe Schnitzler, R&D Engineer, ERBE Elektromedizin GmbH/DE

Redefining Interactions with High-Temperature Furnaces and
Equipment ! Unlock AR Empowered Processes
Daniel Mirbach, Head of Marketing, Oculavis/DE

11.00–13.00

The Next Challenge in Digital Production with Powder Metal
Presses
Herbert Gröbl, Competence Team IoT, DORST Technologies/DE

Organized by IAPK
Moderator Dr Anke Kaletsch,
Deputy Managing Director, IAPK/DE

Panel Discussion (all speakers of this session)

Keynote

12.00–15.30

Ceramic Components for Enhanced System
Solutions
Environmental and Process Technology / Electronics
Silicon Nitride Speciality Materials for Product and
Process Innovation in Semiconductor and Analysis Technology
Dr Ulrich Degenhardt, Head of R&D, FCT Ingenieurkeramik/DE
cfi/Ber. DKG 98 (2021) No. 2

Additive Manufacturing of Metals

Accelerating the LPBF Process by the Combination
of AM and HIP
Dr Anke Kaletsch,
Deputy Managing Director, IAPK/DE
Efficient Production and Qualification of New Materials for the
LPBF Process
Daniel Beckers, Head Metal Powder Production,
Rosswag engineering/DE
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EVENTS
Ceramic Filters for Advanced Process Technologies
Frank Händle, Consultant, ETC-KEMA/DE

Lithography-Based Metal Manufacturing (LMM)
Dr Gerald Mitteramskogler, Managing Director, Incus/AT

Tailoring Natural Fertilizer
Raphael Kunz, Sales Engineer for Ceramic Membrane Discs, Kerafol/DE

Metal Binder Jetting a Supplement to Beam Melting
Claus Aumund-Kopp, Senior Scientist, Fraunhofer IFAM Bremen/DE

NEXTREMA® Glass-Ceramic Solutions: Game-Changer for
Industrial Applications
Stephanie Schwarz, Vice President Sales & Marketing ROBAX® &
NEXTREMA®, Schott/DE

HIP (title to be confirmed)
Marc Knauff, Managing Director, CREMER HIP Innovations/DE

14.00–15.30
Silicon Carbide Material: Solutions for Laser Processes, Semiconductor, Opto-Mechanics OEMS and Chemical Industries
Marc Ferrato, Responsible R&D, Mersen Boostec/FR;
Patrick Chereau, Ingenieur Arts et Metiers, Mersen Boostec/FR
Water-Based Tape Casting Process: an Innovative Environmental
Friendly Process for Mass Production of Thick and Thin Ceramic
Substrates for Electronic Applications
Dr Simona Illiescu, R&D Manager, Sedal/ES

Hard Metals – Innovation Trends

Keynote

100 Years of Hard Metals and not an End
Dr Jürgen Schmidt, Director, Extramet AG/CH;
Dr Margarethe Traxler, R&D Group Leader Material Development,
Boehlerit GmbH & Co. KG/AT

Current Trends in the Development of Hard Metals
Anne Vornberger, Scientist, Fraunhofer IKTS-Dresden/DE

Medical
Advanced Ceramics for Healthcare – Materials, Properties,
Applications
Ulrich Werr, Area Sales Manager, Rauschert/DE
Consequences of Stretching Ceramic Mechanical Properties
to their Limits for Technologically Challenging Applications
Senad Hasanovic, Vice President Innovation & Development, Ceramaret/CH
Highly Leak-tight Ceramic-metal Assembly for a Novel, Threedimensional Imaging X-ray Process
Dr Kai Sauerzapfe, Head of Business Unit Battery Systems,
Alumina Systems/DE

AM of WC–Co Hard Metals Using Laser Powder Bed Fusion
Sofia Fries, Team Leader Hard Metals and Cermets,
IWM, RWTH Aachen University/DE
CARBIDE2500 – High-Temperature Carburization at up to
2500 °C Opens New Possibilities for the Development of
Advanced Hard Metal Products
Dr Jaqueline Gruber, Executive Assistant,
CREMER Thermoprozessanlagen/DE

FORUM 3
AM Ceramics will be organized by Lithoz/AT
as in previous events. The program will be ready soon.
Please visit for up-dates: www.ceramitec.de
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Sustainable, Natural Pore
Formers and Process Additives
for the Ceramic Industry
Nature offers an almost inexhaustible reservoir of usable functions

that have always been present in the plant world. Each plant species
has its own outstanding, individual characteristics. The innovative,
“green” future technology of J. Rettenmaier & Söhne Group uses
these valuable functions and properties and opens them up to all
areas of life and modern industry. This article describes the function of
these particles as natural pore formers and process additives.

Fig. 1 Products supplied by J. Rettenmaier & Söhne Group

1 Introduction
The J. Rettenmaier & Söhne Group (JRS)
dedicated itself to research, development
and processing of high quality organic
fibres and particles derived from vegetable
raw materials, e.g. cellulose, wood fibres or
cereal and fruit fibres. JRS makes many features of these valuable natural substances
available for industrial purposes. Caring for
the ecological cycle is always a top priority.
Therefore, sustainable vegetable raw mater
ials will always be the basis of the Group’s
product philosophy in the future.
As an owner-managed, independent family
business, the Group stands for innovation,
long-term perspectives, reliability and se
curity. The global orientation of JRS makes
an optimal procurement of raw materials of
the highest possible quality which is an important requirement in order to produce a
wide variety of unique products. The Group’s
certified advanced production technology
stands for top quality, innovative functionality and a perfect price/performance ratio.
JRS provides organic cellulose and lignocellulose particles modified for utilisation
in the ceramic industry. One can expect
high-class purity combined with constant
product performance. Outstanding quality
is guaranteed by certified quality control.
High variety enables optimal usage. Differcfi/Ber. DKG 98 (2021) No. 2

ent structures lead into different effects in
your production process as well as for the
performance of your final ceramic products.
Tailor-made selection of natural particles
allows controlled improvement of your application.
Natural cellulose and lignocellulose products are used as pore formers and to control
the moisture distribution.
Advantages are:
• Control of pore volume, structure and size
• Short drying times
• Low reject rate
• Less cracks and fissures
• High flexibility of ceramic bodies.
The Group’s products are available in various sizes and structures:
• Long fibres
• Cubic particles
• Granules

J. Rettenmaier & Söhne GmbH + Co KG
73494 Rosenberg
Germany
www.jrs.de
Keywords: pore creator, process additives,
cellulose, ARBOCEL, gelcasting process,
catalyst carrier, porous ceramics

TECHNOLOGY NEWS
• Spheres
• Cellulose gels
and are manufactured out of different raw
materials:
• Wood
• Cellulose
• Annual plants
• Recycled paper.

2 Usage as pore formers

Fig. 2 Gelcasting process

During sintering the natural particles are
completely burned out, so that pores remain. Pore volume, pore structure and pore
size distribution are controlled.
The study has been realised and elabor
ated by the staff of the Advanced Ceramics
group at the University of Bremen/DE. They
followed an innovative approach based on
usage of ARBOCEL particles as pore cre
ators for ceramics. By variation of cellulose
particle structure and size they evaluated
the effect on pore characterisation.
Three different types of cellulose were used.
•
Type 1: Cellulose particles: density of
1,49 g/cm³, average particle length of
18 µm, average particle thickness of
15 µm,
•
Type 2: Microcrystalline cellulose granules: density of 1,53 g/cm³, average granule diameter of 150 µm,
• Type 3: Microcrystalline cellulose spheres:
density of 1,50 g/cm³, average sphere
diameter of 300 µm.
Investigations were made according to the
processing mediated by ionotropic gelation
developed by the Advanced Ceramics group.
After the first step of alginate dissolution at
slightly alkaline conditions, the aluminium
oxide ceramic particles are added and then
stabilised by trichloroacetic acid.
Now the cellulose particles (15 vol.-%)
are added. Following, the mixture must be
cooled (<10 °C) before the calcium iodate
as cross linker can be added. Calcium cat
ions initiate the gelation. The green body
is dried at 20 °C for 4 days. Shrinkage
is around 10 %. Sample discs (27 mm
diameter, 3 mm thickness) are cut and

grinded.
Finally the gelled parts are sintered (at
1350 °C for 2 h), which leads to the chem
ical consolidation of ceramic particles.
Simultaneously the cellulose particles are
burned out, so that pores remain. Shrinkage
after sintering is around 17 %.

Fig. 3 SEM-micrographs
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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

Head Office: Tosoh Corporation, Advanced Ceramics Dept., 3-8-2 Shiba. Minato-ku, Tokyo 105-8623, Japan Tel:+81 03-5427-5170 Fax: + 81 03-5427-5217
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., Rembrandt Tower, Amstelplein 1, 1096 HA Amsterdam, The Netherlands Tel:+31 020-565-0014 Fax: + 31 020-691-5458
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Tab. 1 Results summary
Product

Density
(DIN 1094)
[g/cm³]

Amount
Pore
Creator
[g]

Amount
Pore
Creator
[vol.-%]

d50 Particles
[µm]

d50 Pores
[µm]

Porosity,
Total
[%]

Porosity, Open
(DIN EN 623
part 2)
[%]

Shrinkage after
Sintering
(1500 °C, 2 h)
[%]

Pores
Structure

Cellulose particles

1,49

8,84

14

19,39

1,26

30

22

17

Channel

MCC granules

1,53

11,01

16

43,62

1,38

32

22

17

Cubic

MCC spheres

1,50

6,0

15

316,9

35,09

22

16

17

Spherical

3 Results

3.1 Pore structure
Cellulose is the raw material base of all
three products. Microcrystalline Cellulose
(MCC) is chemically treated to increase the
amount of the crystalline content. Therefore, the structure of MCC is different from
standard cellulose. This creates different
pore structures after sintering:
• Cellulose particles → oblong pore channels
• MCC particles → nearly cubic pores
• MCC spheres → ball-shaped pores.
The pore structure is specifically controlled
by choosing the equivalent particle structure.

3.2 Porosity/pore quantity
Pores can be differentiated in open pores,
closed pores and a combination of both.
The preferred kind of pore strongly depends
on the requested functionality. Total porosity is defined as the sum of open and closed
pores. An increase of total porosity leads to
an increase of open pores.
Only closed pores will disappear starting
at a total porosity level of nearly 10 %.
The reason is that with a higher amount
of pores, the single pores necessarily come
into direct contact.
The connection of several closed pores will
result in the creation of new pore channels
(= open pores).
Cellulose particles as pore creators that:
• create twice as much total porosity as
used fibre content, e.g. 30 % total porosity realised by 15 % cellulose.
•
follow the typical positive correlation
of total porosity and open porosity, e.g.
30 % total porosity = 10 % closed pores
+ 20 % open pores and 40 % total por

E 18

osity = 10 % closed pores + 30 % open
pores.

3.3 Pore size
Pore size distribution is detected according
to mercury intrusion porosimetry. The pore
channel is defined by the contact area of
the single pores. For fibrous particles the
contact area corresponds to the pore diameter. Here the particle diameter is uniform
and therefore results in a unimodal pore
size distribution. Due to the nature of cellu
lose particles the diameter is always in the
range of 20–30 μm, independent from the
particle length.
In consequence the pore size distribution is
similar for all fine cellulose particles. In contrast to this study rougher cellulose grades
(>1000 μm) tend to agglomerate, which
causes coarser and varying pores.
For granules and spheres the contact area
varies. Variation of contact area leads to
a wide pore size distribution (bimodal or
multi
modal). Even though the diameter
of the cellulose granules is very uniform,
granules tend to break at high shear forces
during the ceramic production process. This
leads into uncontrolled final granule sizes as
well as contact areas. Pore size distribution
is unpredictable and strongly depends on
the production process parameters.

4 Discussion
One has to evaluate and discuss these results in context with the final ceramic application. Regarding the pore structure it could
be possible to induce a controlled breaking
behaviour of the ceramic part or to improve
vessel growth in medical applications (bone
replacements).
Increased porosity will lead to lightweight
materials for the automotive industry, it

can improve the thermal shock resistance
for refractory ceramics and it can result in
a higher inner specific surface area for catalyst carriers.
For filtration applications specific pore sizes
will enable a controlled permeability and a
accurate separation of the single compon
ents. Microporosity will be an advantage for
applications with high stability requirements.

5 Future
The next step will be to investigate the influence of pore structure, quantity and size
on strength parameters.
There have to be also examined alternative
natural fibres from the Group’s portfolio like
recycled paper fibres, wood fibres, fibres
from annual plants (corn, oat) and speciality fibres/particles from e.g. nut husks or
olive pits.
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PROCESS ENGINEERING
Measuring the Plasticity of Ceramic Bodies – Part 1
F. Händle, K.-F. Laenger

”Plasticity is like honesty. It is hard to define, but it is associated with certain properties.” Scott Blair

“Formability refers to the property of a solid substance (solid as opposed to liquid) to react to external
forces by changing its shape, without the cohesion of the elementary particles being lost. Especially for the
process of shaping ceramics, the condition of rupture-free deformation is of considerable importance. […]
The body will be all the more formable when the forces necessary to move the particles against each other
during deformation are lower, i.e. the lower the viscosity of the body is.“ Theodor Haase

1 Introduction
The sarcastic remark made by the English
rheologist Scott Blair regarding the term
plasticity for ceramic materials is reflected
in practice in the field.
The strepitous smack of the plastic test
sample as it hits the ground, the thumb
impression of the experienced master cer
amist, the tearing, rolling-out and twisting
of ceramic samples in line with tried and
tested company guidelines to the chewing
with relish of ceramic body are all common
practice.
Parallel to this, more sophisticated measurement methods are widely applied, like the
Pfefferkorn method, in which a specimen of
defined geometry is compressed. Another
method for the determination of plasticity
is with penetrometers, which are used to
measure the force necessary to press indenters of different geometry into the plastic body. In addition, measuring mixers are
used with which the torque needed to mix
plastic bodies is measured in order to draw
conclusions regarding the plasticity of the
mixed body.
Objectives of the study were:
• To verify the efficiency of the motor-driven
Pen Check III for measurement of the deformation force.
•
To quantitatively differentiate between
the forces measured during penetration of
the two penetration needles. On the one
hand, the force generated as a result of
deformation of the body and, on the other
hand, the force generated as a result of
the friction between needle and body.
• To determine for two bodies of different
softness or stiffness what correlations
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exist between the forces measured on
penetration and the penetration velocity
of the needles.
•
To develop a method to determine a
measure for the rupture strength with the
help of the proposed test set-up.
• To invite readers interested in plasticity to
work together in developing field-oriented methods/instruments for the determin
ation of rupture strength.
In Chapter 2, the authors present the defin
ition of the plasticity of ceramic bodies that
we have used, without going into the many
different approaches and measuring methods derived from these. For a more thorough discussion and assessment, readers
are referred to the relevant literature [A1].
The authors assume that for field practice
it is expedient to differentiate between two
forms of plasticity, on the one hand that of
the deformation pressure, and on the other
hand that of the rupture strength, as proposed by Haase. Whereas, in the authors’
opinion, no reliable device is yet available
to measure rupture strength, with a modern motor-driven penetrometer like the PEN
CHECK III, one has a high-precision instrument that can be used to determine the
deformation pressure in a very short time.
In Chapter 3 of the paper, the test set-up
and the results of the conducted tests are
described.
In Chapter 4, the authors endeavour to
describe the consequences that result from
the tests for the measurement of the de
formation force in practice and, respectively,
the chances for the characterisation of plastic ceramic bodies.

2 The term plasticity in ceramics
Within the scope of this paper, it is neither
possible nor intended to go into the widely
differing definitions of plasticity nor the
definitions derived from certain measurement methods, like the Pfefferkorn value
commonly used in practice.
Following study of the various terms and
measurement methods, in the following,
the authors use the terms deformation pressure [N/mm²] and rupture strength [N/mm²]
developed by Haase as two terms to define
the plasticity of ceramic bodies [A2].
These are two different characteristics that,
according to the state-of-the-art, are determined by means of different measuring
methods. For measurement of the deform
ation pressure, the penetrometer has become
established worldwide in a range of different,
although not always suitable versions.
The authors understand deformation pressure as the force that must be applied on
penetration of the penetration needle into
the plastic body.
Depending on the shape of the penetration needle, different values result; no binding directives or standards are available. In
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contrast, in the case of the rupture strength,
the authors measure the force necessary
to rupture a plastic ceramic body. In other
words, the binding force of the ceramic body
is measured. Unfortunately, to the a uthors’
knowledge, no suitable method is yet
available to precisely measure the rupture
strength.
Parallel to this, other processes have been
developed to numerically describe plastic
bodies, a differentiation being made between the different processes in indirect
processes (e.g. Atterberg, Pfefferkorn, etc.)
and direct processes (e.g. penetrometer,
Linseis, Astbury, etc.) [A3]. In the context of
indirect measurements, Astbury’s approach
should be mentioned. Here, it is assumed

during extrusion of a column with defined
diameter.
In the second step, the methods commonly
applied in material engineering are used
to determine the tensile strength of the
column up until cracks start to form [A4].
The authors reference other methods for
measuring plasticity or defining plasticity
or formability as proposed by Haase in the
literature listed under [1]. Both Haase and
Moore rightly refer to the fact that the results obtained with the different plasticity
measurements cannot be compared with
each other [A5]. Moreover, Moore advocates the use of test specimens with a simple geometry, e.g. in the form of sufficiently
large cylinders, in the measurements, to

Fig. 1 Pen Check I (penetrometer)

that the plasticity of the ceramic body can
be detected when it is exposed to cyclic
deformation. Moreover, with the use of a
measuring mixer with the help of which,
based on measurement of the shear energy
necessary for mixing, conclusions can be
drawn concerning the plasticity of the body.
Finally, the commonly used Pfefferkorn
method, with which based on the deform
ation ratio of a plastic specimen exposed
to a sudden impact load, conclusions are
drawn with regard to the plasticity of the
ceramic body. Here, no cracks should occur
in the test specimen [A4].
Furthermore, the commonly applied Linseis
method should be mentioned: in the first
step, an extruder with a standardised nozzle is used to determine the flow pressure
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obtain more reproducible results. In the authors’ experience, Moore is rightly sceptical
about introducing crack-free deformation
as a condition in plasticity measurement, as
the detection of a crack, be it in the form of
a crack that can be detected only with the
microscope, or in the form of a visible crack,
is difficult to define [A6].

3 Test set-up and results
In the first chapter of the paper, the authors
addressed the differences in the measurement of the deformation pressure according
to Haase’s definition.
In other words, they addressed the question
of how reliably the deformation pressure
can be detected by means of a penetrometer or the Pen Check (Fig. 1).

The deformation pressure L defined by
Haase (see Haase), which is measured on
penetration of the penetration needle, is
made up of the force needed for deform
ation of the plastic body and a force that is
generated by the friction between the cylinder needle and the ceramic body.
One objective of the tests was to be able,
thanks to a modification of the penetration needle, to detect the deformation part
separately from the friction part. After several preliminary tests with different ceramic
bodies and different needle shapes, two
needles were selected (Fig. 2).
The cylinder needle commonly used in
penetrometers, with a diameter of 11,2 mm
corresponding to a front surface area measuring 98,5 mm2 – referred to as the cylinder
needle or Needle A in the following. And a
needle with a disk of the same diameter
and the same front surface area of the disk
as well as a thinner shaft, referred to in the
following as disk needle or Needle B.
The penetration depth of the needles in
the tests was defined as 35 mm, the pene
tration velocity was varied between 50–
300 mm/min. For the measurement, the Pen
Check III modified by frank händle transfer
specifically for ceramics was used, based on
the Multitest device manufactured by MECMESIN including AFG load cell and Vector
Pro Lite software (Fig. 3).
In these preliminary tests with silicate cer
am
ic bodies, it was possible to confirm
the hypothesis that the force measured on
penetration of the penetration needles can
be differentiated into a deformation part
and a friction part.
That is, in a standard penetrometer measurement with a cylindrical or conical needle, not the deformation force is measured,
but the sum of the deformation force and a
force generated by friction between needle
and ceramic body. Especially in the case of
bodies with high wall friction (e.g. abrasive
particles), this can lead to incorrect conclusions regarding the plasticity of the body.
With use of cylinder Needle A and disk Needle B, it is not only possible to determine
the deformation part, but also to characterise ceramic bodies based on the ratio of the
deformation part and friction part. Not least
it is possible in a simple way to obtain an
acceptably accurate idea of the wall friction,
that is abrasiveness of the ceramic body.
For the tests described in the following, a
cfi/Ber. DKG 98 (2021) No. 2
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Fig. 2 Left – Needle A with fully cylindrical geometry;
right – Needle B with disk geometry at the front surface

CL 370 reactive alumina from ALMATIS/DE
was used.
The specimens for the tests were prepared
in the form of small slugs with a diameter
of 33 mm and a length of 50 mm by means
of extrusion in a deaired ECT-KEMA/DE vac
uum extruder with a diameter of 50 mm.
The percentages of additives such as meth
yl cellulose MC 3000 and glycerine were
identical, however, the specimens differed
in their moisture content.
The soft specimen had a moisture content
of 12,12 %absolutely wet, the stiff specimen a
water content of 11,65 % absolutely wet. In the
tests, the specimens were sheathed on three
sides with a clamp to prevent any bulging of
the test specimens and guarantee crack-free
deformation with simultaneously constant
volume of the test specimen. According to
the authors’ observations, the penetration
of the needle without the application of
a clamp leads to spreading of the plastic
body (Fig. 4 and Fig. 5) and consequently to
false results or lower measured forces, respectively. That is, with this clamping of the
test specimen (Fig. 5), on the one hand the
authors prevented lateral strain and accordingly a change in the cylindrical geometry
of the test specimens on penetration of the
needle. That is the preconditions for a triaxial stress state were created [A7].
E 22

Fig. 3 Test set-up for the Pen Check III

In Fig. 6, the force required by Needle A (cylinder needle) is plotted against the pene
tration depth of 35 mm at the penetration
velocities 50 mm/min and 150 mm/min for
the soft and stiff body. Measured in this
case is the total force Ftotal, which results
as the sum of the deformation and friction
parts.
At the selected penetration velocities, the
compression curve for the two bodies can

be divided into three ranges on the basis of
the Bingham-Hooke model [A8].
The first proportional range is characterised
by a linear curve. In this range, up to penetration depths of around 5 mm, the force is
proportional to the penetration depth.
In the second non-linear transition range,
the deformation is partly reversible, that is
the body is still partly elastic, but the strain
is no longer proportional to the penetration

Fig. 4 Test specimen without clamp
after the test (Needle A)

Fig. 5 Test specimen with clamp
(Needle A)
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depth. After a penetration depth of the needle of around 10 mm, the curve is characterised in the third range by a flattening of
the measured curves, that is the body undergoes plastic deformation, i.e. irreversibly.
Two forces can be differentiated during
penetration of Needle A: the force for the
deformation of the body as well as the
force generated by the friction between
the cylinder needle and body. In Fig. 7, the
force required for Needle B (disk needle) in
identical conditions is plotted. As the shaft
of the Needle B is lowered after the 1-mmthick disk, it can be assumed that the generated friction part is marginal compared with
the deformation part. The curves plotted in
Fig. 7 show the course of the deformation

In the second part of the tests, the authors
have tried to determine precisely the correlations between penetration velocities of
Needles A and B and the resulting forces.
It could be presumed that with the use of
manual penetrometers in field practice, different handling leads to non-representative
measured results.
In the tests, therefore, the influence of the
penetration velocity on the measurement
result was studied. The velocities in the tests
ranged between 50–300 mm/min.
Figs. 8 and 9 show the curves for the measured force, at a penetration depth of 35 mm,
as a function of five selected penetration
velocities vi. For the penetration velocity
with vi = 0, values for the measured force

Fig. 6 Measured force as a function of the penetration depth
for Needle A (cylinder needle)

force on penetration of Needle B. The measured curves in Fig. 7 can also be divided
in three ranges. From Figs. 6 and 7, it can
be seen that up to a penetration depth of
around 10 mm, almost identical values are
necessary for the force required.
For Needle A, from a penetration depth
over 10 mm, a linearly increasing friction
part can be detected, while with the use of
Needle B, following the transition zone, the
force required for deformation of the body
remains constant. With separation of the
deformation and friction parts, it is possible
to empirically differentiate between the different forces Ftotal, Fdeformation and Ffriction with
acceptable accuracy.
The friction part Ffriction results as the difference between the total force Ftotal, and the
deformation part Fdeformation.
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eral area [A8]. At high penetration velocity
vi, the shaping and compaction must take
place much faster. This applies both to the
mechanism for displacement of the liquid
phase in the interstices and shells of the
ceramic particles and to the orientation of
the particles. With faster rearrangement of
the particle collective, contact between the
particles necessarily results, that is there is
inner friction [A9].
In flow deformation according to Haase,
two mechanisms take effect. On the one
hand, solid particles are moved towards to
each other, as a result of which they either
slide off or rub – shown with the viscosity.
On the other hand, the particles move away
from each other – characterised with the

Fig. 7 Measured force as a function of the penetration depth
for Needle B (pure deformation)

(Ftotal, Fdeformation and Ffriction) are calculated by
means of linear extrapolation. In Fig. 8 the
result for the total force Ftotal is shown for
the two bodies with Needle A (cylinder needle). From Fig. 8, it can be seen that for the
soft body, lower force Ftotal necessary must
be introduced Ftotal than for the stiff body,
although the same volume is displaced.
With increasing penetration velocity vi,
an increase in the necessary force can be
registered. The ensuing compression results,
on account of the sheathing, in a compaction of the core area and displacement
(squeezing out) of water into the periph-

rupture strength or bonding force of cer
amic bodies [A10].
Haase and Moore are generally in agreement that the “combination of solid and
liquid properties in ceramic bodies generates the phenomenon of plasticity”. That
means that the plasticity of a material is the
behaviour inherent in a “mixed two-phase
composition” [A11].
In Fig. 9, besides the measured forces
Fdeformation of Needle B – disk needle – the
result of the calculated friction parts Ffriction is
also plotted. From Fig. 9, it can be seen that
for the stiff body, as expected, a much high-

E 23

Uniris Exhibition Shanghai Co Ltd
Tel: +86 4000 778 909 / +86 20 8327 6389
Fax: +86 20 8327 6330
Email: formnext-pm@unirischina.com

Guangzhou Guangya Messe Frankfurt Co Ltd
Tel: +86 20 3825 1558
Fax: +86 20 3825 1400
Email: formnext-pm@china.messefrankfurt.com

KERALPOR 99
CTS — Porous Setter-Plates

Fig. 8 Total force (Needle A) as a function of the penetration velocity

▪
▪
▪
▪
▪
▪

dust-free / particle-free surface
homogeneous pore size distribution
good mechanical strength
material can be cut by laser or waterjet
very good planarity and surface quality
big customized dimensions of the
setter possible
▪ gases and liquids can freely diffuse

CTS PRODUCT OVERVIEW
Setter / kiln furniture
▪ Keralpor 99
▪ Keralpor S
▪ RT
Fig. 9 Deformation part (Needle B) and friction part (calculated) as a function of
the penetration velocity

er deformation part is necessary compared
to that for the soft body to obtain the same
volume change. In the selected measurement range, the change in the penetration
velocity vi has for both bodies a quasi linear
influence on the measured force Fdeformation of
Needle B. Further, in Fig. 9, the calculated
friction parts Ffriction for the soft and stiff body
are plotted as a function of the increasing
penetration velocities vi.
The shape of the measured curves shows
that there are different gradients for the
soft and stiff plastic body. For the soft respectively low-viscosity body, less additional
force is necessary to offset the friction between needle and ceramic body.
cfi/Ber. DKG 98 (2021) No. 2

However, the absolute values of the friction
parts Ffriction at low penetration velocities vi
for both bodies show small differences. For
both the soft and the stiff material, with this
slow compaction, there remains sufficient
time for the test specimen to form a film
of water around the cylinder needle, which
results in similar friction parts. The authors
were not able to study this assumption in
their tests.
The authors regard the possibility during
the measurement with Pen Check III to differentiate the force measured during penetration of the two Needles A and B into
one part generated by deformation and
one generated by friction as an interest-
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ing “tool” for the field, especially as the measurements do not
incur any high costs or require a great deal of time. Of course,
the authors’ measurements are only valid for the test specimens
they have used. For other bodies, the ratio of deformation and
friction part will differ. For the soft body, the deformation part
Fdeformation accounted for 63 % of the total measured force Ftotal to
be applied. The determined friction part still accounted for 37 %.
For the stiff body, the friction part fell to 30 % while the deformation part increased to 70 %.

4 Consequences from the studies
From the studies, in the authors’ view, the following consequences can be derived:
• On the basis of the test set-up developed by the authors, it is
possible to detect the actual deformation force, while in the
usual measurements with the penetrometer the measured force
is composed of both a deformation part and a friction part.
Depending on the wall friction of the plastic ceramic body, considerable deviations from the actual deformation force result.
• With the differentiation between the deformation part and
friction part, a characterisation of the plastic ceramic body is
possible. This provides valuable information for the evaluation
of the ceramic extrudate in respect of possible deformations
during handling and in respect of the wall friction occurring
during extrusion.
• On account of the strong dependence of the forces measured
with manual penetrometers on penetration velocity and penetration depth, these values should be understood as initial
guide values at best; assuming careful procedure by the oper
ative assigned to this task. A precondition that is not only seldomly met, but in the case of manual handling cannot be met
at all.
• When it comes to measuring the deformation force as an important indicator for the plasticity of ceramic bodies, measurement with the disk needle (Needle B) can be recommended
especially if on account of the particle size composition and the
particle shape, the friction part is high.
• In the extrusion of ceramic bodies, abrasive wear can lead to
considerable qualitative technical and economic problems.
With the method demonstrated by us it may not be possible
to present values for wall friction, but it is possible to derive
sufficiently accurate indications of the abrasiveness of a body.
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High-End Al2O3 Ceramics: Easy to Get with
New Ready-to-Press Material from Nabaltec
A. Biegerl, Ch. Meier, S. Wrosch

There are two main reasons for using alumina in ceramic applications. First, there are technical reasons,

when certain material characteristics are needed and second, there are commercial considerations, aiming
to get these features at an affordable cost-value ratio. The most important reason is usually on technical
side, as Al2O3 is an excellent choice when engineered parts are applied under rigid conditions. In this oper
ation purpose the high number of material advantages of alumina is beneficial. Properties like excellent
thermal creep resistance, high thermal conductivity and the remarkable electric insulation are the main
reasons why alumina is used in a variety of E&E applications.
This area is growing quite a lot as products like high energy LEDs, computer chips and relays, become
increasingly important. Last but not least, such parts are used to a greater extent in the ever increasing
electric mobility market. But also attributes like the exceptional hardness and the high wear resistance
in combination with a superior corrosion resistance make alumina the leading material when it comes to
applications in the engineering industry [1]. In this connection, an often addressed challenge is the failure
behaviour of ceramics based on statistical effects. Their breaking behaviour is described by a relatively
broad cumulative failure distribution, which makes it unusual for the responsible engineers to calculate
the necessary part dimensioning [2]. Therefore, as users have to be on the safe side they calculate the ne
cessary part properties together with a big share of safety tolerance. As a result, the achievable breaking
strength and hardness have to be continuously improved in order to meet the required material properties. This is not only done by adjusting forming steps and sintering procedures but also by tuning the raw
materials itself under the premise not to increase the costs per part significantly.

Introduction
The key for its successful improvement lies
in the microstructure of the ceramics. Commonly, disruption energy is not high enough
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to break alumina particles up directly, but
cracks are growing alongside the grain
boundaries. It is obvious that a defect-free
single crystal of alumina has the maximum
breaking strength and the highest hardness
in contrast to polycrystalline ceramics which
are finally a sum of grains in different sizes,
varying grain boundaries, particle packing
defects and chemical impurities spread between the grains.
All these influences reduce the maximal
possible mechanical properties and are the
starting point for the alumina producer like
Nabaltec AG for improving the raw mater
ial leading to a number of specifically optimised GRANALOX®-products.
The origin of cracks in ceramic parts are
in most cases defects already present on

or near the surface whereas they act as
an initiator when load is applied onto the
ceramics. The fissure goes alongside the
weakest points through the microstructure
while defects like voids and crystal phases
formed by chemical impurities reducing the
necessary energy for breaking [3]. For crack
propagation, the defect origin is not import
ant, in contrast to the amount and volume
of the voids within the microstructure. Furthermore, understanding the origin of the
defects is exactly the approach by which
the manufacturer and raw material supplier
have to optimise the microstructure.

Discussion
The possibilities at Nabaltec are focused on
the raw material itself, as it has an enorcfi/Ber. DKG 98 (2021) No. 2
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Fig. 1 Partially milled alumina (agglomerates marked in red)

mous influence on the physical ceramic
properties depending on how the alumina
is designed. Generally, there are two main
options for improving the fracture strength,
which are on the one hand optimising the
particle distribution and on the other hand
adjusting the feedstock formulation, e.g.
when the material is used for dry pressing
as forming process. The result is later tested
by measuring bending strength on manufactured test specimens.
Optimisation of the particle distribution is
a very important step, as the original material are aggregates consisting of primary
particles whose size can be controlled during the calcination process. During the
following milling procedures, these aggregates are broken down to a certain degree
whereas the targeted grain size distribution
depends on the needs of the individual application.
In the case of engineering ceramics, the
microstructure has to be preferably defectfree and homogeneous as these parts have
to tolerate high shearing forces.
Therefore, the starting material has to be
dispersed almost quantitatively to avoid
agglomerates which disturb the packing
during the forming process and result in defects within the microstructure after sinter
ing.
The grinding process starts with basic calcined alumina with a mean grain size diam
cfi/Ber. DKG 98 (2021) No. 2

eter of about 80 µm. These aggregates consist of about 0,4 µm primary particles which
are separated during the further procedure.
By using conventional milling technology
there are plenty of agglomerates left in the
material sizing up to 20 µm (Fig. 1). This
causes defects in the following processes
and leads to voids after the sintering process in the ceramic microstructure with the
result of a low fracture strength of the cer
amic part [4].
Nabaltec uses an advanced milling technology in order to disperse almost 100 % of
agglomerates. The main difference between

conventional and advanced milling is found
in the maximal possible dispersing degree,
where the energy might have been not
high enough to destroy all agglomerates
during the process. An indicator for that is
the relatively high D90 value measured by
laser diffraction which is at about 2,2 µm
for a grade consisting of 0,4 µm primary
particles (Fig. 2). By using the advanced
milling approach the material can further
be dispersed. The progress is checked by determining the D90 continuously which goes
down gradually to a D90 of about 1,3 µm
where the process is stopped.
These two different prepared alumina
grades were used to check if there is a noticeable difference in the defect rate within
the microstructure after sintering. Therefore,
each grade was mixed with about 4 % of
deionized water and test specimens were
made by uniaxial compaction at 100 MPa.
After sintering at 1600 °C with a dwell time
of 2 h, the surfaces have been polished and
thermally etched.
The microstructure checked by SEM-imaging shows that there are obviously differences of the defect rate between the two
grades (Fig. 3). While there are many and
big voids when the conventionally milled
grade is used, the microstructure of the
advanced milled grade is smooth with only
few defects in the observed area. This is
exactly the result needed for a raw mater
ial used for high-performance engineering
ceramics.
Common forming methods for parts in this
application are uniaxial or isostatic com-

Fig. 2 Dispersing progress of alumina; difference of conventionally and improved milled
grades
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Fig. 3 SEM-image of conventional alumina grade with defects (l.) and improved grade
with almost defect-free microstructure (r.)

paction where the alumina is conditioned
by granulation. Therefore, the necessary
organic feedstock has also to be improved
and adjusted to the grain size distribution
of the advanced milled alumina grade. Welldispersed alumina without agglomerates
and equal grain size distribution tends to
make problems in the forming process. During compaction, the equal-sized particles
hinder each other resulting in parts with
low green density.
Thereby, pressed parts are produced which
have low breaking strength and therefore

it is difficult to operate them by green machining as they are too brittle. Nabaltec’s
production process makes it possible to
tailor the organic formulation to provide
grades which can be compacted under
these difficult circumstances and at the
same time offer high stability of the green
body.
For this purpose, different types of organic
modules have been defined which are used
to generate granulates with particular material properties. First step of examining
the behaviour of granules when getting
compacted is testing them via the granule

Fig. 4 Comparison measurement of single granule breaking strength of two different
binder types
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strength test [5]. Nabaltec established this
test since several years and made it an
essential tool in granulate development.
The granule breakage can be observed
during the test simultaneously by camera
which gives an insight into the nature of
the breaking behaviour itself. In addition,
a prediction can be made how granulates
will behave in the following pressing step
in the bulk.
Based on this knowledge, the optimised
alumina of the advanced milling has been
formulated with a tailored organic compos
ition in order to get a powder which ceram
ic fabricators can process easily to produce
ceramic parts with high-end ceramic properties. The result of this optimisation can be
characterised by the single granule breaking
strength test, as the mean granule breakage was successfully decreased.
A conventional 99,7 %-alumina granulate
(Fig. 4, red line) shows in production a
moderate compaction behaviour resulting
in a sintered density of almost 98 % of the
theoretical density. This grade was tested in
the single granule strength test showing a
mean breakage of about 1,7 MPa.
By modifying type and amount of the organic ingredients, the pressing behaviour
can be optimised. The mean breaking load
for the optimised granulate is reduced to
a lower favoured pressure of about only
0,8 MPa (Fig. 4, green line). Furthermore,
all granules break almost at the same load,
which leads to a homogeneous compaction
with low defect rate. In addition, breaking
load is high enough to make sure that the
granules do not break while shipping them
to the customers.
The final step is manufacturing of test
specimens at a production press and a subsequent sintering test in the company’s lab
kilns. In this context, the improved grade in
comparison to a common 99,7 %-alumina
granulate is also tested. When the conventional 99,7 %-Al2O3 material is used,
typically a theoretical density of 97,7 % is
reached. By using the company’s improved
GRANALOX® NM 9991 F, the sintered
density can be increased up to 99,2 % of
theoretical density which is remarkable for
using an alumina coming from the Bayer
process.
Such high densities are commonly only
achievable by applying high purity alumina
or by using expensive methods like hot isocfi/Ber. DKG 98 (2021) No. 2
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static pressing. Therefore, this is quite impressive particularly as reached by applying
conventional pressing and sintering techniques (uniaxial compaction at 100 MPa,
1600 °C/2 h).
What also was observed while testing the
new granulate under production conditions
was the uncomplicated behaviour while
pressing as almost no material adhesion
was noticed on moulds and punches in uniaxial compaction. For that reason, this grade
is the right choice when parts with high
throughput have to be manufactured. The
optimisation of both, particle size distribution as well as tailored feedstock formulation, can also be seen in the microstructure
determined by SEM-imaging. Parts made of
GRANALOX® NM 9991 F show only small
and few voids in combination with an equal
particle size.
This is the result of the optimal grain size
distribution, where sintering starts with alumina particles which are all the same size.
In the following sintering process, also the
grain growth is very uniform and gives only
few abnormal grain growth avoiding microstructure defects.
To get a better understanding of the ceramic properties of GRANALOX® NM 9991 F,
specimens were checked by the three-point
bending strength test. The results showed
an enormous increase of the mean bending
strength of up to 60 % (Fig. 5).

Summary

Fig. 5 Comparison of 3-point-bending
strength between conventional
99,7 %-Al2O3-grade and the new
GRANALOX® NM 9991 F

Nabaltec has been successful in developing
the ceramic body GRANALOX® NM 9991 F
where both the alumina particle distribution and the corresponding organic feedstock composition is optimised. This results
in ceramics which can be used especially
for applications in engineering ceramics
where high breaking strength is needed.
The adjusted granulate properties allow the
customers to use the material for uniaxial
compaction as well as isostatic forming and
allowing different shaping methods afterwards. The organic composition is especially
tailored to reduce the sticking behaviour
in manufacturing to enable a high part
throughput at the customer.
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Opportunities and Challenges of Ceramic Additive Manufacturing
for Restoration of Historic Porcelain Artifacts
T. Moritz, J. Abel, E. Schwarzer-Fischer, A. Mannschatz, M. Bormann, J. Petzold

Three different Additive Manufacturing (AM) methods for ceramics (CerAM VPP, CerAM FFF and CerAM
PBF) and traditional slip casting in 3D-printed plaster moulds have been investigated concerning their
suitability for making components of traditional porcelain with special focus on restoration of historic
ally valuable porcelain artifacts from the 18th and 19th century. For that purpose, fragments of historical
artifacts were reconstructed and transferred into CAD data. For each AM method specific semi-products
must be prepared like light-curable suspensions, thermoplastic filaments, or granulates and suited process
parameters for each AM method were developed. Several challenges are to be solved which are especially
related to the demands of restoration – first, the complex structure of the fracture surface can hardly be
reconstructed as well as built according to the lower resolution of the AM technologies. For that reason,
the fracture surface shall be adjusted to the existing artifact by subtractive post-treatment. Second, dis
tortion of the built fragment during sintering must be avoided and, third, the glaze shall be adjusted in
the degree of whiteness or colour to the original artifact and must not wet the fracture surface during
glaze firing.
Introduction
As the cradle of the European hard por
celain, the cities of Dresden and Meissen
look back on a long tradition. Its invention in 1708 gave the Elector of Saxony
and King of Poland, August the Strong, the
unique opportunity to decorate his castles not only with rare and expensive East
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Asian porcelain. He was able to realise his
own artistic ideas, and there were hardly
any limits to the amount of porcelain he
wanted [1].
In 1710, he founded the first European porcelain manufactory in Meissen and made
the exotic material his unique selling point.
Of the thousands of pieces from China, Japan and Meissen that he assembled, the
most beautiful and important ones can be
seen today in the Dresden Zwinger [2]. Augustus the Strong planned to furnish a palace, the so-called Japanese Palace on the
banks of the Elbe in Dresden, with porcelain
on a scale imagined never before (and unfortunately never fully realised).
The destruction of Dresden on 13 February
1945 had a strong impact on the porcelain
collection. Even today, the porcelain collection has a so-called “shards depot”, which
will certainly never be completely restored
[1]. Today, the Dresden collection as a
whole comprises almost 20 000 preserved
pieces, the most beautiful and most import
ant of which are on display in the Dresden
Zwinger.
In May 2017, the so-called ReACH (Reproduction of Art and Cultural Heritage)

initiative was launched in Paris at UNESCO
headquarters. In response to increasing destructive activities, such as pollution, terrorism, conflict or mass tourism, ReACH aims
to bring together the global museum and
heritage community to collectively undertake ways of preserving cultural heritage
and to discuss creative options for copying and making this heritage available to a
worldwide audience [3]. The digitization of
cultural and historical artifacts can substantially contribute to raise the level of interest
among young people and ReACH can be a
significant step towards improving access
to cultural heritage for everyone.
The main disadvantage of filled plastics currently used in the field of restoration is their
significantly lower light stability compared
to porcelain. After a certain period of time,
the replaced areas of the porcelain object
become yellowish or differ in colour from
the ceramic base material.
Particularly in the case of very valuable
pieces, the replacement of damaged areas
should be done with a material that is specific to the type.
For that purpose, the Porzellansammlung
Dresden e. V. initiated a common project
cfi/Ber. DKG 98 (2021) No. 2
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between Fraunhofer IKTS and KI KeramikInstitut GmbH for overcoming this disadvantage by process hybridization of ceramic
Additive Manufacturing (AM) technologies
and subtractive post-processing steps like
milling.
During solving this project task, the consortium was faced with a number of challenges
resulting from following actual facts:
•
The historic porcelain artifacts may be
huge (splendid vases, groups of figures,
animal figures) and cannot be taken
out of an exhibition or a museum stock.
Moreover, it would be too risky to move
such valuable artifacts just for scanning.
For that reason, scanning must be carried
out with the suitable technical equipment
on-site.
• Very often the broken-off parts got lost
and have to be reconstructed digitally.
• The artifact is a sintered ceramic body
which cannot be fired again, but the
manufactured replacement part is still in
the green state independently from the
manufacturing process and it must be sin-

tered to final density. The shrinkage of the
part must be considered as an oversizing
factor which must be determined in advance to the building process.
• Depending on its size, shape, and weight
the replacement part may tend to distort
ion during sintering and needs to be
supported by contour-following sintering
aids.
• The fracture surface of the off-broken part
may show a high complexity with sharp
edges, which cannot be reconstructed by
means of Additive Manufacturing due to
their lower resolution. For that purpose,
subtractive post-processing steps are
needed.
• The replacement part is solely formed by
freeform surfaces plus the fracture surface. Therefore, for positioning the part
at any building platform either a complicate supporting structure or a planar
plane would be needed. In our case, a
supporting structure would need extreme
effort for complete removal, because even
smallest residues of supporting material

would disturb the visual appearance of
the historic artifact.
• The glaze of the replacement part must
match to the glaze of the original artifact
whereas the fracture surface should stay
uncovered.
Three different AM methods suited for cer
amics – Vat Photopolymerization (CerAM
VPP), Fused Filament Fabrication (CerAM
FFF), and Powder-bed Fusion (CerAM PBF)
– were tested concerning their feasibility of
making material-specific replacement parts
for damaged historically valuable artifacts.
Compared to powder bed-based methods, both, suspension- or feedstock-based
methods have the advantage that the packing density and homogeneity of the powder packing in a suspension or feedstock is
always significantly higher than in a loose
powder bed.
Finally, this higher packing density leads to
the possibility of sintering the components
to full density after complete debinding
of the organic binders. Furthermore, the
shrinking behaviour during thermal treat-
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ment is more predictable at least regarding
warpage issues.
Binders that cure under the influence of
visible blue light or UV light are used in
so-called Digital Light Processing (DLP), in
which thin layers of slip are applied. This
process allows, among other things, the production of dense alumina components with
complex geometry in high resolution [4].
A variant of this AM method is the so-called
CerAM VPP process using a vat which
contains the suspension, and the ceramic
component hangs top down at the building
platform diving into the suspension bath for
curing of each new layer. The exposure with
visible blue light takes place through the
transparent button of the vat.
In principle, all powdery materials can be
used in feedstock-based methods as wellknown from conventional powder injection moulding. In the CerAM FFF process,
for example, a thermoplastic material is
deposited as a filament in order to build a
component. Loaded with ceramic powders,
this process was examined for its suitability

for functional ceramic materials [5] and aluminium oxide [6].
As a third, powder bed- and beam-based
AM method, it should be examined to what
extent CerAM PBF (formerly called SLS)
can be used for porcelain restoration. The
focus was on the functional adaptability of
a laser-sintered part to an existing histor
ical artifact. The CerAM PBF process bases
on a CAD-controlled laser beam hitting a
bed of porcelain granulate and causing an
intergranular sintering triggered by the high
energy input. When this process has been
completed for one layer, the granulate bed
is moved downwards and a new layer with
a thickness of approx 200 μm is applied.
Now the process starts again. Due to the
very short interaction between the laser
beam and the powder bed, the granules do
not completely fuse. A local sintering takes
place. The body which is produced is accordingly porous. Due to this porosity, the thermal stresses arising from the high energy
input can be balanced and reduced. This
avoids stress cracking in the body. Infiltra-

tion, followed by sintering, turns the porous
part into a usable porcelain object.
As a demonstrator part for the project a
splendid vase from the 18th century has
been chosen (Fig. 1, left) whose spout fragment got lost. This spout fragment shows
a complex free shape with a long, complicated fracture surface.

Experimental
For the individual manufacturing processes,
it was initially necessary to develop appropriate testing materials, based on porcelain
compound recipes. In this development,
it had to be considered that the objects
whiteness was fixed by the original artifact.
Furthermore, it should be possible to grain
the body by subtractive processes. In a first
step, the fragment part – the spout – was
reconstructed virtually, and a data set has
been created which can be used as digital
basis for the AM methods (Fig. 2).
For being able to build this part with abovementioned AM techniques, the digital model
has been downsized adjusted to the build-
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ing platform of the respective AM device,
because the spout has a maximum width
near the fracture edge of 161,5 mm. Taking
the estimated shrinkage of approx. 11 %
into consideration, the green parts would
be at least 179 mm in width which would
be too high for the building platforms of
the AM devices. Furthermore, building such
large parts during development would be
waste of building time and material.
Moreover, for avoidance of any supporting
structure, disturbing the visual appearance
of the splendid vase after restoration, it was
decided to manufacture the spout as two
segments separated by a planar cut in the
CAD file (see the dotted black line in Fig. 2).
Thus, the fracture edge was separated from
the spout, forming a segment with a height
of only 10 mm maximum. Now, both segments, the spout without fracture and the
fracture edge show one planar surface each
– the cutting surface.
For restoration, the separation of the replacement part by a strait cut means further
effort by an additional joining edge, but this
effort can be neglected in comparison to the
complete removal of all supporting structures. The segmentation showed further advantages. The development of the fracture
edge by AM and subsequent subtractive
machining is much more challenging as the
spout itself, i.e., much more testing parts
need to be built in this development step.
Reducing the height of the component, as
done by segmentation, reduces the building
time as well as the material consumption.
Processing of the fracture surface was a
particular challenge in this project. It forms
the transition from the newly created part
to the historically preserved original and
has a strong influence on the success of
restoration, both functionally and aesthet
ically. This transition point is such complex
in its processing that all processing steps
interlock at this point.
Each fracture surface is unique, and the
description is only to be considered as an
example, because the processes and influences are changing from case to case. The
design of the restored part to be added plays
a significant role for the final success. This is
where all visible surfaces, the adaptation to
the fracture edge, and supporting structures
for the AM process are specified (Fig. 3).
To generate an initial virtual image of a new
part, the fracture edge is first scanned on
cfi/Ber. DKG 98 (2021) No. 2

Fig. 1 Splendid vases made by Johann Joachim Kändler in the 18th century
(courtesy of Staatliche Porzellansammlung Dresden)

the original and the shape of a comparable
object is scanned, and both are combined
to form a new object. The glaze coating on
the body even out contours during scanning. Although these contours are visible
to the human eye through the glaze, they
cannot be indicated by scan.
As a result, the surface is displayed as a
cloud of pixels that can be smoothed by
means of image processing programs, but
this leads to a loss of information in the
details. If a replacement shard was made
from this virtual part, the new object would
lose a lot of details compared to the origin
al. This leads to an unclean transition at the
fracture edge between the original and the
newly built part. People would immediately
indicate this as annoying. It is the responsibility and discretion of the designer to retouch the glaze layer from the newly created
image and to sharpen the contours so that
an invisible and flowing transition is created.
The programs for the CAD-supported AM
shaping process can be derived and implemented from the previously generated data
record. Another possibility is the production of a master mould in 3D-printing for
the casting process. A plaster mould can be
removed from the printed master mould immediately, without any intermediate steps,
and a replacement part can be cast using
conventional casting technology. The data
can also be derived from this data record
for the subsequent subtractive processing
of the fracture edge on a CNC machine.
Due to the possibilities of digitization, further details should already be taken into

Fig. 2 CAD reconstruction of the spout
which got lost at the splendid vase in
Fig. 1. The black dotted line shows the
strait cut made for separating the part
into two segments with one planar edge
each

Fig. 3 CAD drawing for casting mould

account in this design phase. Examples are
kiln furniture following the shape of the
built part for avoidance of distortion during sintering and adjustments to the glaze.
Another useful tool is a printed copy of the
broken line. This 3D-model is the control of
the new shape. A change would be possible
without any need of the original artifact.
Furthermore, the counterpart of the fracture
edge was generated as CAD file allowing
E 35
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Fig. 4 Testing bars (l.) and downsized segment (r.) of a fracture edge (green state) of the spout made by CerAM VPP

Fig. 5 Testing bar (l.) and fracture edge segment (r.) after sintering at 1250 °C

for building the counterpart by stereolithography (SLA). The polymeric counterpart can
be used for fitting the manufactured replacement parts after sintering, because the
original splendid vase is stored safely and
was not available for our purposes.
The two AM methods, Vat Photopolymer
ization (CerAM VPP) and Fused Filament
Fabrication (CerAM FFF) require a very finegrained porcelain powder with a maximum
grain size (D100) of 10 μm. As the first tests
showed, the specimens did not have the
necessary strength for reworking.
Since the malleable parts during the printing
process were determined by a high proportion of binder (>40 vol.-%), it was possible
to shift the proportions to a higher proportion of hard material in the base powder resulting in a post-processing without flaking.
The mixture was initially treated in a ball mill,
then fired at 850 °C and milled again. This
step was followed by several passes in a gap
mill, crushing to a grain size of <10 μm. In
the last two grinding passes, the first signs of
thixotropy appeared due to the high energy
input into the mass. The subsequent analyses
of the finely grained porcelain powder were
initially free of any noticeable problems.
However, the addition of the respective
binder systems to the powder resulted in
the formation of agglomerates affecting the
AM processes negatively. By increasing the
grain size to 13 μm, it was possible to reduce the energy input during comminution
which prevents this agglomerate formation.
Another porcelain material was needed for
Powder Bed Fusion (CerAM PBF), formerly
called Selective Laser Sintering (SLS). In this
process, porcelain granules are sintered toE 36

gether in a powder bed by means of a laser
beam. The entire porcelain sintering process
takes place within a few milliseconds within
each granule. From the conversion and expulsion of the crystal water over parts of
the mineral phase conversion to the partial
amorphous glass formation, this chain is
executed abruptly.
The best results in laser sintering were
achieved with full granules with a size of
>200 μm. The production of this full granulate was only possible by means of build-up
granulation. The granulate was produced
from a porcelain slip on a laboratory granulator from Glatt. In order to exclude a part of
the above-described effects, the granulate
was fired at 1000 °C. Subsequently, oversized and undersized grains were sieved
off to improve the trickling and to produce
a uniform layer thickness. To improve the
intergranular sintering, up to 5 mass-% of
fine-grained feldspar powder was added to
the granules.
A third mass was intended for the conventional casting. In this case, a standard porcelain mass with an increased proportion
of hard material was used. During the development of the mass, the whiteness and
gloss of the original artifact were measured.
From each of the described test masses,
samples were cast and sintered under reducing atmospheres. Later on, values from
whiteness and gloss are measured in comparison with the original values.

CerAM Vat Photopolymerization
(CerAM VPP)
Based on a given porcelain powder, a novel
photoreactive feedstock has been devel-

oped by dispersing the powder particles (up
to 50 vol.-% particle content) in a plasticizing fluid (polyethylene glycol, Sigma-Aldrich
now Merck KGaA/DE) together with a dispersant (BYK-Chemie), various monomers
as binder (mixture of acrylic resins) and a
photoinitiator (combination of a camphor
derivate with an amine).
A planetary centrifugal high speed vacuum
mixer (Thinky ARV310, C3-Prozesstechnik/
DE) was used for the stepwise (three times
5 min at 2000 rpm) preparation of the slurry. Before starting first printing tests, various
characterisations were done to determine
possible CerAM VPP processing parameters
like coating speed and exposure time.
For this purpose, the slurry was characterised regarding their rheological and
polymeri
zation behaviour (Modular Compact Rheometer MCR302 with a cone/
plate measurement system, Anton Paar/AT)
directly after preparation. Viscoelastic behaviour (low dynamic viscosity at high shear
rates) in a low viscosity range is optimal for
using in CerAM VPP, due to the rotational
slurry coating mechanism of the process.
Therefore, the flow behaviour, especially the
dynamic viscosity, was measured by stressing with shear rates in a range of 0,01–
1000 s–1. The curing by light exposure was
determined by measuring the curing depth
of a specimen (approx. 1 ml) in dependence to the energy dose (Smart LED with
452–465 nm wavelength) – a value resulting from the irradiation intensity (adjusted
by a photometer) per time.
After suspensions preparation and determ
ination of CerAM VPP processing parameters, first printing of testing bars (length:
cfi/Ber. DKG 98 (2021) No. 2
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40 mm; width: 12 mm) in different orientations were carried out by using a rotational
velocity of 200 °/s for slurry coating and
a layer exposure energy dose of approx.
90 mJ/cm². In the next step, first samples of
downsized segments of the fracture edge of
the spout were printed. Both types of test
samples (green state) can be seen in Fig. 4.
The next step was cleaning of the printed
test parts.
Therefore, the samples were removed from
the building platform by using a razor blade.
A special cleaning solvent was sprayed onto
the surface of the test specimens using an
airbrush system, and the remaining porcelain suspension was gently removed using
special cleaning rods and compressed air.
By measuring the dimensions of the bars
in the green state and after sintering, the
shrinkage correction factors were determined in x-, y-, and z-direction.
Debinding was carried out by using a thermal treatment under nitrogen atmosphere
with a slow heating rate of 5 K/h up to
600 °C for all samples followed by sintering in air up to 1250 °C for 15 min. Fig. 5
shows the sintered testing bars and fracture
edge segment of the downsized spout.
After thermal treatment, no cracks or defects were observed and a density of more
than 98 % compared to the theoretical
density (2,44 g/cm³) was achieved by hydrostatic weighing. In the next steps, the
accuracy of fracture edge fit to the given
counterpart will be checked and adjusted
by print size optimisation.

Fused Filament Fabrication
(CerAM FFF)
As an AM method basing on a thermoplastic filament the well-known Fused Filament
Fabrication was applied to porcelain. This
technology can not only be applied to polymers, but also to highly-filled metal, cer
amic, or glass compounds [7].
The so-called CerAM FFF method makes it
possible to produce relatively large components with precisions equivalent to trad
itional porcelain forming processes economically. Furthermore, bisque firing and
glazing techniques known from traditional
manufacturing can eliminate the layer patterns, which are disturbing not at least for
optical and esthetical issues. This makes
CerAM FFF very interesting for AM of porcelain.
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As a starting point, the porcelain powder
with a solid content of 57 vol.-% was mixed
with a thermoplastic binder in a multi-stage
compounding processes and extruded into a
filament. The solid loading was determined
in pseudo-rheological tests using a torque
rheometer and 50 cm³ of feedstock. Once
the solid content has been determined, the
feedstock amount is upscaled. The compounding processes include a pre-mixing
in a in SIGMA-kneader, a homogenization
in a twin screw extruder KETSE 20/40D
1200 (Brabender GmbH/DE), and the filament drawing using a single screw extruder
KE30 (Brabender GmbH) with a special conveyor belt and spooling unit. The resulting
filament (Fig. 6) can then be processed on
standard equipment even using pulleys like
Bondtech gears and inexpensive hot ends
of printing heads..
For AM, a standard FFF Prusa i3 MK3s device (Prusa Research/CZ) was chosen to
manufacture the green bodies. Tab. 1 illustrates the applied printing parameters.
After the print job, the organic components
were removed from the green part in a twostage process. In the first stage, the solvent
debinding, the removal of soluble polymer
components takes place via an organic solvent. For this purpose, acetone was used.
The solvent can be fully recovered in a
combined debinding/distillation machine to
be used again. The backbone polymers remaining in the component are subsequently
decomposed in a thermal debinding step in
air up to 600 °C.
To densify the microstructure a sintering
in air was applied up to 1250 °C and a
dwell time of 15 min. The achieved linear anisotropic shrinkage was 16 % in
x- and y-direction and 20 % in z-direction
(height), whereby a density of ~2,50 g/cm³
was reached having a residual porosity of
approx 3 % left. This anisotropy must be
considered in the scaling of the green bodies’ size.

Subtractive manufacturing
(grinding)
The grinding tests carried out in addition to
the development of the mass showed that
porcelain cannot be handled like oxide cer
amics for following reasons:
1. 
Processing in the fired state requires
several attempts at different sintering
temperatures. The processing represents

Fig. 6 spooled porcelain filament on a
standard spool, ready to print
Tab. 1 Printing parameters for the 
CerAM FFF process
Parameter

Value

Nozzle temperature

155 °C

Nozzle diameter

0,4 mm

Layer height

150 µm

Nozzle speed

30 mm/s

two results. If the firing temperature was
too low, the body is flacking beside the
tool. The opposite happens after firing at
a high temperature. There is a firm bond
and even small quartz grains are not torn
from the body during processing. This
means, the quartz glows briefly during
grinding and the material in the surrounding area is partially sintered. If another layer is removed as a result, further
sintering occurs at this point. This area
increases until either the sintered core is
torn out or the grinder is destroyed. This
can be remedied by working under water,
but the fine sanding dust causes glaze
problems.
2. Finishing after sintering is only possible
under water, with a low feed rate and
with expensive tools used for dental restoration. The advantage of finishing after
sintering is that work can be carried out
in the size 1 : 1. In contrast, the other
variants always must be scaled with an
oversizing factor.
For glazing, the components are pre-sintered at lower temperature only. This makes
it possible to infiltrate the glaze into the
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Fig. 7 Sintered and glazed spout
segment of the splendid vase
without fracture edge, downscaled
by a factor of 0,8

open pores which increases the adhesion of
the glaze. After pre-sintering at 1000 °C the
spout was coated with a glaze by means of
an ordinary paint spray gun achieving the
porcelain like gloss after firing to 1250 °C.
The resulting glaze was without any pinholes or other optical defects (Fig. 7).
The illustrated spout does not have a complex fracture surface but was manufactured
standing upright on the build platform. Due
to the additional and integral glaze coating, the FFF-typical layered structure disappeared. Thus, the surface almost achieved
the same quality as a traditionally cast component qualifying the CerAM FFF technology as an alternative manufacturing process
for porcelain pieces.
During the investigations, it was noticed
that geometric distortion during solvent
debinding and sintering can lead to deformation, which has a negative effect,
particularly regarding the accuracy of the
fit of the fracture surface. There is a further
important item to be taken into account: if
a porcelain object breaks due to external
influences, it usually leaves sharp edges,
especially on the glaze.
A glaze, on the other hand, flowing out
evenly during firing and, due to the surface tension, it leaves more or less rounded
edges. These round shapes are due to physics and cannot be changed. To achieve a
sharp-edged connection to the original, the
shape of the outer edge of the shard was
offset by 0,5 mm outwards. This offset carries the rounding of the glaze and is ground
back after sintering.

Powder-Bed Fusion (CerAM PBF)
or Selective Laser Sintering (SLS)
The initial main idea of investigating the SLS
process, laser sintering would reshape open
E 38

Fig. 8 Single laser-sintered layer (l.) and porosity of a laser sintered material, measured
by digital microscopy (r.)

Fig. 9 CAD file with sintering support
for construction of the negative form
for casting

areas without any supports cannot be confirmed by these tests.
Although, single layers could be laser-sintered, it was not possible to build on them
a next layer without destroying the base
or changing the position of the first layer
(Fig. 8 l.). According to the above-described
sintering principle of the process, the body
which is produced is porous (Fig. 8 r.).

Slip casting
For comparison with the used AM techniques, the spout was made by conventional
slip casting. For that purpose, the casting die
was made as a negative form of the CAD
file by 3D-printing. However, as shown in
Fig. 9, as described for the AM methods, the
cast part needs a planar surface as support
during sintering. After the test samples from
the various manufacturing processes had
been glazed, they had to be sintered and
reworked. Exact temperature control is necessary if the size is to be exactly right. The
shrinkage of the body is known to depend
on the temperature and the holding time.
Kiln atmosphere and material have add
itional influence. Therefore, a correspondingly strong foot was cast on the body or

Fig. 10 New part with supporting foot
after sintering

support structures were used for the AM
parts. Corundum material was used as release agent. Basing on these conditions,
shrinkage took place (Fig. 10).

Conclusions
Regardless the enormous geometrical degrees of freedom offered by ceramic AM
methods, restoration of historical artifacts
remains extremely challenging, especially for
relatively large parts with long fracture edges. Problems do not arise from porcelain as
building material, because CerAM VPP and
CerAM FFF can be applied to porcelain as
well as conventional slip casting. They do not
arise from the complexity of the shape of the
missing part of an artifact either. Problems
arise especially for following main reasons:
1. The fracture edge of a shard shows a
unique, undefined surface with resolutions which cannot be achieved neither
by conventional shaping nor by additive
manufacturing methods. Thus, for reproducing the fracture edge, combinations
of both, additive and subtractive shaping methods are required. Nevertheless,
grinding of sintered porcelain is also challenging as described above.
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2. Since shards are mainly showing freeform surfaces unexceptionally, for AM
processes a planar surface must be constructed for fixing the part at the building platform. Advantageously, in this
way, supporting structures which would
impair the appearance of the restored artifact, could be avoided possibly.
3. Due to liquid phase sintering principle,
porcelain parts of complex or extended
shape may tend to distortion during
sintering. In the case of additive manufacturing methods used for building the
parts, additional tensions may act coming
from the dot-wise, line-wise, or planewise building concept. Novel, contourfollowing furnace furniture, also made by
AM might provide a remedy here.
4. Glazing of the shard requires a special
treatment of the fracture edge for avoidance of edge rounding due to the surface
tension of the glaze melt. In addition, the
whiteness of the glaze must be adjusted
to that of the original glaze precisely.

The mentioned reasons will be addressed
in the remaining project duration. Furthermore, the potential of AM for restoration will be shown taking the example of
smaller pieces like decoration, leafage,
etc. with fracture edges of much smaller
dimensions
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Application of Electric Current Assisted Sintering Techniques
for Advanced Processing of Energy Materials
M. Bram, T. Prasad Mishra, M. Kindelmann, K. Nur, M. Ihrig,
A. M. Laptev, C. Cao, R. Mücke, J. Gonzalez-Julian, O. Guillon

At Forschungszentrum Jülich, the Institute of Energy and Climate Research (IEK-1: Materials Synthesis and

Processing) has long-term expertise in the field of Electric Current Assisted Sintering (ECAS) techniques.
IEK-1 operates a broad spectrum of related equipment including Field Assisted Sintering Technology/
Spark Plasma Sintering (FAST/SPS), Hybrid FAST/SPS with additional heater, Ultra-fast High Temperature
Sintering (UHS), Flash SPS, Flash Sintering (FS) and Sinter Forging (SF). Current research topics – ranging
from fundamental to applied research – are discussed on selected examples.
Introduction
Forschungszentrum Jülich GmbH, member of the German Helmholtz Association
(HGF), conducts cutting-edge research
to solve global challenges in the areas of
health, energy and environment as well as
information technology. Combined with the
two key competences physics and supercomputing, research in Jülich has a longterm, basic and interdisciplinary character,
but also deals with the know-how transfer

Martin Bram, Tarini Prasad Mishra,
Moritz Kindelmann, Khushnuda Nur,
Martin Ihrig, Alexander M. Laptev,
Chen Cao, Robert Mücke,
Jesus Gonzalez-Julian, Olivier Guillon
Forschungszentrum Jülich GmbH
Institute of Energy and Climate Research
IEK-1: Materials Synthesis and Processing
52425 Jülich
Germany

Corresponding author: M. Bram
E-mail: m.bram@fz-juelich.de
Keywords: electric current assisted
sintering, FAST/SPS, hybrid FAST/SPS,
ultra-fast high temperature sintering,
flash sintering, sinter forging

E 40

of specific technological applications to industry.
In the energy and environment sector, Institute of Energy and Climate Research (IEK)
covers all related topics to bring German
“Energiewende” to success. In this context,
the subdivision IEK-1: Materials Synthesis
and Processing (Director: Prof. Dr Olivier
Guillon) provides a worldwide unique portfolio of materials synthesis and processing
technologies for envisaged applications
in the field of all-solid-state batteries, gas
separation membranes, solid oxide fuel and
electrolyzer cells and high-temperature materials e.g. for thermal barrier coatings.
In all cases, advanced processing of ceramic
and metal powders plays a key role and requires fundamental know-how with respect
to powder synthesis, powder handling,
powder characterisation, shaping technol
ogies and sintering.
It is a well-known fact that high performing
materials are often quite sensitive to processing conditions and show an inherent
risk of abnormal grain growth, evaporation,
chemical reaction or decomposition especially if sintered at high temperatures with
long dwell times. Electric Current Assisted
Sintering (ECAS) techniques are highly
promising to face this challenge due their
potential of significantly enhancing and
accelerating sintering kinetics compared
to conventional sintering by providing an
electric field, respectively an electric current,
as additional processing parameter.

There are three basic principles how this
additional degree of freedom can be advantageously used for rapid sintering with high
heating rates and short dwell times. These
three basic principles are presented in the
following.

Indirect heating of a nonconductive powder in a
conductive tool
In Field Assisted Sintering Technique/Spark
Plasma Sintering (FAST/SPS) devices, a
rigid, electrically conductive tool (e.g. made
of graphite) is heated by the Joule effect
(= resistance heating) and the heating
power is effectively transferred to the powder by thermal conduction based on the
tight contact between powder and sintering
tool, which can be further improved by a
contact layer (e.g. graphite sheet) [1].
Recently, a novel technology based on the
same principle has been introduced by
Wang et al. [2]. Ultra-fast High Temperature
Sintering (UHS) with heating rates up to
104 K/min and temperatures up to 3000 °C
has been successfully demonstrated by
placing a powder compact between two
flexible, conductive felts (e.g. carbon felts).
Then, these felts are rapidly heated by the
Joule effect enabling densification of powder compacts within less than 1 min.
Fig. 1 a shows custom made UHS set-up
of IEK-1 in operation. It enabled to sinter a
SrTiO3 powder compact to almost complete
density using a dwell time of 10 s (Fig. 1 b).
cfi/Ber. DKG 98 (2021) No. 2
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Fig. 1 a–b a) Custom made ultra-rapid high temperature sintering (UHS) device at IEK-1 (sample size 8 mm, Cu = copper electrodes);
b) microstructure of SrTiO3 densified by UHS with a dwell time of 10 s in vacuum, density 96 %

It is obvious, that understanding the underlying mechanisms and their effective use is
a hot topic in the sintering community due
to the large potential of increasing the overall efficiency of sintering.

Heating of an at ambient
conditions non-conductive
powder to an onset temperature,
where the material becomes
conductive and current starts to
flow through the sample
In 2010, this specific kind of sintering has
been introduced as Flash Sintering (FS) [3].
When achieving the onset temperature, the
powder is directly heated mainly by the Joule
effect, but additional mechanisms of energy
dissipation within the sample like formation
of defects are under discussion [4, 5].
In voltage-to-current controlled FS experiments densification is a very dynamic process and takes place in seconds [6]. Alternatively, current-rate controlled FS [7, 8] as
well as power-rate controlled FS [9] enable
a better control of densification and micro-

structure formation. A similar densification
mechanism can be also triggered in a hybrid
FAST/SPS device.
In the case of Flash SPS, powder compact is
heated by an external heater to onset temperature. Then the rapid heating is done by
a DC current pulse with defined length and
limitation of maximum power enabling dens
ification within seconds [10, 11]. Manière
et al. report heating rates in the range of
104–106 K/min, but control of the complete
sintering cycle remains challenging [11].

Direct heating of a conductive
powder
Here, the current flows through the sample
from the beginning of the experiment and
Joule effect is the main heating mechan-
ism.
An advantage to established sintering
technologies is the potential of achieving
increased energy efficiency when heating
power is directly dissipated by the sample.
The principle of Flash SPS can be also applied to conductive powders [11, 12]. In

this case, external heater is not necessarily
required.
As promising alternative, ultra-fast densification of conductive powders with heating
rates up to 106 K/min and full densification
within milliseconds has been demonstrated
by sudden release of energy stored in a
capacitor via the sample [13, 14]. This
technology has been introduced as ElectroSinter-Forging (ESF) or Electro-DischargeSintering (EDS).
In all cases, the densification can be significantly improved by superposition of an external load. In ideal case, the load promotes
the further acceleration of the sintering
kinetics and therefore, to further decrease
sintering temperature and dwell time. It is
obvious, that electrical conductivity of powder and tool material decides about the
main heating mechanism.
If e.g. applying graphite as tool material,
metals, alloys and ceramics with electrical
conductivity higher than graphite like TiC,
TiN, Ti(C,N), WC, TiB2, ZrB2 and MAX-phases
can be directly heated, while most oxides

Tab. 1 Advantages and challenges of ECAS techniques (CAPEX = capital expenditure, OPEX = operational expenditure)
Advantages

Challenges

• High heating rates and optional external pressure enable clear
reduction of sintering temperature and processing time compared to
conventional sintering
• High heating rates may limit or inhibit grain growth, therefore fine
grained microstructures down to nanometer scale become obtainable
• Chemical reactions, decomposition and evaporation can be reduced
or avoided
• Highly promising for materials with high activation energy for
sintering like refractory materials (e.g. borides, carbides, nitrides,
refractory metals)
• Highly promising for composite materials combining phases with
large difference of properties (e.g. diamond reinforced steels)
• Promising with respect to energy efficiency especially if the heating
power is directly dissipated by the sample

• L imitations with respect to sintering of complex shaped parts
• L imitations with respect to fully automated production of large batches, application requires careful calculation of CAPEX/OPEX
•C
 hoice of suitable tool material and reliable control of interfacial reactions
between sample and tool material, respectively contact layer
• R eliable adaption of the Proportional-Integral-Derivative (PID) control of the
FAST/SPS device to the tool material
• R eliable control of the fast and dynamic nature of ECAS techniques due to
being prerequisite for homogeneous densification
•R eliable measurement of the sample temperature and reliable indication of
temperature gradients in the sample. Therefore, modelling of temperature
distribution is recommended
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Tab. 2 ECAS techniques available at IEK-1 and current applications
Equipment, Manufacturer

Operation Parameters

Example of Applications at IEK-1

FAST/SPS

Pulsed DC current; max power 37 kW; max voltage 8 V;
max temperature 2200 °C; Load 2–50 kN; max sample
size ≤ 30 mm; vacuum 0,5 mbar; Ar, Ar/2,9 % H2, N2,
technical air (up to 600°C)

Influence of thermal insulation [16]
High pressure FAST/SPS of battery materials [17,18]
Atmosphere control in a FAST/SPS device [19]
Cold sintering of ZnO [20–22]
Sintering of NASICON battery materials [23]
Sintering of refractory materials ZrB2 [24]
Smart W alloys [25, 26]

FAST/SPS

Pulsed DC current; max power 60 kW; max voltage 8 V;
max temperature 2200 °C; Load 10–250 kN;
max sample size ≤100 mm; vacuum 0,5 mbar;
Ar, Ar/2,9 % H2, N2, technical air (up to 600 °C)

Scaling up of FAST/SPS technology [15]
Joining of metallic components for PEM electrolyzers
Net-shape manufacturing of ceramic and metallic
parts in a graphite powder bed

Hybrid FAST/SPS

Operation FAST/SPS with additional heater:
a) Induction coil, b) MoSi2 furnace; max heating power
80 kW

Scaling up of FAST/SPS technology [15]

Flash SPS

Loading of the sample and adjusting the heating power
in the control unit, rapid heating of the sample with this
heating power, no control of the heating rate, optional
preheating of non-conductive powders to achieve the
onset temperature

Preliminary experiments with NdFeB materials, no
preheating required

FS

Preheating with induction coil or MoSi2 furnace, power
source of FAST/SPS unit turned off, heating by external
AC and DC power source: max current 25 A;
max voltage 1000 V; AC frequency 10 Hz–80 kHz;
Sample size ≤40 mm

Scaling up of FS technology with pellet shaped
samples [15]
Optimisation of technique with YSZ and SrTiO3 as
model materials

FAST/SPS

Constant DC current; max power 170 kW;
max voltage 8V; max temperature 2200 °C; Load
47–555 kN; Sample size ≤180 mm; vacuum 20 mbar;
Ar, Ar/2,9 % H2, N2; Debinding unit (cooling trap)

Scaling up of FAST/SPS technology [15]
Joining of parts for PEM electrolyzers
Debinding and sintering of tape casted ceramic and
metal powders
Recycling of metals via powder metallurgical route

UHS

Heating of two carbon felts clamped between opposite
copper blocks by AC or DC current flow; External AC
and DC power source: max current 25 A; max voltage
1000 V; AC frequency 10 Hz–80 kHz;
Sample size ≤8 mm; vacuum 0,5 mbar; Ar, Ar/2,9 % H2

Preliminary experiments with SrTiO3 and battery
materials

Flash Sintering device
Custom made

FS

Vertical furnace; max temperature 1200 °C; Constant
DC current; max current 2 A; max voltage 300 V;
Dog bone shaped samples with gage dimensions
15 mm × 3 mm × 2 mm, contact via Pt wires/Pt paste;
vacuum 0,5 mbar; Ar, Ar/2,9 % H2

FS of GDC [8, 27, 28]
Fundamental FS studies on YSZ, SrTiO3 and NiO/YSZ

Sinter Forging device
Custom made

Sinter experiments
in the presence
of an electric
field and uniaxial
pressure
FS

Vertical furnace; max temperature 1300 °C; AC and
DC current; max current 20 A; max voltage 1000 V;
Pellet samples ≤10 mm; Loading dilatometry equipment
consisting of electromechanical testing system (Instron,
Norwood/US) and two optical laser scanners, contact by
Pt electrodes on both sample faces; air atmosphere

Investigation of sintering parameters (viscosities,
viscous Poisson’s ratio, sintering stress) under electric
field on the example of YDC [29–31]
FS of BiFeO3 [32]
FS of 3YSZ, influence of sample size on onset
temperature [33]

HP-D 5 FCT Systeme GmbH,
Rauenstein, Germany

H-HP-D 25 SD / FL / MoSi
Hybrid system
FCT Systeme GmbH,
Rauenstein, Germany

DSP 515
Dr. Fritsch, Fellbach, Germany

Ultra-fast High Temperature
Sintering device
Custom made

Operation Mode

(Al2O3, ZrO2, YSZ, MgO, CeO2, GDC, etc.) and
specific carbides and nitrides (BN, Si3N4, SiC,
B4C) just enable indirect heating. In the case
of using a non-conductive die (e.g. boron
nitride die) or completely omitting the die,
it is possible to force the current through the
sample, which is attractive with respect to
energy efficiency but might have limitations
with respect to homogeneous heating and
densification as well as keeping the shape.
Tab. 1 summarises general advantages and
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challenges of ECAS techniques. To take full
advantage of ECAS techniques, the challenges must be solved properly.
At Forschungszentrum Jülich’s IEK-1, a
broad and long-term expertise in the field of
ECAS techniques exist [1, 15]. Hereinafter,
the experimental equipment available at
IEK-1, including FAST/SPS, Hybrid FAST/SPS
with additional heater, UHS, Flash SPS, FS
and SF, is introduced and current research
topics are discussed on selected examples.

ECAS equipment available at
IEK-1
At IEK-1, a broad spectrum of ECAS techniques is available. Tab. 2 summarises the
main technical details of the institute’s devices and introduces related applications.
Densification of powders via FAST/SPS requires a conductive tool, which is placed
between the water cooled electrodes.
Depending on the heating power and
the tool geometry, heating rates up to
cfi/Ber. DKG 98 (2021) No. 2
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Fig. 2 ZnO with a density >99 % and grain size below 200 nm, cold sintered at 250 °C and 300 MPa, using pure water as sintering aid:
a) overview and b) detail [22]

1000 K/min are possible, but in usual
praxis heating rates range between 50–
200 K/min. In most cases, graphite is applied as tool material, which enables sintering temperatures up to 2200 °C but restricts
the maximum load with standard graphite
qualities to 50–100 MPa. Alternative tool
materials enable significantly higher pressures, but limitations with respect to the
maximum operation temperature must be
carefully considered.
At IEK-1, there exists experience with application of metal tools made of hot work
steel (e.g. W-360, Böhler/DE) or molybdenum based alloys (e.g. TZM, Plansee/
AT), which can be used for pressures up
to 400 MPa [17, 18, 22]. In general, metal
tools are prone to creep and recrystallization. If exceeding a critical operation temperature, significant decrease of strength
and ductility results. Therefore, it seems
to be reasonable to limit the maximum
oper
ation temperature of steel tools to
600 °C and for TZM tools to 1100 °C, but
further studies are required to prove these
values.
For realising high pressures and high temperatures, electrically conductive carbides
and nitrides and composites thereof are
investigated as tool materials [34]. In this
case, inherent brittleness and complex
manufacturing requires handling with care.
Usually, a conductive layer (e.g. graphite
or metal foil) is placed between tool and
sample aiming on to reduce the contact
resistance at the interface. The interlayer
helps to avoid sticking of the sample on the
tool walls, but on the other hand enhances
cfi/Ber. DKG 98 (2021) No. 2

the risk of interfacial reactions and impurity
uptake.
Another important thing to consider is the
sintering atmosphere. Usually, FAST/SPS is
conducted in mild vacuum, argon or nitrogen to protect the tools from severe oxidation, but when handled with care other
atmospheres like strongly reducing Ar/H2 or
even air are possible [19].

Examples of applying
ECAS technologies at IEK-1
A general overview about manifold application of ECAS techniques at IEK-1 can be
found in a recent review paper [15]. Some
of the current research topics are shortly
introduced below.

Cold sintering of ZnO and battery
materials in a FAST/SPS device
In the last years, cold sintering gained a lot
of interest in the sintering community [35].
The application of water based or other li
quid sintering aids in combination with high
pressure enables almost full densification
of oxide ceramics at temperatures below
600 °C. Conducting cold sintering in a FAST/
SPS device is attractive due to a better process control compared to non-instrumented
presses with respect to atmosphere control,
liquid evaporation and data logging.
FAST/SPS with steel tools was extensively
used to study the mechanisms of cold sintering process and to optimise the main
processing parameters on the example of
ZnO [20–22]. Almost full densification of
ZnO (>99 %) while keeping the grain size
below 200 nm was achieved at 250 °C,

300 MPa and 20 min dwell time when
3,2 mass-% water was added as sintering
aid (Fig. 2) [22].
Currently, there is a lot of interest to apply
cold sintering for the densification of allsolid-state battery materials. At IEK-1, cold
sintering is used for the processing of composite electrodes based on LiMn2O4 (LMO)
aiming on to avoid interfacial reactions
with the electrolyte (e.g. Li1,5Al0,5Ti1,5(PO4)3,
LATP), which take place at temperatures
above 600 °C [36].
An alternative to improve densification in a
FAST/SPS device at moderate temperatures
is a further increase of the applied pressure. Recently, a composite cathode for an
all-solid-state lithium battery consisting of
LiCoO2 as electrochemically active material
and Li7La3Zr2O12 (LLZ) as ionic conducting
phase in a ratio of 50 : 50 [mass-%] was
successfully sintered in the temperature
range of 675–750 °C to a density >95 %
by applying high pressure up to 440 MPa
in Mo-based TZM tools [17, 18]. The dwell
time at sintering temperature was 10 min.
Fig. 3 shows the microstructure of the LCO/
LLZ-composite cathode sintered at 750 °C.
Furthermore, sintering was conducted in Ar
atmosphere to diminish Li evaporation. The
result demonstrates the potential of high
pressure FAST/SPS for almost full densification of battery materials at moderate temperatures, but residual amorphous phases
on grain boundaries deteriorated electrochemical performance and cycling stability.
Crystallization of this layer by post-annealing at 1050 °C improved electrochemical
performance. Developing strategies to reliE 43
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Fig. 3 Microstructure of the mixed cathode of an all-solid-state battery processed by high-pressure FAST/SPS [18]:
a) overview and b) detail (density 95 %, 750 °C, 440 MPa, LCO = LiCoO2, LLZ = Li7La3Zr2O12)

ably avoid formation of amorphous phases
at the interfaces without the need of add
itional thermal treatments and applying this
technology for other cathode materials like
Li[Ni1-x-yCoxMny]O2 (NMC), Li[Ni1-x-yAlxMny]
O2 (NCA), and Li2NiMn3O8 (NMO), which
are even more sensitive to interfacial re-

actions, are part of the institute’s ongoing
work.

Atmosphere control in a
FAST/SPS device
Recently, the authors demonstrated that
an atmosphere change in the FAST/SPS

device from reducing to oxidizing conditions during cooling can be helpful to sinter materials sensitive to chemical expansion like Gadolinium-Doped Ceria (GDC)
[19].
Atmosphere control in a FAST/SPS is also
expected to be advantageous for debinding

Fig. 4 a–f FS of Gadolinium-Doped Ceria (GDC) at a furnace temperature of 680 °C in air, sample length 15 mm: a–c) voltage-to-current
control, DC electric field 150 V/cm, maximum current density 200 mA/mm2; d–f) current rate control, constant current rate 50 mA/min,
maximum current density 200 mA/mm2 [28]

E 44

cfi/Ber. DKG 98 (2021) No. 2

PROCESS ENGINEERING
and sintering of parts, which still contain organic binders (e.g. tape cast layers).

From FAST/SPS to FS
Contrary to Flash SPS, which can be done in
a conventional FAST/SPS device, FS is conducted with much higher electric fields up
to several 100 V/cm and moderate current
densities of a few A/cm2. In a tight cooper
ation with University of Boulder/US, detailed studies on FS of GDC were conducted
on dog bone shaped samples [8, 27, 28].
Results of these studies are the basis to
transfer FS from dog bone shaped samples
to pellets in our hybrid FAST/SPS device HHP-D 25 SD/FL/MoSi.
The authors’ research hypothesis is that
current rate controlled FS and optimised
contact to the electrodes are the keys to reliably control FS and avoid hot spot formation even at larger sample dimensions. Related experiments are currently done with

8YSZ and SrTiO3. Fig. 4 shows the potential
of current rate controlled FS achieved with
GDC on lab scale [8].

Study of sintering behaviour in
the presence of electric field
Experimental results on GDC reveal that
even under conventional FAST/SPS conditions, electric field can cause polarity induced grain growth [37]. The institute’s
custom-made SF device enables to study
the influence of electric fields on sintering
parameters like uniaxial viscosity, uniaxial
sintering stress, Poisson’s ratio as well as
microstructure evolution (grain growth) in
detail.
Cao et al. did a related study on sintering
yttria-doped ceria pellets without and with
AC electric fields, while reliably excluding
the effect of Joule heating [29–31]. She
demonstrated a clear modification of dens
ification behaviour and change of sintering

parameters in the presence of moderate
electric fields (below the flash regime).
Amongst others, ease of grain boundary
sliding in the presence of AC electric field
was found.

Conclusions
The Institute of Energy and Climate Research
(IEK-1: Materials Synthesis and Processing)
of Forschungszentrum Jülich GmbH operates a unique platform of Electric Current
Assisted Sintering (ECAS) devices including
conventional Field Assisted Sintering Technology/Spark Plasma Sintering (FAST/SPS),
Hybrid FAST/SPS, Ultra-fast High Temperature Sintering (UHS), Flash SPS, Flash Sintering (FS), and Sinter Forging (SF).
In general, all of these techniques are attractive for densification of ceramic or metal
powders, which are difficult to sinter due
to low sintering activity, limited chemical
stability or sensitivity to interfacial reac-
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tions and evaporation. Furthermore, these
techniques are known for their efficient
generation of heat. Direct heat transfer
enables high heating rates in combination
with reduced sintering temperatures and
dwell times.
Amongst others, this combination is attractive to decrease overall energy consumption
and to reduce grain growth to a minimum.
Nevertheless, reliable control of these often
quite dynamic sintering processes, which
take place far from thermodynamic equilibrium, is challenging and the institute’s strategies to face these challenges are shortly
introduced on examples of current research.
In addition, mesoscale and macroscopic
modelling is a valuable additional tool to
better understand the underlying sintering
mechanisms.
For measuring the required input parameters such as uniaxial viscosities, sintering
stresses, and viscous Poisson’s ratio, the
institute operates a custom-made instrumented sinter-forging device, which enables
to study the influence of electric fields on
these parameters.
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Granulometry of Nanopowders –
a Challenge Especially for the Dispersion Process
P. Kuchenbecker

The use of increasingly finer starting powders down to the nanoscale can also be observed in the field

of ceramics. Their advantages are, for example, lower activation energy, an increase in strength of the
sintered products or unique optical properties. However, handling and characterisation of ultrafine polydisperse powders is much more difficult than coarser powders. The main reason for this is the very high
adhesive forces both between the nanoparticles themselves and when in contact with other surfaces.
Therefore, submicron and particularly nanoparticles tend to agglomerate, hence, their separation into
primary particles during sample preparation prior to particle sizing is a major challenge. A representative
measurement sample is obtained only when it no longer contains agglomerates. Thus, the evaluation of
the dispersion process and a decision on its success gains importance for the reliability of the measurement results of particle sizing. The paper deals with possible procedures by means of examples and gives
hints on possible sources of error in the dispersion of ceramic nanopowders. It is shown that successful
granulometric characterisation of nanopowders requires both an improved dispersion technique and very
often an effective combination of two or more measurement methods.

1 Introduction
In ceramics, the term granulometry encompasses the determination of particle
size and particle size distribution, particle
shape and specific surface area. The aims
of g ranulometric characterisation are manifold, e.g. the output control at the powder
manufacturer and the input control at the
powder processor. In addition to the reliability of the measurement results, their
comparability is also important here. To
enable this, both sample preparation and
measurement must be described in detail,
preferably in the form of an SOP.
Granulometric parameters are also import
ant for process control and monitoring. For
example, the specific surface area of the
powder can be used to calculate the quantity of additives to be used. The determin
ation of the particle size distribution after
each milling stage serves to control the
milling progress. Finally, the reliable determination of particle size is also important
for regulatory purposes, e.g. labelling obligations according to the REACH regulation.
Due to the better or even unique properties that can be achieved with ever finer
cfi/Ber. DKG 98 (2021) No. 2

powders, nanopowders are increasingly
being used in addition to submicron powders. Other reasons are technological advantages, for example the reduction of the
sintering temperature. However, as particle
sizes become smaller, the technological
challenges of particle processing also increase, i.e. the particles tend to agglomer
ate, have poor flow properties, and exhibit
higher friction during shaping.
The sum of the adhesive forces occurring
in powder particles without special surface
modification increases very strongly with
decreasing particle size, as shown schemat
ically in Fig. 1 [1].
For particles with a diameter of 30 µm, they
correspond approximately to their weight
force, which means that these and larger
particles can already be separated from
each other by movement. If the particle size
drops to about 1 µm, the adhesive forces
are already 100 times the weight force
and for nanoparticles below 100 nm they
increase to more than 105 times [2]. Therefore, nanopowders are usually present as
agglomerates, sometimes also as solid aggregates due to the manufacturing process.

Fig. 1 Schematic representation of the
adhesive forces of particles as function of
particle size according to [1]
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Fig. 2 Set-up for indirect sonication including cooling circuit

For the determination of the particle size
distribution as a fundamental granulometric characteristic, it is necessary to convert
the powder agglomerate into individual
particles in a dispersing process. Thereby,
the primary particles should remain unchanged and the introduction of impurities
(e.g., dust, sonotrode abrasion) should be
avoided. The challenge is to evaluate the
dispersion process, i.e. whether and when it
has been successfully completed.
This paper describes strategies for the wet
dispersion process and discusses the interpretation of particle size distributions
of nano powder with residual agglomerates determined by different methods.
Possibil
ities for process control are proposed.

2 Experimental

2.1 Materials
A commercially available cerium (IV) oxide
nano powder from Sigma Aldrich (order
number 700290) was selected as experimental material. In addition to distilled and
<100 nm filtered H2O, the following chem
icals from Sigma Aldrich were used: NaOH
(CAS 1310-73-2), HCl (CAS 7647-01) and
Na4P2O7·10 H2O (CAS 7722-88-5).

2.2 Measurement methods and
devices
The investigations of the zeta potential
were performed with the charge detector
Stabino® (Particle Metrix) using a displacement piston with a slit of 400 µm and controlled by the software Stabino Control, version 2.04.02.
E 48

Two different analytical methods were used
to determine the particle size distribution in
suspension, the laser light scattering (LLS)
method according to ISO 13320:2020 and
the dynamic light scattering (DLS) method
according to ISO 22412:2017. The instruments used were the Mastersizer (MS)
3000 laser scattering granulometer (Malvern Panalytics) with software version 3.81
and a HydroMV wet cell, and the NanoFlex®
DLS instrument (Microtrac) with Flex 11
software, version 11.0.0.4. and frequency
analysis for evaluation of results.
The electron micrographs were taken on the
Gemini Supra 40 (Zeiss) at 15 kV. A suspension was prepared identical to the conditions of the particle size determinations.
It was then dropped onto a TEM grid and
dried.
The determination of the skeleton density
according to DIN 66137-2:2019 was carried out with the AccuPyc II 1340 (Micro
meritics) in a sample chamber of 10 cm3.
The mass-specific surface area according to
the BET method by means of gas adsorption in accordance with DIN ISO 9277:2014
was carried out with a Nova 2200 (Quanta
chrome) using nitrogen of purity 5.0 at
the temperature of liquid nitrogen. The
evalu
ation was carried out in multipoint
BET mode at five points with the NovaWin
software. For both measurement methods,
the powder was dried in advance at 300 °C
for 3 h.

2.3 Dispersion process
As a first step in the dispersion process,
a suitable dispersing medium and, if ne
cessary, additional dispersants have to be

found that are suitable for the powder at
hand.
DIN ISO 14887 “Sample preparation –
Methods for dispersing powders in liquids”
[3] contains valuable information on this.
The determination of the zeta potential as
a function of the pH of the suspension is
a good tool to detect stabilising conditions.
According to [3], Chapter 8.5, stabilising
conditions are characterised by the suspension having a distance of at least 2 pH units
from the isoelectric point (point of zero
charge) and the magnitude of the zeta potential being >30 mV (positive or negative).
For the determination of the zeta potential,
aqueous suspensions with and without
added dispersant and with solid contents of
0,1 mass-% powder were prepared.
After stirring, the suspension was sonicated
for 2 min in a water bath. Afterwards, the
initial values of temperature, conductivity,
pH value and zeta potential were measured with the Stabino® charge titrator. Then
the automatic pH titration was carried out
according to SOP (addition of 10 µl every
10 s) in the direction towards pH 12 with
NaOH 0,100 N. For the titration towards
pH 2, a fresh suspension was prepared
analogously and titrated with HCl 0,100 N.
The dispersion process was continued after
selection of the suitable media by energy
input by means of ultrasonic treatment. The
use of ultrasonic bath or in-device ultra
sound (MS 3000) are not sufficient. The
highest acoustic performance is achieved by
using external sonotrodes in direct contact
with the suspension. For some experiments,
the ultrasonic disintegrator Sonopulse
HD 200 (Bandelin) with a titanium-tipped
sonotrode type VS 70T was used with 80 %
power in an alternating mode 1 s on/1 s off.
For this, 0,1 mass-% of the powder was
suspended in 80 ml dispersion medium.
However, long sonication duration or predamaged sonotrode tips can lead to ab
rasion or chipping of the sonotrode tip
and thus to contamination of the sample
with particles in the µm size range, [4]. In
addition, the sonication treatment generates strong heating and can thus change
temperature-dependent properties, e.g. the
solubility and the mobility.
Therefore, a temperature increase by more
than 5 K should be avoided and the sample
must be cooled either during the continues
treatment or between (short) treatment
cfi/Ber. DKG 98 (2021) No. 2
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Fig. 3 Results for the zeta-potential measurements for suspensions with 0,1 mass-% CeO2 in water (l.), and with 0,1 mass-% CeO2 in an
aqueous 0,4 mmol/m3 N4P2O7 solution (r.)

steps in an ice bath. To avoid both phenomena, a setup was realised in the author’s
working group that achieves indirect sonication coupled with a cooling water circuit.
It is based on the ultrasonic transducer of
the Bandelin Sonopulse HD200, which,
together with the BR 30 beaker reson
ator (Bandelin), allows indirect sonication
input. The transfer medium water in the
BR 30 and thus also the sample, which is
immersed in this medium in a beaker, is permanently cooled via a cooling circuit using
hose pumps and a Peltier cooler.
Fig. 2 shows the set-up for the indirect
sonication, 5 ml suspension with a solids
content of 0,1 mass-% was used. The transducer was operated with 100 % power in
continuous mode.

2.4 Assessment of the dispersion
process
The assessment of the dispersion progress
of fine powders has been carried out in
directly via the measured particle size distribution as a function of the duration and
intensity of sonication.
To achieve an optimal measurement concentration, the suspension must be diluted
for the laser light scattering method. For this
purpose, the dispersing medium is placed in
the wet unit of the MS3000 and the sonicated suspension is added by means of a
pipette until the desired concentration is
achieved according to the specifications of
the device manufacturer.
By using an integrated stirrer, the suspension is permanently moved in the circuit and
led past the measuring window. The result
cfi/Ber. DKG 98 (2021) No. 2

is given as an average value of five consecutive measurements.
For the determination of the particle size
distribution of a nano material, the method
of dynamic light scattering is well suited, as
the measuring range is approximately from
10 nm to 6,5 µm. For the DLS measurements, the probe of the NanoFlex® could
be dipped directly into the prepared suspension, which was cooled down before
to room temperature while stirring. The
waiting time after immersion of the probe
was 5 min, the measurement time 300 s for
each of the three individual measurements.
For the averaged result, the raw data are
combined on the software side.
An additional important assessment tool for
dispersion control is visual inspection via
electron microscopy. The preparation of the
SEM sample must be identical to the dispersion process to be evaluated, apart from
drying before measurement.

3 Results and discussion

3.1 Identification of stable
dispersant and pH regime
Fig. 3 shows the dependence of the zeta
potential on the pH value for the suspensions with 0,1 mass-% CeO2 in water,
and with 0,1 mass-% CeO2 in an aqueous
0,4 mmol/m3 N4P2O7 (TSPP) solution. Without dispersant, the pH value of the suspension is about 6 and thus close to the isoelectric point (IEP).
The magnitude of the zeta potential is
less than 30 mV. Moreover, this is a range
in which the zeta potential changes very

strongly as a function of the pH value,
i.e. equal increments of 10 µl titrant each
lead to a big change in the zeta potential.
By adding TSPP, the IEP shifts far into the
acidic range. The surface charge of cerium
oxide changes from positive to negative in
the range of pH 3 to pH 7. This results in
a wide stable “working range” about from
pH 5 to pH 11 with a consistently negative
zeta potential greater than 30 mV.
Thus, a dispersion with TSPP in basic solution represents stable conditions for the
CeO2 powder under test. It is important to
understand that these stable conditions do
not automatically lead to the agglomerate
splitting. For this purpose, it is necessary to
overcome the primary energy minimum according to DLVO theory [5] by energy input
to detach the particles from each other and
to bring them to a sufficient distance to prevent re-agglomeration.
Based on the results of the zeta potential
measurements, an aqueous 0,4 mmol/m3
N4P2O7 solution was chosen as the dispersing medium for the cerium oxide powder.
The dispersing liquid with dissolved TSPP
was always filtered using a syringe filter
<100 nm before adding the ceramic powder.

3.2 Ultrasonic treatment and
evaluation of the
dispersion progress
Dynamic light scattering is not suitable for
evaluating the dispersion progress, as agglomerates contained in the µm size range
sediment and cannot be detected. Instead,
the laser light scattering method with its
E 49
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Fig. 6 SEM image of the cerium oxide nanopowder prepared as a suspension, indirect
sonicated for 60 min, dropped onto a TEM grid and dried

Fig. 4 a–b Results of particle size measurement using laser light scattering (MS3000)
of CeO2 suspension after different stages
of direct ultrasonic treatment using a
sonotrode over a period of 5 min (red),
15 min (blue) to 60 min (green) with intermediate cooling. In addition, the numberbased frequency distributions calculated
from the volume-based data is inserted as
a rough estimate (*)

Fig. 5 Results of the particle size
measurement using laser light scattering (MS3000) after direct (sonotrode) or
indirect (BR30) sonication of the CeO2
suspension for 60 min
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wide measuring size range is an option.
However, if it is shown that particles with
diameters >1 µm are no longer present,
DLS can be used.
Fig. 4 a shows the results of particle size
measurement using LLS (MS 3000) after
different stages of direct ultrasonic treatment using a sonotrode over a period of
5–60 min (with intermediate cooling).
Starting from a distribution of agglomerates in the size range of about 1–10 µm,
the volume fraction of smaller particles
increases. Even after an energy input of
60 min, agglomerates larger than 1 µm are
still present. It is important to realise that
the number of these large agglomerates is
very small.
Especially with very broad volume-based
frequency distributions, misinterpretations
often occur. In addition, the number-based
frequency distributions were therefore calculated from the volume-based data and
inserted in Fig. 4 b. This is only a rough
estimate, as the particles are not spherical
and the aggregates are also porous, but the
difference is clear. Although the agglomerates >1 µm diameter present still make up
the largest part of the total volume, their
number is below 1 %.
The difference in the correspondence of the
modes of the different frequency distribution curves should be mentioned again
here: In the number-based distribution, a
mode denotes the most frequently occurring “sphere equivalent diameter”. In the

volume distribution, it stands for the size of
the particles that contribute the most to the
total volume. And the wider this distribution
is, the more it is influenced by individual
large particles.
This is due to, for example, a single (nonporous) particle of 3 µm diameter corres
ponds in volume or mass to 1 000 000
particles of 30 nm diameter of the same
material. It follows that the number of
small particles in a volume distribution is
regularly underestimated. In number distributions, however, it is difficult to detect
individual large particles. The comparability of measurement results for particle size
distribution between methods, which determine volume-related results and single
particle methods, becomes more difficult
the more dispersed the size feature is distributed.
Fig. 5 compares the particle size distribution of the cerium oxide powder measured
by laser scattered light measurement after
direct (sonotrode) and indirect (BR30) sonication for 60 min. Using the sonotrode, the
frequency curve was broadened somewhat
more into the fine range, which suggests a
better comminution effect.
However, a broadening in the direction of
coarser particles is also noticeable. This
could possibly be abrasion of the sonotrode
tip. It is also possible that individual agglomerates sedimented during the ultrasonic treatment and thus evaded further
comminution.
cfi/Ber. DKG 98 (2021) No. 2
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Fig. 7 Results of the particle size measurement using
dynamic light scattering of the 60 min indirect sonicated
CeO2 suspension

SEM images – an example is shown in
Fig. 6 – confirm that in addition to primary
particles, there are also many small agglomerates, but also individual larger agglomerates. This finding is not confirmed in a
measurement with dynamic light scattering,
as can be seen in Fig. 7. At first glance, the
dispersion process seems to be complete.
However, the few larger agglomerates
already sediment out of the analysed suspension volume during the resting period
before the measurement begins. This resting time is necessary so that the Brownian
motion to be measured is not superimposed
by other processes.
The particle size at which the particles begin to sediment (depending on their density
and the density and viscosity of the dispersing medium) represents the upper limit of
the measurement range. While one can try
to shorten the resting time as much as possible, it is important to realise the longest

Fig. 8 SEM overview (SE) image of six grid parts of about 50 µm × 50 µm
in size after preparation with the CeO2 suspension (60 min direct
sonication) and drying

possible measurement time because this
improves the raw data, especially for particles of polydisperse size. Indications of
sedimentation are given by the decreasing
loading index and as well as the decreasing
concentration value during the three consecutive single measurements.
These data are output in the measurement
protocol of the NanoFlex®. Reliable and
reproducible results could not be achieved,
even over a shortened rest period of 2 min.
An alternative approach could be to filter
the suspension, e.g. <450 nm, after the
respective stages of ultrasound treatment,
and then measure the filtered suspension
with DLS. Without the influence of large
agglomerates on the measurement result,
it would be reliably possible to determine
whether an even longer dispersion time
would have an effect or whether it is already the maximum achievable degree of
dispersion with the available possibilities.

Even Electron Microscopy (EM) images only
guarantee a reliable evaluation if they give a
representative picture of the sample. A dispersed powder sample places significantly
different demands on the sample prepar
ation than a micrograph. It is important to
look at larger areas of the sample carrier to
detect inhomogeneities. Fig. 8 shows such
an overview image for the ceria sample. In
each of the six grid parts of about 50 µm ×
50 µm in size, several individual agglomerates can be seen and the one at the bottom
left must necessarily be subjected to closer
inspection.
The images in Fig. 9 originate from this
area. They show that in addition to primary
particles and individual large agglomerates,
there are also many small agglomerates
consisting of three to around ten particles.
How representative the particles already
present as primary particles represent the
powder in its entirety can only be estimated.

Fig. 9 SEM detail images of the grid part bottom left of Fig. 8
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Therefore, the particle size determination
exclusively by means of EM for such polydisperse and agglomeration-prone nanopow
ders cannot be classified as reliable across
the board.
One possibility for plausibility testing is the
screening method using Volume-Specific
Surface Area (SV or VSSA). The volumespecific surface area is obtained from the
product of the skeleton density of the powder and its mass-specific (BET-) surface area
AS. For ideally spherical particles, the SV is
proportional to the Sauter diameter d3,2. According to ISO 9276-2, equation (34) [7],
the relationship is:

SV = 6/d3,2

(eq. 1)

The Sauter diameter characterises the size
of ideal monodisperse spheres to which
the total volume could be divided. Each
individual sphere then embodies the same
ratio of volume to surface area as the total
volume to the total surface area of the particle collective. In the case of monodisperse
particles, the Sauter diameter also corres
ponds to the median of the particle size
distribution.
In practice, however, the powders usually
have an irregular particle shape and often
also a rough surface. Compared to theory,
the measured SV is then much too large and
must be corrected via a morphology factor.
The opposite is the influence of the width
of the particle size distribution: the wider
the distribution becomes, the smaller its
volume-specific surface is compared to
a monodisperse material with the same
morphology and identical Sauter diameter. However, taking these influences into
account and using electron microscopy
images to estimate their effects, one can
use the above formula for a screening for
plausibility testing.
The following values were measured for the
cerium oxide powder:
• skeleton density ρ = 6,84 g/cm3;
• Multipoint-BET AS = 31,0 m2/g.
This results in a mathematically determined
SV = 212 m2/cm3. According to (eq. 1), one
obtains a screening value of 28,3 nm as the
approximate value for the diameter.
The EM images in Fig. 10 show that this
estimator corresponds to the size of the
individual particles and one finds a regular
cfi/Ber. DKG 98 (2021) No. 2

particle shape and a rather narrow size distribution width.
Therefore, it can be assumed with high
probability that all still existing agglomerates consist of comparably sized primary
particles and that the evaluation of a sufficiently large fraction of primary particles
represents the totality.

4 Conclusion
Compared to conventional submicron powders, which can usually be completely dispersed into primary particles by direct ultra
sound treatment over a maximum period of
20 min, the sample preparation and thus
the determination of the particle size distribution of nanopowders is much more difficult. Even after an energy input of 60 min
via direct or indirect sonication, agglomerates larger than 1 µm are still present. Thus,
it is impossible to determine the particle
size distribution of the primary particles using standard measurement methods such
as dynamic light scattering.

Batch

Fig. 10 (T)SEM detail image of the same
sample as in Fig. 8

One solution could be to separate the remaining large agglomerates via filtering
after a first ultrasonic treatment and to

carry out another ultrasonic treatment with
the remaining lower concentrated suspension. The size of the filter must be selected
so that the largest primary particles still
pass the filter safely. Therefore, electron
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microscopy images of different scales are
required to accompany the dispersion process for controlling purposes. The volumespecific surface area of an unknown fine
powder can be reliably determined almost
independently of the state of agglomeration
and provides a guide value for the size of
the primary particles. This parameter should
therefore always be determined first in the
laboratory as a kind of initial screening.

of particle size and zeta potential, and to
Paul Mrkwitschka and Sigrid Benemann
(BAM-6.1) for preparing the electron micro
scopic samples and taking the images.
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