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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!
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Dear Readers,
Despite the still difficult situation caused by COVID-19 for market activ
ities and communication, some small-scale in-person events are now taking place again in our sector, too. Directly after the IAA Mobility, the first
major trade fair event organised by Messe München/DE after 18 months,
we and our partners at Messe München were able to hold the ceramitec
Conference and Exhibition on 15–16 September 2021. This was the first
in-person event in the sector in Europe. For other activities such as the ICR
in Aachen/DE (refractories) or the Symposium for Powder Metallurgy in
Hagen/DE, those responsible have taken the same path and taken on the
additional organisational effort (e.g. hygiene concepts, creation of hybrid
elements). Nevertheless, the organisers still have the residual risk of dates
having to be postponed or cancelled.
The long-term lockdown for the trade fair and exhibition sector has had
major consequences for the entire German economy: according to calculations by the AUMA – Association of the German Trade Fair Industry,
on the basis of an Ifo study, cancellations of trade fairs on account of
Corona measures since the start of the pandemic in March 2020 have so
far led to a loss of over EUR 40 billion to the economy. 165 000 jobs are
under threat and EUR 6,7 billion in tax revenue have been lost to the tax
authorities.
According to the Global Association of the Exhibition Industry UFI, there
are around 1200 trade fair venues worldwide and 31 000 trade fairs are
held each year. With around 10 %, Germany hosts a high share of these
events.
The gradual revival of in-person events like trade fairs and conferences
has, of course, the economic importance indicated above. It has, however,
greater impact, as personal contact between industry professionals and
market partners prevails over all the virtual options that we have all been
using intensively since March 2020.
Especially internationally operating companies, like plant engineering
companies in ceramics, have in recent months been struggling to overcome huge obstacles – especially when it comes to doing business outside Europe. For SMEs, global operation has become extremely restricted
on account of the reduced possibilities for international travel.
So we are certainly looking full of hope to 2022, where normality is
expected to return to the trade fair sector. Key dates are ceramitec in June
and TECHNA in September as well as a host of other activities.
It will certainly be interesting to see how, after months in lockdown, these
formats will be adapted to meet the visitors’ changing needs (e.g. hybrid
forums, virtual presentations).
We shall be closely following developments!
Yours

Reprinting etc.
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storage in data retrieval systems and any translation, even
in part, can only be done with the written permission of the
publishing house.
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TECHNICAL POWDERS

Excellency in spray drying
GLOBAL PARTNER FOR TECHNICAL POWDERS
The most performing technical powder comes from an
appropriate processing of raw materials.
ICF & Welko is a worldwide supplier advanced solutions for
spray drying and fluidized bed drying.
Thanks to our know how on every process, we provide best
performance automation and flexible solution for the
processing of technical advanced powders for chemical,
automotive, petrochemical, construction and many other
industries.
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+++ GLOBAL NEWS +++
Company News
Italy
SACMI RobotCasting: New Investment for GSI
With the supply of two SACMI RobotCasting cells, GSI (Gruppo
Sanitari Italia) further consolidates its position in the industry for
the production of high quality, top design ceramic sanitaryware.
Part of an ambitious investment plan in SACMI technology, the
new supply includes two AVM casting machines and related demoulding robots, to expand the potential production capacity of
the plant at Gallese (Viterbo), leading manufacturer in Italy and
around the world, renowned for its quality “Italian made” bathroom design and sanitaryware.
With the three key concepts performance, reliability, and flexibility, SACMI’s AVM casting cell has won over the market on
an international scale thanks to the advantages of the modular
platform which makes the mould the central part of the process
and gives the customer maximum freedom as regards control
of automation and auxiliary equipment. The supply is a guarantee for GSI, which has invested in this technology since 2003.
With more than 250 AVMs installed throughout the globe, this
solution has become the leading system for the production of
complex WCs. The entire production cycle is carried out in stages
which can be programmed to allow maximum customisation of
all the production variables, thus reducing product change-over
times.
With this supply, there are now 12 SACMI high-pressure casting
machines in operation at GSI including, in addition to the AVMs,
various ADM, ADS and AVI machines. Other than the SACMI
RobotCasting solutions, the company has also invested in the
automation of the handling-glazing line, already completed with
SACMI technology in order to achieve 4.0 control of production
flow and handling operations.
Germany/USA
SGL Carbon Invests into Modernization of its
Morganton Site
SGL Carbon/DE is modernizing its production for porous and
extruded graphite investing around USD 10 million at its site in
Morganton, North Carolina, USA until the end of 2022.
Porous graphite is important for the manufacture of high-power
semiconductors as it is a key element for the equipment to produce silicon carbide (SiC) crystals. The SiC crystals are the basis
for new and innovative micro chips that are needed to enhance
the electronic control for electric vehicles and charging stations
as well as 5G networks in context of the digitization of mobile
production controls. Products made from extruded graphite are
used in applications including the aluminium industry and other
industrial sectors.
The modernisation is taking place along the entire production
chain, with a particular focus on mixing and pressing technology as well as thermal processes and its raw material supply
system to improve the quality of the porous graphite production.
In addition, the existing electrical infrastructure will be renewed,
which is an important step towards more sustainable and ef
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ficient production of extruded graphite and
will also enable an expansion of capacities
in this area.
Germany
Nabaltec AG Confirms Preliminary
Results for the First Half of 2021
Nabaltec AG published its final data
for the second quarter of 2021 as part
of its quarterly report, in which it confirmed the preliminary results. The company posted EUR 93,9 million in revenue
in the first half of the year (same period
of last year: EUR 81,8 million) and EBIT of
EUR 10,5 million, up from EUR 2,1 million
in the same period of last year. Its EBIT margin (EBIT as a percentage of total perform
ance) was 11,3 % in the first half of 2021,
compared to 2,7 % in the same p eriod of
last year. EBIT came to EUR 6,6 million in
the second quarter (same period of last
year: EUR –0,4 million) and second-quarter
revenue was EUR 47,9 million, up from
EUR 36,4 million in the same period of
last year. “The market recovery in 2021 has

so far been more dynamic than expected
and by the end of the second quarter, we
were nearly able to match our record highs
from 2019. We are very satisfied with our
performance for the year, taking into account the fact that first-quarter results were
weighed down by a negative non-recurring
effect. Given that markets have been somewhat more stable recently, and due to the
excellent outlook, we raised our forecast at
the end of July: we now believe that it is
realistic to expect an EBIT margin in a range
of 10–12 % and revenue growth in a range
of 11–14 %”, said Johannes Heckmann,
the CEO of Nabaltec AG.
Nabaltec's earnings in 2021 were weighed
down by a negative non-recurring effect of
EUR 1,3 million in the first quarter, which
is attributable to the temporary and ex
orbitant increase in energy prices due to the
extraordinary winter storm in Texas, USA, in
mid-February 2021.
In the Functional Fillers product segment,
Nabaltec posted revenue of EUR 33,3 million in the second quarter of 2021, up

CERAMIC EXCELLENCE CONSULTING

Passion for Materials Excellence in Management
Operational Exellence & Digitalization
Innovation Management
New Product Development
Turnarounds & Restructuring

Dr. Andreas Sonntag
www.ceramic-excellence.com
TTIP Global Associate
from EUR 26,1 million in the previous
year. Revenue in this product segment
amounted to a total of EUR 65,6 million
in the first six months of 2021, compared
to EUR 57,8 million in the same period last
year (up 13,5 %).
Revenue in the Specialty Alumina product
segment amounted to EUR 14,6 million
in the second quarter of 2021, up from
EUR 10,3 million in the same quarter of
last year. Revenue in this product segment
came to a total of EUR 28,4 million in the
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first half of the year, compared to EUR 24,0 million in the same
period of 2020 (up 18,3 %).
Germany/Great Britain
Ceramic Excellence Consulting Associates
with TTIP Global
Ceramic Excellence Consulting (CEC)/DE is since July 2021 an
Associate of TTIP Global/GB in order to combine the expertise
of both companies in innovation management and operational
excellence for the advanced materials industries.
CEC has been established in 2018 by Dr Andreas Sonntag offering services for the ceramic and raw material industries in
the field of operational excellence and digitalization, innovation management and strategic business development including
material, product and process development as well as support
in restructuring and M&As on a truly global scale. TTIP Global,
which was founded by Dr Andy Wynn in 2019, is working with a
larger group of individual associates having each more than 30
years of experience in Transforming Technology Into Profit (TTIP)
as a management consulting group for science, technology and
engineering Industries. TTIP has its focus on the Advanced Materials Sector with the world’s largest team of highly experienced
management, technical and market experts having held C-level
position in world leading companies in the Advanced Materials,
all of them contributing to significant additional sales with new
materials, products and processes.
The differentiation of CEC and TTIP is the fact that the combination of experience in innovation, market knowledge, business
development and excellence in management offers a unique and
unmet value to their clients to create new sales with new products in the advanced materials sector
CEC offers on top tailored Operational Excellence Management
System for the clients – this by bringing full transparency to the
operational performance and “Start-To-See” to then specifically
address potential improvements in a practical and most efficient manner. A Top-Down and Bottom-Up approach is applied
combined with bring this approach to a solid success – which is
again based on decades of practical experience in running multinational operations.
Germany/Canada
New Ownership for CeramTec Announced
Canada Pension Plan Investment Board (CPP Investments)
through its wholly owned subsidiary CPP Investment Board Europe
S.à.r.l., and BC Partners, a leading international investment firm,
announced an agreement to jointly acquire CeramTec/DE from existing owner BC European Capital X (BCEC X) and its co-investors.
On completion of the transaction, CeramTec will be jointly owned
by CPP Investments and BC Partners Fund XI (BC XI).
Since BC Partners’ initial investment in March 2018, CeramTec
has significantly extended its product development pipeline, undergone a program of operational improvement, and accelerated
its transformation into a diversified MedTech platform, including through the recent acquisition of Dentalpoint, a fast-growing
technology leader in the field of ceramic dental implants. The
shareholders will support CeramTec as it expands its leading po-

Stephan Schmidt KG
DE-65599 Langendernbach · Fon +49 6436 609-0 · www.schmidt-tone.de
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sition as a diversified MedTech platform, driving ongoing product development and strategic M&A in a sector underpinned by
strong secular growth trends. Under the new ownership structure, CPP Investments and BC XI, together with co-investors, will
each hold a 50 % stake in CeramTec.

Products and Processes
Fraunhofer IKTS Scientists Close Gap for Virtual
Electronics Design
Many devices whose availability and reliability are essential are
now electronically controlled. It is simply inconceivable what the
consequences would be of the failure of a respirator or a vehicle
assistance system. In particular, the soldered joints between the
microelectronic components are of special importance. Scientists
at Fraunhofer Institute for Ceramic Technologies and Systems –
IKTS/DE develop material m
 odels based on real measurement
data for a wide variety of solder alloys in a uniquely wide temperature range. This makes virtual electronics design more accurate, faster and cheaper.
At Fraunhofer IKTS, customer-specific contacts of microelectronic
components are characterised multiaxially in load experiments.
As digitization progresses, the demands on the embedded microelectronics, i.e., on the electronic components and their electrical,
thermal and mechanical connections to one another – the socalled solders – are also increasing. Whereas in the past, printed
circuit boards tended to be manufactured as flat components, the
trend today is toward 3D-integration of electronics, which promises greater power density in the smallest possible space. The
layout of the electronics, the design, is thus becoming increasingly complex. This concerns both the interaction of new types of
materials and the multidimensionality of the wiring directions on
the electronics assembly.
Before they are used, electronic assemblies are tested for reliability. Since real tests of all possible design variants would be
too lengthy and expensive, electronic assemblies are configured
virtually. This involves simulating how the electronics react to
thermal and mechanical loads. Among these are impacts or acceleration, but also strains due to heating during use.
The basis for calculating the behaviour u nder load is, on the one
hand, the v ariation of the geometry to find the ideal setup and,
on the other hand, the behaviour of the chosen materials, which
is described in a material model. Scientists at the Fraunhofer
IKTS have succeeded in determining material model parameters
for solders of different alloys in a wide temperature range from
–70 °C to 230 °C.
This means, for example, that the measurement data required for
automotive applications, typically in the range from –40 °C to
140 °C, can be generated without gaps, or applications for the
cold range, e.g. in a viation or energy supply, can be tested at very
low temperatures.
For a material model, measurement data from a real experiment are transferred to a digital twin. It is advantageous that
the measurements at Fraunhofer IKTS are carried out directly on
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the solder contact to be investigated and
not on test specimens. Inverse material
modeling is used to determine the material characteristics and provide the solder
model.
In particular, the time-dependent plastic
deformation – known as creep – can be
predicted in this way. “Until now, it was
only possible to describe secondary creep.
This involves time-dependent deformations
that occur in ductile solder materials with
high deformations of greater than 1 %,”
explained Dr Mike Röllig, Head of the Testing of Electronics and Optical Methods
department at Fraunhofer IKTS. However,
alloys that are currently being developed
are very creep-resistant, i.e., the deformations under load change conditions are very
low, so that their description with known
models for secondary creep is not permissible. Mike Röllig's team is one of the few
players worldwide to have succeeded in
developing measurement technology for
data generation and complex models that
describe upstream primary creep.

Batch

The Fraunhofer IKTS researchers have been
working on this topic in close partnership
with the Institute for Packaging and Interconnection Technology of Electronics (IAVT)
at the Technische Universität Dresden/DE
since the switch from lead-based solders
to more eco-friendly materials in the early
2000s. Currently, other interconnection materials, such as sintered silver contacts, are
coming into focus.
But new materials are not only being used
for connections: more generally, polymers
and other novel materials are increasingly
used in electronics. This in turn requires
the investigation of non-linear changes in
material behaviour and thus the development of ever new material models. “With
the unique measurement technology available at Fraunhofer IKTS and our know-how
in model development, we are meeting this
challenge and enabling our customers to
achieve precise virtual electronics design in
the future.
With this, and with the design support tools
used at the institute for the simulation and
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optimization of assembly and connection
designs, we make our contribution to reliable electronic assemblies,” Mike Röllig
summarised.

Market
Recovery of the Brazilian Tile
Industry
In 2020, Brazil, one of the major players
in the world’s ceramic tiles industry, also
had to deal with the consequences of the
pandemic. The temporary closure of industrial plants in the first months of the year
inevitably caused a drop in tile production,
which fell to 840 Mm2 (–7,6 % on 2019).
Exports also decreased to 94 Mm2 (–5,7 %
on 2019), despite the 5 Mm2 more sold on
the US market (25 Mm2, +25 %).
Overall, however, Brazilian tile producers
managed to close the year with an increase
in total sales, which rose to 920 Mm2
(+2,7 %), thanks to the rebound in demand
on the domestic market in the second half of
the year: at the end of 2020, domestic sales
had in fact grown by 3,8 % on 2019, to
826 Mm2. Investments were also resumed
quickly. In order to add greater value to its
offerings and increase the competitiveness
of the global markets, the sector continued
to focus mainly on improving the product
mix and on more sustainable materials and
processes.
The first four months of 2021 marked a
strong recovery in Brazilian tile exports,
which grew by 45 % in value and by 48 %
in volume compared to January–April 2020.
Increasing Brazil’s share in international
trade remains the priority objective of the
Brazilian ceramic tile industry, which aims
to establish as one of the three largest exporters of ceramic tiles on the planet in the
next few years.
Surge in Italian Ceramic Machinery
Sales
The Italian ceramic and brick machinery
and equipment manufacturers reported a
53,9 % increase in turnover in the first six
months of 2021 compared to the first half
of 2020, when the industry was hit by the
nationwide lockdown from March to April
on top of the ongoing slowdown in capital
goods investments. This included significant
cfi/Ber. DKG 98 (2021) No. 5-6
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increases in both domestic sales (+55,6 %)
and exports (+53,5 %). The second quarter
brought even stronger growth (+76,2 %
compared to the same period in 2020),
driven by higher domestic sales (+90,3 %)
and exports (+70,1 %).
However, the most reassuring figure
emerges from a comparison with the prepandemic period, with turnover up 12,8 %
in the first half of 2021 compared to the
first six months of 2019. This is a particularly significant trend for the entire sector
and bodes well for a turnaround in 2021
following years of decline.
The downturn in 2020 was also confirmed
by the MECS-ACIMAC Research Centre’s
29th National Statistical Survey (MECS =
Machinery Economic Studies), which provides an annual overview of the sector’s
performance and revealed a 2020 turnover
of EUR 1,48 billion. The signs of a slowdown already observed in 2019 continued and the decline in volumes reached
–14,5 %. This figure reflects the difficult
global economic situation caused by the
pandemic coupled with the ending of the
Industry 4.0 tax incentives in Italy and the
decline in investments in new technologies
that began in the second half of 2018.
In 2020, there was virtually no change in
the number of active companies (down
1,4 % to 139 compared to 141 in 2019)

and in the number of employees (6951, a
small 0,3 % reduction).
In line with the figures for 2019, export
sales accounted for 73,4 % of the total
(EUR 1086 billion) while falling by 13,9 %.
The European Union remained the main
target market for Italian ceramic machinery,
accounting for 27,9 % of total turnover
(EUR 299 million). Asia (India, Malaysia,
Thailand, Vietnam, etc., excluding China)
ranked 2nd with a value of EUR 161 million and a 14,8 % share of the total,
followed by South America in third place
with EUR 139 million (12,8 %). China/Hong
Kong/Taiwan was the only macro region to
see growth in turnover with respect to 2019
with more than EUR 100 million compared
to the previous year's figure of EUR 66 million (+57,6 %). The domestic market contracted by EUR 392 million in 2020, 16,1 %
down on 2019.

Persons
Nabaltec: Dr Alexander Risch Takes
over as New COO
Nabaltec AG/DE announced a change in
its Management Board, as the Supervisory
Board appointed Dr Alexander Risch to a
4-year term on the Management Board effec-

tive 1 October 2021. Dr Michael Klimes, who
has been serving on Nabaltec AG’s threemember Management Board as COO since
2017, has chosen not to extend his contract,
which expires on 31 December 2021.
Dr Alexander Risch completed his studies
in mineralogy at the Friedrich-AlexanderUniversity of Erlangen-Nuremberg/DE and
has worked at the Institute of Geosciences
in Erlangen on a project of Germany’s Federal Ministry of Education and Research focusing on high-temperature oxide ceramic
superconductors, in the course of which he
successfully completed his doctorate. Dr
Alexander Risch began working at Hoffmann Mineral GmbH/DE in 1999. From
2006 through 2021, he headed that company’s global sales, marketing and order
processing operations, during which time
he gained extensive experience with industrial fillers and their functions. As of 1 January 2022, Dr Alexander Risch as COO will
have sole responsibility for the company’s
departments R&D, as well as for production and sales. Until that date, Nabaltec’s
Management Board will operate as a fourmember body for a transitional period. The
employment agreements of the Management Board members Johannes Heckmann
(Chairman of the Management Board and
CEO) and Günther Spitzer (CFO) have each
been extended by five years.

mut-jena.de
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+++ GLOBAL NEWS +++ GLOBAL NEWS +++
Events
Less CO2 in Heavy Clay Production –
Mechanical Engineering Shows
How it's Done
The ECTS Virtual Ceramic Technology
exhibition from 22–24 June 2021, presented a lot of new information on more
climate-friendly brick production. An Innovation Centre has been set up specifically for this purpose. On the way to climate
neutrality, decarbonisation plays a major
role in this emissions-intensive industry.
In the new Innovation Centre, the manufacturers of the machines and systems
needed for this showed developments
and products that are not yet on the market or have only recently been released
– a highlight of this year’s virtual event,
for which 14 European exhibitors have
registered.
The programme offered information on
the installation of dual firing with synthesis gas in the tunnel kiln or showed how
the user can save energy and up to 40 %
CO2 with a combination of different fuels.
It was presented a CO2-neutral high-performance insulating material for moulded
parts, another for tunnel kiln cars. The kiln
car energy-saving calculator met also great
interest. Visitors could also look forward to
news about digitalised manufacturing processes.
Mechanical and plant engineering has always been a driver of innovation. Be it in
the direction of alternative fuels, be it in the
direction of kiln construction or production
technology. The following exhibiting companies took part: Beralmar/ES, Bongioanni/IT,
Cleia/FR, De Boer/NL, Forgestal/ES, Händle/
DE, Hellmich/DE, Refratechnik/DE, 
Rieter
Morando/DE+IT, Sabo/GR, Tecnofiliere/IT,
Teide/ES, Verdés/ES, and VHV Anlagenbau/
DE. Messe München/DE with ceramitec was
the conceptual partner of this ECTS exhib
ition.
Another highlight awaits brickmakers
this year in Anderson, South Carolina/US.
The Clemson Brick Forum, hosted by the
National Brick Research Center (NBRC), is
scheduled to return as an in-person event
for the first time on 4–6 October 2021.
ECTS will most likely provide content for
both the conference and the accompanying
exhibition.
E 10

ECTS stands for European Ceramic Technology Suppliers. It is a working group of 24
European suppliers of machinery, material
and engineering services for the production
of ceramics, powder metallurgy and related
technologies from ten countries: Belgium,
Denmark, France, Germany, Greece, Italy,
Luxemburg, the Netherlands, Spain, and
Turkey and a working group of VDMA,
the German Engineering Federation. ECTS
manufacturers generate EUR 400 million in
yearly revenue, export a sizeable part of the
production, employ around 3200 people
overall.

by the Fraunhofer IKTS Working Group
“Smart Machine and Plant Design”. The
Sensor Space is funded by the German
Federal Ministry of Education and Research
and is a joint project of Tridelta Campus
Hermsdorf, STIFT, Nucleus Jena, Schülerforschungszentrum Gera, Saale-Holzland-Kreis
and Fraunhofer IKTS. School clubs, workshops and summer schools for children
and young people will be offered in and
around the Hermsdorf location in Eastern
Thuringia, with a special focus on conveying knowledge about batteries and sensor
technology.

Coding, Sensors and Networks – the
First Sensor Space Summer School
As the first event of the Tridelta Campus Sensor Space/DE, the Fraunhofer IKTS
Sensor Space Summer School welcomed
par
tici
pants at the Hermsdorf Vocational
School/DE from 6–8 August 2021.
“Learn programming!” – that was the request of all students, and it was fulfilled.
The goal of the Summer School was to
teach basic concepts of Industry 4.0 and to
awaken interest in STEM (science, technology, engineering, mathematics). Students
from the 7th to 11th grade were given insights into programming, plant engineering
and automation during the one-week summer school. Microcontrollers, sensors and a
programming interface for beginners were
used. The primary focus was on practical experimentation: as early as the second day,
the participants were able to implement
their own programming projects. Later,
these were supplemented by more complex
sensor technology and networking.
By the end of the week, the students had
built and wired an intelligent flower pot:
with appropriate programming and an
integrated moisture sensor, it was automat
ically watered via a pump.
In this way, complex interrelationships of
automation, plant technology and sensor
technology were illuminated on a small
scale, all of which are highly relevant to the
companies of the Tridelta Campus Hermsdorf. During the guided tours at Fraunhofer
IKTS and Micro-Hybrid, where industrial
and research facilities were visited, the
participants were able to learn more about
this.
The content of the Sensor Space Summer
School was conceived and implemented

ASEAN Ceramics as Messe München
and AES Collaborate to Stage the
Shows from 2022
The first edition of the collaboration,
ASEAN Ceramics Thailand will take place
from 30 November – 2 December 2022, at
IMPACT Bangkok, Thailand.
Messe München/DE, through its Southeast Asian regional operation MMI Asia,
has joined forces with AES to take ASEAN
Ceramics to a new international level
of excellence in the two key markets for
the region, Thailand, and Vietnam from
2022.
The ceramic manufacturing exhibition and
conference will continue to alternate annually as ASEAN Ceramics Thailand and ASEAN Ceramics Vietnam, providing complete
coverage and access for the industry. The
events will continue to boost the ceramics
industry in ASEAN through showcasing the
world’s leading equipment, technologies,
innovations, and solutions needed to grow
and meet the challenges it faces in the years
to come.
Messe München’s strength through the
ceramitec network which includes the
show in Munich, ceramitec conference and
Indian Ceramics Asia, will enable leading
global suppliers to gain access to key buyers in the manufacturing “hot spots” of
the booming ASEAN market. This strength
is coupled with AES’s strong local positioning and experience to bring together
a world-class event in one of the world’s
most important ceramic region. Further
details on ASEAN Ceramics Thailand will be
made available shortly through the website www.aseanceramics.com. Suppliers to
the industry are encouraged to contact the
organisers.
cfi/Ber. DKG 98 (2021) No. 5-6
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From 0 to 200 kN in Less than 10 Months
P. Bottler, M. Glaser, R. van Loo

The absolute leaders in the hydraulic press sector are now also conquering the electric press market. In

the challenging and highly competitive field of hard metals, iron powder and technical ceramics, SACMI/IT
and Laeis/LU have once again demonstrated their joint expertise. In record time, a completely new family
of electric presses was mutually developed and successfully launched on the market.

The type name for this new series is “eMP” and the main characteristics are clearly
“e-VIDENT”. The “e” in the name stands
firstly for “100 % e-LECTRIC”, all main
axes operate under servo-electric control
and that with an accuracy of 0,001 mm.
The same counts for the central core rod.
The “e-JECTION PRINCIPLE” is certainly the
most outstanding of the “e-MP” features.
This technically sophisticated solution de
livers numerous benefits: at maximum precision, high stroke rates can be achieved,
the pressed part can be released in a simple
and controlled process, while filling and
demoulding are performed at a constant
height. This additional design feature not
only offers clear benefits with regard to
accuracy and speed, but enables consistently high quality coupled with simplified
handling for complex components and
products.
Energy saving and environmental compatibility, future-oriented core objectives in the
SACMI/IT and LAEIS/LU corporate strategy,

Peter Bottler, Markus Glaser, Roel van Loo
Laeis GmbH
6868 Wecker, Luxembourg
E-mail: info@laeis.eu
www.laeis.eu
Keywords: powder metal, electro-press,
efficient, precision, technical ceramics,
high-performance ceramics
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Compact installation footprint
measuring 1,35 m × 1,0 m
(with closed doors)

Upper punch
Pressing force:
Stroke:		

200 kN
300 mm

Rigid tool frame
Filling height to:

120 mm

Lower punch
Pressing force:
Stroke:

200 kN
150 mm

Central core rod
Pressing force:
Stroke:

40 kN
150 mm

Fig. 1 Key data of the e-MP 20 press

have been realised on the highest level.
Consequently, “e-NERGY SAVING” is also a
key feature of the product series. The energy
savings achieved not only have a positive
impact on the environment, but exclusive
solutions, such as innovative servo drives
with energy recuperation, significantly reduce running costs, too.

In the development of the new presses,
SACMI and LAEIS have again focussed
on user friendliness from the customers’
perspective. “e-ASILY OPERATED“ is another pivotal feature of the new presses.
As already for SACMI’ hydraulic presses,
the Assisted Programming API has been
implemented for the new electric presses.
E 11
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And new features have been added, like
the simulation of press cycles BEFORE the
first pressing, automatic program generation, fine-tuning of the parameters and
much more. Last but not least “e-FFICIENT”
stands for maximised availability coupled
with the renowned speed of the Sacmi and
LAEIS presses. As a result, customers can
achieve their production and quality goals
with minimised expense and maximised
availability!

What are the other exceptional
features?
Despite its compact installation footprint,
stand-out feature of the press is its exceptionally high overall rigidity, the main frame
components being made of cast iron. A
front hatch with integrated, electronically
monitored slide-window and doors on all
sides facilitate accesses. This simplifies and
speeds up tool changes, any necessary setting adjustments as well as maintenance
work. The fixed tool frame (EJECTION
PRINCIPLE) enables the implementation
of sophisticated enhancements like cross
pressing systems with up to six axes on the
e-MP presses. Thanks to the closed safety
enclosure and the options for connection
to an extraction system, dust exposure is
minimised. The health of the employees and
operators as well as the environment and
product profit from this feature. An easily
accessible, height-adjustable work silo for
easy filling or a feeding shoe with integrated dust exhaustion are just some of the useful additions that are optionally available.

Achievements and prospects
The e-MP 20 electric press with 200 kN
pressing force was only the first member in

Fig. 2 The e-MP10 press with integrated pick & place unit

an entire product family. The “little sister”
with a pressing force of 100 kN has also
been successfully introduced onto the market, while a “big sister” will join them as
another highlight next spring.

A stand-out feature for electric
presses: completely integrated
automation
An integrated system comprising press and
automation unit is now available for electric
presses, with the extension of the system to
include a completely integrated pick & place
unit. All from a single supplier, an experienced partner, demonstrating an end-toend approach to process logic.

Fig. 3 Removal of the full tray and feed position
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In the large-series production of compon
ents, pressing has long been established as
the most cost-effective process, and that
with outstanding tolerances.
Thanks to the high-grade support for press
operation and flexibility, pressing is now
also becoming very interesting for smaller
series, with frequent tool changes. Last but
not least: another big advantage of the
electric press is its fast assembly and commissioning, pressing and setting unit can be
quickly set up in limited space and without
an installation pit. In short:
PLUG & PRESS!
Irrespective of the specific installation, the
module comprises a cartesian 3-axis robot,

Fig. 4 Touch display for intuitive entry
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driven by brushless motors. Programming is
completely integrated in the press automation system: the P&P operations (programming, configuration, etc.) are controlled
from the press HMI TOUCH PANEL, and the
Advanced Programming-Interface (API), as
known from the press, is also connected.
The robot arm is fitted with the customerspecific part gripper (fast change system)
and the tool brush unit with double-sided
brush. This ensures automatic cleaning
of the upper and lower punches. The arm
(also with a fast-change system) has been
designed so that it enables a wide range of
optional configurations.
The trays used to carry the parts are transported on belt conveyors and an elevator.
Suitable buffer areas are available upstream
and downstream of the setting station. The
software ensures optimum setting of the
parts on the tray to maximise the number
of parts on each tray depending on the part
size; numerous selection criteria can be preset. For brushing the base of the parts, a
rotating brush is installed in the first station.
The the part is blow cleaned by air nozzles
at the sides and arranged in a ring, while
dust is extracted from the below.
Selectively, the part can now be weighed
on a special scale for check its weight. The
scale is mounted on a separate fixture to
avoid vibrations during the weighing process. On demand of the operator, thanks to
the individual part inspection system, parts
can be retrieved while the press is still up
and running in automatic production. A
separate discharge is provided for any rejected parts.
Numerous options are available:
• Laser sensor for measuring the flatness
of the trays and for correcting the placing
height of the gripper.
• Gripper swivel system in the range from
0° to 180°, to adjust the angle for placing
parts on the tray.
•
Version with two weighing scales for
weight control (various combinations are
available).

Fig. 5 Brushing, blowing off and weighing (f.l.t.r.)

elements and therefore guarantees perfect compatibility with the SACMI’s system
supervisor H.E.R.E., a modern, modular and
scalable platform on the basis of completely
reworked web technology.
This simplifies the integration of new functions in machines, monitoring systems and
hardware, eliminating the need to replace
the control system.
SACMI is already able to fit presses with
equipment for clear marking of the pressed
parts to guarantee complete future traceability. Integration interfaces for data exchange with customer systems (including
RFID connection) are, of course, also pre
installed.

The SACMIGroup
The SACMI Group, a world market leader in
plant and machine engineering, has been
demonstrating its expertise in ceramics, powder metallurgy as well as in the packaging,
beverage and food sectors for decades now.
A comprehensive use of capacities ultimately
results in the greatest possible customer
benefit, because complete support for the
safe running of the e-MP presses is thereby
guaranteed. Via the network of over 80 group
subsidiaries, SACMI guarantees a dir
ect
and efficient service for all installed machines
and equipment. Special training, consultancy
and services tailored to customers’ specific
needs round off the group portfolio.

Industry 4.0 and Supervisor
H.E.R.E.
The new presses are based on a forwardlooking concept with sensors developed
for the industry standard 4.0 and designed
to enable easy maintenance. The machine
comes ready for the installation of new
cfi/Ber. DKG 98 (2021) No. 5-6

Fig. 6 Pressing area with pick-up gripper and integrated brush for cleaning the punch
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A New Wiki on Ceramics Processing: Ready to Join us?
You can’t make it without materials, and you can’t make materials without processing. This phrase holds

for all material classes, and particularly for ceramics. R&D in the field of ceramics involves researchers from
various fields, e.g. materials scientists, chemists, physicists, electrical and mechanical engineers. Beyond
different fields, researchers are of very different education and career background, e.g. Bachelor/Master
students, technicians, laboratory assistants, PhD students and postdocs. Generations are changing, the
experienced one retiring and the new ones facing old problems without necessarily having access to the
knowledge accumulated over decades.
To date, there are a few very helpful textbooks on processing of ceramics. Beyond
textbooks and scientific papers, very little
references elaborate the practical side of
ceramic materials science.
What are the important aspects of powder
processing? How do I mix and mill raw materials? How do I shape a ceramic green
body? How do I select the right sintering
method? What are the guidelines to design
a heat treatment for sintering? How do I
polish my sample?
Platforms as wikiHow and many others provide tutorials on a very large number of subjects: how to cook rice or make macaroni
salad, compress a pdf file, preserve flowers
or step out of your comfort zone… But we

all still miss a general cooking book for cer
amics!
This new Wiki, initiated by Wolfgang Rheinheimer and Olivier Guillon (both at the
Institute of Energy and Climate Research –
Materials Synthesis and Processing (IEK‑1),
Forschungszentrum Jülich/DE) provides
such a platform. A list of mostly practical
articles helps anybody working on ceramics to set up his lab work. Staff members
at IEK-1 have provided a core of articles
open to everyone, which simply needs to be
expanded. You are welcome to read and extend these articles and to create new ones
for the benefit of the current and future cer
amic community!
More at: https://apps.fz-juelich.de/ceramics

How to contribute?
To request an account to contribute to the
ceramics Wiki, click on the link labelled “Request account” on the top right of the web
page. Follow the instruction and enter your
desired user name, your e-mail address and
your real name.
After that, you will receive a message to
verify your e-mail address. Click on the link
provided in the e-mail.
When this is done, our staff will check your
request. Upon approval, you will receive an
additional e-mail with a one-time password
and further instructions on how to log in.
On your first login the system will ask you to
enter a new password. After that, you can
edit pages in the ceramics Wiki.

Fig. 1 How to contribute to the new Wiki on Ceramic Processing
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batteries, solid oxide fuel cells and high-temperature electrolysis, gas separation membranes, high-temperature materials, as well as advanced sintering processes. He is a member of the Board of Directors of the German Ceramic Society
(DKG), World Academy of Ceramics, the International Institute
for the Science of Sintering and fellow of the European Ceramic Society. Olivier Guillon can be reached by e-mail at
o.guillon@fz-juelich.de

Fig. 2 Olivier Guillon

Fig. 2 Wolfgang Rheinheimer

Olivier Guillon is Director at the Institute of Energy and Climate Research – Materials Synthesis and Processing (IEK-1),
Forschungszentrum Jülich, and Professor at the RWTH Aachen
University/DE since 2014. His research focuses on solid-state

Wolfgang Rheinheimer is leading an Emmy-Noether Group
funded by the German Research Foundation since 2020. He
received his Diploma and PhD at the Karlsruhe Institute of
Technology (KIT)/DE. He completed postdoctoral research at
KIT, and was a visiting professor at Purdue University/US. His
research focuses on microstructure evolution in ionic materials,
and the segregation and processing aspects during sintering
and grain growth and the resulting functional properties. Wolfgang Rheinheimer can be reached by e-mail at w.rheinheimer@
fz-juelich.de

TEMP.CHAMP
High-Quality Refractories
for the technical ceramics industry

Experts in technical ceramics
By choosing RATH, you have a committed partner with a full range
of high-quality refractories produced in Europe and in the USA. We offer you
expert know-how and the best solutions to address your specific needs
for all types of ceramic applications. Contact our experts for your solution!

www.rath-group.com/ceramics
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Mechanical Dislocation Imprint in Ferroelectric Ceramics
The technological challenges of the 21

century are closely linked to the developments in electroceramic components. The annual world market for electroceramics reaches EUR 25 billion with an increasing
tendency due to the growing demand for capacitors, sensors and actuators.
st

Fig. 1 Mechanical deformation at high temperature and stress results in a mechanical imprint of dislocations into ferroelectric single
crystals (l.), giving rise to a peculiar rhombic domain structure (centre). The resulting interaction between the dislocations and the
domains causes a large difference in the electromechanical response, as seen by the 19-fold increase in the piezoelectric coefficient
(r.). The pinning of the domain walls by the dislocations and the movement of the domain walls are indicated in the phase field
simulation insets on the right side of the figure

In particular piezoelectric and ferroelectric materials exhibit excellent dielectric
and electromechanical properties, due to
their non-centrosymmetric structure and
the resulting spontaneous polarization.
This offers unique possibilities to generate
electric charges or mechanical strain in the
pico- and nanometer range, which enables
the fabrication of small robots, sensors, pos
itioners, transducers, and other electronic
devices. The excellent electromechanical
properties of these materials are mostly
achieved by controlling the motion of ferro
electric domain walls, that is, microscopic
interfaces that separate different regions
within the ferroelectric crystal lattice.

Technical University Darmstadt
Department of Materials and Earth Science
64289 Darmstadt, Germany
E-mail: koruza@ceramics.tu-darmstadt.de
E-mail: roedel@ceramics.tu-darmstadt.de
Keywords: ferroelectric ceramics, mechanic
al dislocation, electroceramic components
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Conventionally, this is done by targeted
incorporation of ions, so called dopants,
which form point defects that interact with the ferroelectric domain walls.
Even though this approach satisfies the
primary requirements, they often show
weaknesses when materials are operated
under demanding conditions, for example at high temperatures or during severe
cycling.
These problems were addressed in the
recent work of Höfling et al. [1] reported
in Science by a new innovative approach,
whereby point defects are replaced by
more stable line defects (called dislocations). In the first step, the brittle character of the ceramics had to be overcome.
This was achieved by high temperature
creep of single crystalline perovskites, leading to plastic deformation and mechanical
imprint of dislocations into the material
(see figure). This resulted in domain nucleation at dislocations and an interaction
between domain walls and dislocations,
which can be described by a local pinning
force. This local pinning force acts in combination with a macroscopic restoring force
on domain dynamics, which causes a sig-

nificant change in the electromechanical
properties. As a result, a 5-fold increase in
the dielectric permittivity and a 19-fold increase in the piezoelectric coefficient have
been demonstrated in ferroelectric barium
titanate. These properties are essential for
capacitors and actuators. Moreover, the
values exhibited a higher temperature and
cycling stability, as compared to conventional point-defect doping. The introduction
of dislocations provides a unique opportunity to modify the movement of the domain
wall at specific points, and is thus an exciting alternative to conventional approaches.
This represents a small milestone for the
development of f
uture electroceramic
materials.
This research was funded by the German
Research Foundation (DFG) in the frame
of a Koselleck-Project. Several groups at
TU Darmstadt as well as groups from
Switzerland, USA and the Netherlands were
involved in the realisation of this work.

Reference
[1] Höfling, M.; et al.: Control of polarization in bulk
ferroelectrics by mechanical dislocation imprint.
Science 372 (2021) 961–965
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Application Oriented Research on Structural Ceramics
Remarks to a Pioneer’s Work for Technical Ceramics
in Mechanical Engineering at RWTH Aachen –
Prof. Dr Horst R. Maier
Dedicated to Prof. Dr Horst R. Maier on the occasion of his 80th birthday

The growing importance of ceramic components in mechanical engineering had led to the need for a

special institute at RWTH Aachen/DE, which was founded in the early years of the 1980s. Following an
unsuccessful advertisement, Prof. Dr-Ing. Horst R. Maier could finally answer the call to build up this new
field of research. Linked to the headline “A tripod never wobbles!”, he established the institute IKKM
(Institute for Ceramic Components in Mechanical Engineering) at RWTH, the incorporated society IPAK
(Institute for Processing and Application of Ceramics) and the commercial spear head for the market TASK
(Technology Agency Structural Ceramics). Supported by the Ministry MWMT of North Rhein-Westphalia
(NRW), he analysed Technical Ceramics as a base for innovation in the North Rhein-Westphalian industry.
This successful network was the seed for the “Meeting Point Ceramic”. The spirit to cooperate between
ceramic manufacturers, suppliers, equipment manufacturers, research partners and the applied industry is
still internalized by many of his postgraduates who received their degrees in the years between 1989 and
2006. During those years, his institute evolved from an “one man show” to a well-financed large laboratory at Nizzaallee in Aachens best living area.

The basic know-how to wonder about
working stresses always in relation to residual stresses, triggered by the ceramic processing, joining or the material composition,
is inseparable to the need to use of statistic
tools for Weibull parameter analyses. This
kind of thinking is still in use for the joining
of cutting tools at Ceratizit/LU by Michael
Magin, Isabelle Südmeyer at KIT/DE, Dieter
Sander at BMW/DE, Claus Krusch at Siemens/DE, and many others.
The functionalized pore volume (Stefan
Baumann at Forschungszentrum Jülich/DE)
was an additional field of research. A long
time before the exhaust emission troubles
of the automotive industry, Prof. Horst R.
Maier ran large projects about filter systems. The promising cooperation with Dr
Best from the company Heimbach/DE, large
automotive consortia and a good deal
cfi/Ber. DKG 98 (2021) No. 5-6

more, coordinated by Ewald Pfaff (RWTH
Aachen/DE) and Rolf Schmidt (FH Aachen),
his chief engineers, led to PhD subjects as
filter technologies and new materials like
“Ökopore”.
Ceramic cutting tools for the woodworking
industry (Michael Zins), fluor ion sensors
for the production of aluminium (Christos
G. Aneziris at Technical University Freiberg/
DE), the next generation of surface design
for SiC seals (Johannes Ante at Continental
Automotive/DE) as well as the validation of
multilayer capacitors verify Prof. Maiers phil
osophy of “Marriage of Materials” in the
field of structural and functional ceramics.
Technology projects like “Cyclic CIP” by
Nicola Michaeli (Schunk Ingenieurkeramik/
DE) or the design of extruder components
for the ceramic industry (Holger Wampers at
Alumina Systems/DE) represent the technol-

ogy sector of IKKM – Institute for Processing and Application of Ceramics.
Prof. Maier invented the term “Meeting
Point Ceramic” which was pushed as a
synonym for cooperation among the applied industry by the team of TASK (Michael
Zins, Stefan Leyen, Uwe Klein, et al.) since
1993. Currently there are more than 70
active partners in touch, organised by Göller
Verlag/DE since 2014.

Michael Zins
Fraunhofer Institute for
Ceramic Technologies and Systems IKTS
01277 Dresden
Germany
E-mail: Michael.Zins@ikts.fraunhofer.de
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Fig. 1 Prof. Horst R. Maier (r.) and Michael Zins at Meeting Point Ceramic in 1995

As Vice Director of Fraunhofer IKTS, I have
to confirm that this open cooperation is the
key to a successful modern research institute and a great help to everyone in need
for ceramic know-how. We are following a
similar philosophy. Very large projects are
started using ceramic processing or cer
amic components as key parts in industrial
systems. Ceramic sensor elements under
harsh conditions allow to get data for digitalization in chemical industry. Batteries and
other energy systems need the ceramics as
well. Joining and stress analyses are necessary to develop new applications.
Prof. Christoph Broekmann, who replaced
Prof. Horst R. Maier as Director of IKKM and
IAPK in 2006, is also going on in the trad
ition. Research on powder metallurgy and
cemented carbide get their new center at
IWM – Institute for Materials Applications in
Mechanical Engineering and at IAPK – Institute of Ceramics Process and Application Engineering in Aachen. The story continues…

Speaking for all the mentioned and many more, thank you for your support and Happy Birthday H. R.

One Stop Shop for Ceramics
Partner for Research and Application
We deliver ceramic solutions along the entire value chain –
from materials to components.

www.ikts.fraunhofer.de

PROCESS ENGINEERING
Non-Conventional Casting Technologies for Shaping of
Ceramics and Metal/Ceramic Components
N. Gerlach, C. Heuer, Ch. G. Aneziris
Dedicated to Prof. Dr Horst R. Maier on the occasion of his 80th birthday

Within this work, three non-conventional slurry-based ceramic casting technologies for ceramics as well

as metal/ceramic-composite materials are discussed with special regard to the relevance of their processing parameters. Depending on the desired application of the final products, it was necessary to adapt the
grain size, the water content as well as the amount and type of additives. The resulting mechanical and
microstructural characteristics of the components are discussed within this review work. Using pressure
slip casting, spider bricks have not only been successfully casted but also successfully tested in industrial
ingot steel casting. In addition, coarse grained ceramic matrix composites with up to 20 vol.-% steel particles have been prepared shaped via pressure slip casting. Beads and spring elements as well as metal
sheets and corrugated structures based on a metastable austenitic stainless steel and magnesia partially
stabilised zirconia have been developed using a sol-gel process based on the gelation of alginates and
a paper-manufacturing technology, respectively. These technologies open the horizon for innovation in
mechanical engineering, in energy related applications as well as in the area of refractories at elevated
temperatures.

1 Introduction
Today’s research efforts do not only concern
innovative material systems but also novel
and innovative fabrication technologies in
order to create components with superior
mechanical, thermal, chemical, wear and
damping related properties at ambient and
elevated temperatures. For the development
of ceramics, refractories and composite materials, e.g. with a wide particle size distribution, great differences in density of the raw
materials or challenging shapes of the final
component, the conventional slip casting
reaches its technological limits. Within this
work, three non-conventional slurry-based
ceramic casting technologies for ceramics
as well as metal/ceramic-composite mater
ials are discussed with special regard to the
relevance of their processing parameters.
Pressure slip casting is the advancement of
the slip casting process in plaster moulds
and is applied in the silicate industry to the
state of the art. The raw materials used such
as clay and kaolin, extremely favour the forcfi/Ber. DKG 98 (2021) No. 5-6

mation of bodies by pressure slip casting.
The flake-like particles prevent the finer
particles from penetrating into open porosity of the mould. Adhesion to the mould is
thus minimised and bodies with excellent
surfaces can be generated. In pressure slip
casting of non-silicate ceramics, problems
occur due to the mostly fine particles in the
µm range. This leads to clogging of fine particles onto the mould surface and thus to
a damaging of the surface of the ceramic
body during demoulding. The aim is to form
solid bridges above the pores of the mould,
which can be achieved by additives [1].
Natural polysaccharides, known as thickeners in the food industry, have been investigated and an optimal binder system
consisting of a mixture of konjac flour and
welan gum are used [2]. The calculation of
a wide grain size distribution is carried out
with the equation according to Dinger and
Funk, with a grain-packing factor of 0,2
[3, 4]. The pressure slip casting experiments
start with simple plate geometries and are

extended to components such as the spider
brick, which was then used in the bottom
pouring process at Deutsche Edelstahlwerke GmbH & Co. KG/DE.
Metal beads and metal spring elements
were prepared with the aid of a sol-gel process. It is known that alginates have an affinity for alkaline earth metals and therefore
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Fig. 1 a–d Spider brick (a), CT-scan of a spider brick (b), MMC bead macrostructures (c), MMC spring elements (d), and MMC corrugated
sheets (e)

form strong gels in the presence of divalent
ions, in this process provided by a hardener/
reaction solution [5]. For the fabrication of
beads, a homogenous slip that contains
metal powder, dispersants and stabilisers
and a water-soluble alginate is pumped
through a nozzle and small droplets are
formed at the nozzle tip. By exceeding a
critical drop size, the drop detaches and
forms a sphere (due to the surface tension)
and subsequently falls into the hardener solution. Immediately upon contact with the
hardener solution, the gelation process of
the alginate takes place.
For the preparation of spring elements, the
slip is injected with a syringe into to hardener solution and filaments are formed. Upon
contact with the reaction solution, the gel
ation process occurs and the resulting soft
filaments are coiled around a mandrel to
form a spring element. After drying both,
metal beads and metal spring elements,
are sintered in a two-stage debinding and
sintering process [6–8]. The last part of this
contribution deals with the development of
metal-matrix composites prepared by paper
manufacturing technology, which has been
used for the fabrication of porous ceramics
in the recent years. [9] In contrast to other
technologies, such as tape casting, the pres
ented fabrication routine is environmentally
friendly, since the application of harmful
processing additives is not necessary.
A further advantage of this technology is
that the highly loaded papers may be produced on industrially available paper machines. Therefore, an up scaling can be performed without any restrictions. According
to the state of the art, paper-derived ceramics can be prepared from alumina [10, 11],
E 20

silicon carbide [12], and hydroxyl apatite
[13, 14]. Within the final part of this review,
the paper web formation using metastable
austenitic steel powder and magnesia partially stabilised zirconia as inorganic fillers
is in focus. The development of an opti
mized debinding process is presented and
the microstructural changes as well as the
phase formations during thermal treatment
are discussed in response to the residual
carbon content.
Finally, the physical and mechanical properties of the novel metal-matrix composites
are presented. With the aid ceramic-derived
joining technology at room temperature
sphere structures as well as corrugated
structures have be prepared [15, 16].

2 Experimental

2.1 Pressure slip casting
The raw materials used in the pressure
slip casting of the spider brick consisted
of alumina and mullite. Tabular alumina
T60/64 from Almatis GmbH/DE was used
in the grain size range of 45 µm to 3 mm.
In the fine-grain range, the reactive alumina
Martoxid MR70 from Martinswerke GmbH/
DE was selected. In addition, fused mullite
from Imerys Fused Minerals Villach GmbH/
AT with a grain size of 0–1,5 mm was used.
The slurry was manufactured in an Eirich
mixer (RV02).
The powders, additives (konjac flour and
welan gum) and water (12 mass-% related
to the solid content) were homogenized for
20 min. The casting tests were conducted
in a pressure casting engine DGM80 from
Dorst Technologies GmbH & Co. KG/DE at a
maximum pressure of 8 bar. After demould-

ing, the spider bricks were first dried at 20,
60 and 110 °C respectively for 24 h. Sintering under air was carried out at 1 K/min
up to 1600 °C and a holding time of 2 h.
Major mechanical and thermo
mechan
ical properties were determined and the
microstructure was observed in a computer
tomograph (Mikrofokus CT ALPHA, ProCon
X-ray GmbH).
At Deutsche Edelstahlwerke, the spider
bricks were then tested in bottom pouring.
The stones were treated with liquid steel
(approx 1400 °C) in a cold state for 45 min.
After the industrial test, the spider bricks
were investigated by a digital light microscope (Keyence VHX-2000) and scanning
electron microscopy (Philips XL30 ESEM
FEG) to detect possible signs of corrosion.
For the fabrication of ceramic matrix composites with metal additions of up to
20 vol.-%, the same alumina powders as
described above as well as stainless steel
powders were used. The austenitic stainless steel powder of type 16-7-3 (CrMnNi)
was received from TLS Technik, Bitterfeld,
Germany. Slip preparation was done under
identical condition as described for the
spider brick fabrication. Pressure slip casting of components with the dimensions
of 200 mm × 200 mm × 38 mm was conducted at a maximum pressure of 20 bar
for 25 min. Afterwards the pressure was
released and the green specimens (plates)
have been demoulded.
The casted bodies were subsequently dried
up to 110 °C. The physical and mechanical
properties as well as the microstructure
have been investigated. Finally, the wear
behaviour of the ceramic matrix composites
was evaluated.
cfi/Ber. DKG 98 (2021) No. 5-6
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Fig. 2 a–b Cross section of the surface of a conventional (a) and
a pressure slip casted spider brick (b), 20 × magnification, after
ingot casting at DEW

2.2 Sol-gel process using
alginates
For the development of metal beads and
metal spring elements a 16-7-3 (CrMnNi)
steel powder, obtained from TLS Technik/DE
with a mean particle size of 28,7 µm, was
used. The starting powder was dry mixed
with 0,42 mass-% alginate for 5 min. In
a next step 0,69 mass-% plasticizer and
0,42 mass-% stabiliser were admixed in
deionized water for 5 min. Afterwards the
solid fractions and the water-additive mixture have been homogenized for 15 min
and finally milled for 3 h in a polypropylene
chamber with zirconia milling media. The
ratio of powder to water was for both slips
70 : 30.
The final slips were cast into the reaction
solution that contained 1 mass-% calcium
chloride and beads or filaments were obtained. After an ageing time of 5 min, the
beads were removed from the reaction
solution and subsequently washed with
deionized water. The filaments were also
cfi/Ber. DKG 98 (2021) No. 5-6

Fig. 3 a–b SEM-Images of sintered metal matrix composites with
carbides at the grain boundaries (a), and carbide free (b)

removed from the reaction solution after
5 min and then coiled around a mandrel
to obtain the spring element. After sintering, the microstructure, the phase compos
ition as well as the physical and mechanical
properties the phase composition were investigated [6–8, 17].

2.3 Paper-manufacturing
technology
The manufacturing of highly loaded paper
sheets comprised the preparation of an
aqueous feedstock. The feedstock consisted
of pulp cellulose fibres obtained from Zellstoff Pöls AG/ATas well as filler particles
(austenitic stainless steel powder received
from TLS Technik, and magnesia partially
stabilised zirconia obtained from Saint Go
bain/US).
The cellulose pulp fibres have also partially
been replaced by yttria-stabilised zirconia
fibres in order to reduce the porosity of
the metal sheet. In order to achieve a high
solid retention, cationic and cationic starch

ethers, both received from Südstärkechemie
GmbH/DE were used as coagulation and
flocculation agents.
Square paper sheets with 200 mm in length
have been formed on a laboratory sheetforming device. The green sheets were dried
stepwise starting from 40 °C up to 110 °C
within 24 h. Subsequently, the dried paper
sheets were calendered on a rolling mill applying a line load of 30 kN/mm at a roller
speed of 0,1 m/s. Microstructural character
isation was conducted by light optical
microscopy and scanning electron microscopy. Phase identification was done using electron backscatter diffraction (EBSD)
analysis. The physical and mechanical properties have been evaluated.

2.4 Thermal treatment of ceramic
and metal matrix composites
The thermal treatment of metal containing
composites has to be conducted in a twostage sintering. In order to eliminate the
organic additives a debinding process with
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Fig. 4 Stress-strain curves for the different metal matrix
composite beads and structures

low heating rates of maximum 0,5 K/min
was done in an air-ventilated furnace. The
maximum debinding temperature has to be
set to 450 °C in order to prevent the oxidation of the steel particles. The sintering took
place in a Xerion X-Graphite furnace (Xer
ion GmbH Ofentechnik/DE) with a heating
rate of 5 K/min to the final temperature and
an argon flow rate of 2,5 l/min at an excess
pressure of 5 mbar [7, 8, 17–21].

3 Results and discussion
The successfully developed components are
displayed in Fig. 1 a–e. In the following section, selected results of the conducted research work are summarised.

3.1 Pressure slip casting
After a casting time of 60 min, stable spider
bricks with a smooth surface could be demoulded. Fig. 1 a shows a sintered spider
brick. To evaluate the macrostructure of the
spider brick, a diagonally sliced brick was
analysed in a computer tomograph. Neither
cracks or cavities are visible inside the stone,
as Fig. 1 b illustrates. Due to the promising
mechanical and thermomechanical properties, an industrial test was carried out. Investigations of pressure slip casted spider
bricks used in the bottom pouring under
a digital microscope showed infiltration of
the steel at the surface, as Fig. 2 b revealed.
However, the melt infiltrated into the open
porosity of the material surface only.
The formation of a corrosion layer, similar
to the conventional spider brick (Fig. 2 a)
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Fig. 5 Typical stress-strain curves for the paper-derived metal
matrix composites

could not be determined. In the scanning
electron microscope, very small amounts
of chromium and manganese could be detected using elemental analysis. A high iron
content was only determined at isolated
spots. A reaction between ceramic and
steel, for example like a spinel formation,
could not be detected.

3.2 Metal matrix composites
prepared by sol-gel process and
paper-manufacturing technology
microstructure
The potential of the metal matrix composites based on metastable austenitic steel
for the desired deformation-assisted austenite to martensitic phase transformation
depends on the chemical composition of
the steel matrix. During conventional sinter
ing diffusion processes of the steel alloying
elements as well as of the stabiliser magnesia have been reported. The formation
of carbides during thermal treatment that
typically form at the grain boundaries steelsteel leads to a severe deterioration of the
mechanical properties and thus has to be
prevented by sintering the materials in a
high purity argon atmosphere. In Fig. 3 a–b
the microstructural differences are shown.

3.3 Sol-gel process using
alginates
The sol-gel process has been successfully
applied for the preparation of full and hollow beads as well as for the fabrication of
strands and thus spring elements. Single

beads have been joined using a ceramicderived technology [15, 16] to form MMC
bead macrostructures, which are shown
in Fig. 1 c). Fig. 4 displays stress-strain
curves for the different developed beads
and macrostructures. In comparison to the
hollow beads, the full beads have a four
times higher strength. Up to a compression
of 15 % the full beads containing 5 vol.‑%
(95TRIP) and 10 vol.-% (90TRIP) zirconia
have a significant higher strength in comparison to the reference material 100 TRIP.
The functionally graded beads have the
highest strength even at compression greater than 15 %. Fig. 1 d presents the sintered
MMC spring elements with different wire
diameters. Using the sol-gel process strands
of varying length and therefore spring elem
ents with the desired amount of coils have
been prepared. The distance between the
single windings (coils) can be adjusted during coiling process.
The developed sol-gel process utilises alginates and allows the variation of the following parameters and thus the fabrication of
customised spring elements: composition of
the starting slurry (mixture of different powders and ratios), wire thickness, number of
windings/coils and distance between single
windings/coils. At an overall deformation up
to 50 % of the initial length, the particle reinforced spring elements with 10 vol.-% zirconia and a wire thickness of approx 1 mm
had the highest specific energy absorption
with 0,19 kJ/kg in comparison to the commercial springs with 0,11 kJ/kg.
cfi/Ber. DKG 98 (2021) No. 5-6
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This higher energy absorption can be attributed to the particle reinforcement effect
and to the formation of strain-induced αʹ
martensite. Therefore, the presented process
is a very interesting new approach for the
manufacturing of particle reinforced spring
elements with the potential as an application as crash absorber component.

3.4 Paper-manufacturing
technology
For composites containing yttria-stabilised
zirconia fibres the formation of Mn2SiO4
at the interface between steel and zirconia
fibres was found. This led to a good bonding between matrix material and reinforcement. For the composite, which contained
10 vol.-% magnesia partially stabilised zirconia particles it was found that the zirconia
particles were randomly distributed in the
steel matrix. They appeared poorly bonded
to the interface steel-ceramic, which is most
likely a result of the low sintering temperature of 1350 °C. Composites that contained
3–6 vol.-% of yttria-stabilised zirconia
fibres exhibited ultimate tensile strengths
of 264 and 322 MPa respectively whereas
the reference material (0Z) with a maximum
tensile strength of 227 MPa.
The lowest tensile strength was determined
for the composition 10ZP. The results are
also shown in Fig. 5. The tensile strain of the
improved TRIP-matrix composites as well as
of the reference material has been significantly increased (up to 10 %) as compared
with our previous study, where all materials
showed brittle fracture behaviour. This can
certainly be attributed to the optimization
of the sintering process and the corresponding prevention of carbide formation during
heat treatment upon cooling as shown in
Fig. 3.
The metal sheets have been converted into
corrugated structures using an undulatingforming tool and a ceramic based joining
technique (Fig. 1 e). The chemical and the
phase composition of the MMC have been
investigated using EDS/EBSD. As a result
of the optimized debinding and sintering
conditions, the formation of carbides was
prevented. The steel matrix consists of austenite and the oxide precipitations formed
during heat treatment have been identified
as orthorhombic (Mg, Mn)2SiO4. The yttriastabilised zirconia generally shows a very
good phase stability in the presence of SiO2,
cfi/Ber. DKG 98 (2021) No. 5-6

Fig. 6 a–b EBSD phase analysis for: a) composite containing 3 vol.-% yttria stabilised
zirconia fibres, and b) composite containing 10 vol.-% magnesia partially stabilised
zirconia particles where: austenite is green, yttria-stabilised zirconia (tetragonal/cubic
modification) is red; magnesia partially stabilised zirconia (monoclinic modification) is
orange; (Mn, Mg)2SiO4 is yellow; and zero solution) is black

which means that even after sintering a
high tetragonal/cubic phase was detected
(Fig. 6 a). A characteristic microstructure of
composite that contains 10 vol.-% magnesia partially stabilised zirconia particles is
shown in Fig. 6 b. The zirconia particles are
randomly distributed in the steel matrix. As
a result of the low sintering temperature of
1350 °C, the particles are poorly bonded
to the interface steel-ceramic. The zirconia
particles are highly de stabilised and appear
in monoclinic modification.

4 Summary
Within the present contribution, the variety
of innovative slurry-based casting technol
ogies has been demonstrated. Pressure slip

casting allows the manufacturing complex
and near-net shaped large components e.g.
the application of the spider brick in bottom
pouring of steel melts. Due to the failure
free surface of the casted spider brick no
significant corrosion during industrial testing was recognised.
The innovative ceramic casting technol
ogies have also been used for the fabrication of metal matrix composites based on
metastable austenitic steel. With the aid
of a newly developed sol-gel process, that
uses alginates hollow and full beads as well
as spring elements have been successfully
prepared for the first time. Using the papermanufacturing technology, composite metal
sheets and corrugated structures were also
E 23
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successfully manufactured. The formation of
carbides during thermal treatment was prevented by sintering in a high purity argon
atmosphere, thus the excellent deformation
properties of the metal matrix are maintained. The composites have an improved
energy absorption capability in comparison
to the pure materials. The demonstrated
non-conventional technologies open the
horizon for innovation in mechanical engin
eer
ing, in energy related applications as
well as in the area of refractories at elevated temperatures.
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Additive Manufacturing of WC–Co Hard Metals
Using Laser Powder Bed Fusion
S. Fries, A. Kaletsch, M. B. Wilms, Ch. Broeckmann
Dedicated to Prof. Dr Horst R. Maier on the occasion of his 80th birthday

Laser based additive manufacturing of cemented carbides remains challenging due to crack forming
and residual porosity. Reduction of temperature gradients and successive thermal treatment are starting
points for improving the quality of the additive manufactured parts. In this study, the build-plate was
heated to 900 °C during Laser Powder Bed Fusion (LPBF). Sinter-HIP was used for thermal post-treatment
of the LPBF samples. The influence of the process parameters during laser powder bed fusion is reduced
by thermal post-treatment. Significant grain growth and broader grain size distribution are observed in
tungsten carbide (WC) phase. Thermal post-treatment should be included in the process chain for additive
manufacturing of cemented carbides, as porosity is reduced using sinter-HIP technique to a minimum.

1 Introduction
Composites of tungsten carbide (WC) and
cobalt (Co), known as cemented carbides
(WC–Co), are essential for the tool-manufacturing industry for diverse applications.
Additive Manufacturing (AM) of tools offers
several benefits compared to conventional
manufacturing methods, allowing near-netshaped production of parts with complex
designs and thus reducing costs for finishing. The ability to manufacture hollow struc-
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tures facilitates the introduction of inner
cooling channels increasing the lifespan of
tools by implementation of tailored cooling
concepts. Topological optimization add
itionally offers the application of weight reduction and damping concepts, which is of
high relevance for various applications. The
highly digitalized laser-based AM process of
Laser Powder Bed Fusion (LBPF) allows economical production of highly individualized
tools in small batch sizes and reduces the
time to market cycles significantly.
Notwithstanding that this material is highly
demanded by industry, AM of cemented
carbides is currently impaired by strict
health restrictions when handling powder
compounds of WC and Co and challenges
attributed to the AM technologies of this
material class. Due to high fractions of WC
(typically >80 mass-%) cemented carbides
are characterised by exceptional high hardness and correspondingly low toughness.
Consequently, cemented carbides are prone
to crack formation and propagation during
processing by LPBF making the application
of high-temperature base plate preheating
above 600 °C necessary. Additionally, other
process-related phenomena, e.g. porosity
and selective evaporation of cobalt are subjects of current research. By rising the laser

energy input to enhance the densification,
cracks are formed during the LPBF process.
The suitable energy input is a trade-off between densification and a crack-free part.
Health restrictions for handling powders
containing cobalt are as present as in conventional processes. The possibility of cobalt
evaporation by exceeding temperatures of
2870 °C is an additional health issue, which
is relevant for the LPBF process.
Support structures are used for connecting
the as-built part with the build platform.
However, thin support structures prevent
thermal transport in both directions, the preheating of the build platform upwards and
the induced laser energy downwards. Therefore, at high preheating temperatures, parts
are manufactured without supports. Since
a flat, preferably large-area connection is
necessary, the options for placing the LPBF
part inside the build chamber are limited.
Contrary to fully melting nickel- and ironbased alloys, cemented carbides are partly
melted during the LPBF process. The reduced amount of liquid phase prevents a
highly anisotropic microstructure with elongated grains, which is typical for LPBF parts.
Thus, the liquid phase sintering mechanism
could reduce the disadvantage of the limited build plate connection.
cfi/Ber. DKG 98 (2021) No. 5-6
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Tab. 1 Chemical composition of WC–17Co according to powder manufacturer
Element

Co

C Total

W

Fe

Other

Mass-%

16,9

5,07

78

0,0

<0,5

In conventional production routes, for dens
ification of hardmetal parts to full density,
a sintering cycle is combined with a gas
overpressure consolidation step, so-called
sinter-HIP [1]. Sinter-HIP is conducted at
about 1350 °C with a gas overpressure
of up to 50 bar. This sintering step can be
also used as a thermal post-treatment for
additively manufactured parts. Moreover,
isothermal aging at ambient pressure at
400–1000 °C is possible [2]. Furthermore, combining high gas pressure of up
to 1000 bar and temperatures of 1000–
1300 °C, Hot Isostatic Pressing (HIP) is an
alternative post-processing route.
Thermal post-processing generally improves
the mechanical properties of AM parts in
several ways:
•
Residual stresses are induced by Temperature Gradient Mechanism (TGM) during the LPBF process. Depending on build
height, tensile stress states are found at
the upper and lower zone of the LPBF
part. A compressive stress zone is found in
between [3]. In cemented carbides, these
macroscopic residual stresses induced
by TGM are imposed by microscopic residual stresses due to thermal mismatch
between WC and Co. Macroscopic residual stresses, which are formed during the
LPBF process, are reduced after the HIP
treatment [4]. For cemented carbides, reduced residual stress is found after sinterHIP [5]. Reducing both, compressive and
tensile stress values, residual stress state
is homogenized.
• Metastable phases are present in the asbuilt microstructure of cemented carbides.
Due to high cooling rates, the precipitation of tungsten and carbon on WC grains
is hindered. The binder phase remains
oversaturated with tungsten and carbon.
Heating in a furnace at ambient atmosphere at 400–1000 °C enables diffusion
processes. So, the phase composition
moves towards equilibrium phases [2].
• Applying external pressure, densification
to full density is possible. Therefore, both,
sinter-HIP and HIP processes, are suitable.
Since ductility of the cobalt binder increases at higher temperatures, rearrangement
cfi/Ber. DKG 98 (2021) No. 5-6

of WC–Co areas is possible to reduce the
porosity. A significant reduction in porosity is achieved by sinter-HIP [5].
Nevertheless, possible negative consequences of the thermal treatment should
not be disregarded:
• Elevated temperatures support WC grain
growth. Cemented carbides with bigger
WC grains tend to higher toughness combined with lower hardness.
• Residual stress relief may bring distortion
in as-built parts. Especially, components
with a high height/width ratio like shaft
tools may be deformed after thermal
treatment.
In this study, the effect of thermal posttreatment on the microstructure of LPBF
produced WC–Co hardmetals is investigated. In addition to porosity, the carbide
and cobalt binder phases are investigated
in more detail.

2 Experimental

2.1 Materials and powders
Cemented carbides are produced using
powder metallurgical methods. The main
production steps are powder compaction followed by liquid phase sintering for
densification. Similar to conventional techniques, the choice of suitable powders is the
starting point for additive manufacturing. In
commercially available cemented carbide
powders, tungsten carbide and cobalt particles are mixed and agglomerated. Flow
ability of powders is important for a smooth
layer and high packing density of the
powder bed during the process ensured by
choosing powders in the range 15–45 µm.

Homogeneous distribution of cobalt binder
phase is important due to the short lifetime
of the liquid phase during the LPBF process.
A short time at high temperatures prevents
rearrangement processes which are typical
for liquid phase sintering and essential for
densification. Furthermore, internal porosity
of WC–Co agglomerates should be considered during the selection of powders for
additive manufacturing.
The raw material used in this investigation
is tungsten carbide-cobalt powder (WC–
Co) AMPERIT 526 produced by H.C. Starck
[6]. The WC-17Co powder has a compos
ition of 83 mass-% tungsten carbide (WC)
and 17 mass-% cobalt (Co) (Tab. 1).
The agglomerated and pre-sintered powder is normally used for thermal spraying
processes. The particle size distribution of
the agglomerate has been measured by
laser diffraction method (LA 950, Retsch
GmbH/DE). The d50 value is 35 μm fulfilling the requirements for spreading during LPBF stated above. The WC grain size
ranges from 0,5–3,0 μm, i.e. this WC can
be classified as coarse. WC–17Co agglomerates with a rough surface are shown in
Fig. 1 a, carbides (light grey) embedded
in Co-binder phase (grey) and internal
porosity can be seen in Fig. 1 b. Additionally, along with different powder particles,
an inhomogeneous binder distribution has
been observed. As build-platform for the
LPBF process austenitic steel (AISI 316 L)
with dimensions of ∅ = 55 mm and thickness of 10 mm in a sand-blasted surface
condition has been used.

2.2 LPBF process
In this study, a laboratory scaled LPBF machine Aconity MIDI (Aconity3D GmbH/DE)
equipped with a 1 kW fibre laser system
YLR-1000-WC (IPG Photonics GmbH, Burbach), emitting with a specific wavelength

Fig. 1 a–b Agglomerated and sintered WC–17Co powder: a) powder morphology, and
b) cross-section of a powder agglomerate
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Tab. 2 Process parameters for the parameter study
Process Parameter

Abbreviation

1

2

3

4

5

Laser power [W]

PL

140

170

200

230

260

Scan speed [mm s–1]

vs

Volume energy density [J mm–³]

EV

319

361

Hatch distance [μm]

dH

60

Layer thickness [μm]

dL

30

Beam diameter [μm]

dB

80

Preheating temperature [°C]

TP

900

of 1070 nm, was used. A beam diameter of
dB = 80 µm with a Gaussian intensity profile in the focal plane is achieved via a combination of a dynamic focusing unit varioSCAN60 and galvanometric scanning unit
intelliSCAN30 (SCANLAB GmbH/DE). A full
argon atmosphere (<10 ppm oxygen) with
an overpressure of approx 80 mbar compared to ambient pressure is maintained
throughout the process. A closed-loop controlled inductive heating device coupled
with a TruHeat HF 3005 generator (Trumpf
Hüttinger GmbH & Co. KG/DE) positioned
underneath the substrate is used to set up a
suitable temperature regime (TP = 900 °C)
and thus prevent crack initiation during the
building process.
Heating of the substrate material to the
process temperature (TP = 900 °C) is done
with a fixed rate of approx 30 K/min. Five
cubic specimens with final dimensions of
approx 10 mm × 10 mm × 10 mm were
manufactured with a simple exposure strategy stripes with consecutive hatch rotation
of 33° between every layer. The full pro-

400
194

236

cess parameter setup is displayed in Tab. 2.
After the build process is finished the base
plate temperature is gradually decreased by
a fixed rate of approx 5 K/min to prevent
crack initiation.

2.3 Thermal post-treatment
In this study, thermal post-treatment was
conducted using Sinter-HIP (SH) process
at 1380 °C and 50 bar argon atmosphere.
Thermal post-treatment was performed at
Ceratizit/LU. For the microstructural analysis, the samples were cut along the building
direction (BD), ground, and polished. One
half of each sample was used for thermal
post-treatment. Porosity was determined
at unetched samples using optical micrographs and the open source image analysis
software ImageJ [7]. The powder and LPBF
samples were analysed using a scanning
electron microscope Helios Nanolab G3
CX (Thermo Fisher Scientific Inc/US). The
WC grain size was determined on SEM
micrographs using the linear interception
method.

Fig. 3 Optical microscope images of as-built WC–17Co specimens
(BD = build direction)
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Fig. 2 WC–17Co LPBF samples on the build
plate

3 Results and discussion

3.1 Microstructure of as-built
samples
In Fig. 2 WC–17Co samples on the build
plate are shown. Samples 1–5 are the object of this study. Having the same scanning
speed, laser power was increased for producing these samples. In Fig. 3 the optical
microscope images of as-built samples are
presented. Laser power is used to identify
the specimens. Bigger spherical pores of
up to 50 µm are present in all samples.
The samples produced with 140 W and
260 W laser power have additional smaller
pores.
The micrographs in Fig. 4 are produced by
Backscatter Electron (BSE) imaging. While
lighter elements like cobalt appear dark,
heavier elements like tungsten appear in
light grey. On the one hand, backscatter
electron imaging can be used to determine
the grain size of tungsten carbide grains.
On the other hand, the amount of tungsten
carbide solved in the binder phase can be

Fig. 4 Scanning Electron Micrographs (BSE) of the microstructure
in as-built samples
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Fig. 5 a–b Porosity (a) and Vickers hardness (b) for as-built samples, and after thermal treatment; the numbers in (a) are absolute
values for change in porosity

qualitatively estimated. The microstructure
consists of irregularly shaped tungsten
carbide grains (light grey), which are embedded in the cobalt binder phase regions
(dark grey). First, the influence of applied
laser power on the cobalt binder phase is
discussed. Second, the effect of laser power
on the carbide phase is evaluated.
Within the “binder region” of the 140 W
sample, fine WC precipitations are visible
(blue circle). Increasing the laser power to
200 W, these precipitations grow. During
slow temperature changes in conventional
liquid phase sintering, the re-precipitation of
WC would have been occur at the interface
of the non-molten WC grains. In the 260 W
sample, binder regions are distinguished
by morphology rather than by the contrast
of the backscattered electrons. Due to high
temperatures and high cooling rates, a high
amount of tungsten is solved in the cobalt
phase.

Tab. 3 Porosity, Vickers hardness and mean WC grain size for as-built samples and after
thermal treatment
Specimen
1 (140 W)

2 (170 W)

3 (200 W)

4 (230 W)

5 (270 W)

Hardness
[HV 10]

Mean WC Grain Size
[µm]

as-built

1,27

950 ± 69

1,9 ± 0,3

sinter-HIP

0,64

957 ± 46

4,4 ± 0,6

as-built

0,60

978 ± 18

4,9 ± 0,8

sinter-HIP

0,38

980 ± 19

6,6 ± 1,1

as-built

0,70

951 ± 16

3,7 ± 0,4

sinter-HIP

0,64

967 ± 69

8,7 ± 1,2

as-built

0,82

968 ± 61

5,0 ± 0,7

sinter-HIP

0,62

1051 ± 38

10,2 ± 2,4

as-built

1,82

985 ± 17

4,1 ± 0,6

sinter-HIP

0,99

961 ± 25

8,5 ± 0,8

The mean WC grain size for as-built samples
is summarised in Tab. 3 and Fig. 8. Mean
tungsten carbide grain size increases from
1,9 µm to 4,1 µm for samples produced us-

Fig. 6 Optical microscope image of the microstructure after
Sinter-HIP treatment (SH)
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Porosity
[%]

Condition

ing laser power of 140 W and 270 W, respectively. With higher laser power, porosity
inside of tungsten carbide grains increases
(arrows in Fig. 4). The elongated pores

Fig. 7 Scanning Electron Micrographs (BSE) of the microstructure
after Sinter-HIP treatment (SH)
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than densification [2]. During the thermal
treatment by sinter-HIP (SH), the samples
are exposed to a temperature of 1380 °C,
at which the liquid phase is expected. The
presence of the liquid phase and the external pressure of 50 bar enable particle re
arrangement and densification. An effect of
thermal post-treatment is expected on the
binder phase composition, porosity, and the
carbide phase.

3.3 Effect of thermal treatment
on microstructure

Fig. 8 Mean WC grain size measured using linear interception method

(Fig. 4, arrow a) are assumable former grain
boundaries of tungsten carbide grains.
The spherical pores (Fig. 4, arrow b) may
be caused by a decarburization reaction
2WC → W2C + C.

3.2 Effect of thermal treatment
on porosity and hardness
The porosity is reduced after thermal treatment. In Fig. 5 and Tab. 3, the porosity values
for as-built samples and after thermal posttreatment using sinter-HIP are summarised.
For as-built samples, the porosity first decreases with increasing laser power with
minima at 170 W and 200 W. For higher
laser powers, an increase in porosity is visible. After thermal post-treatment the por
osity is reduced to 0,5 %. Although the decrease is more significant for higher initial

porosity values, porosity does not fall below
the value of 0,4 %. Similarly, Schwanekamp
et al. found that the LPBF parameters no
longer mattered in the thermally treated
samples [5].
Regarding Vickers hardness, the effect of
thermal post-treatment is not evident.
Slightly higher Vickers hardness is measured, which might be caused by reduced
porosity. The effect of higher laser power
on hardness is not evident. The scattering
of values is similar for as-built and thermal
treated samples. Kumar observed drop in
hardness after thermal treatment. He explained reduced hardness by formation of
eta-phases with lower hardness at the expense of WC-phase [2].
Heat treatment below 1000 °C shows diffusion of elements (W, Co and C) rather

In Fig. 6, optical micrographs of samples
after thermal post-treatment by sinter-HIP
are shown. Small pores are visible in black,
in light grey the binder phase regions. In
the 230W_SH sample, a homogeneous distribution of the carbide and binder phase
is observed. This is the sample with the
highest Vickers hardness accompanied by a
small standard deviation in this study.
In Fig. 7, the microstructure is shown in detail. First, the influence of the thermal posttreatment on the binder phase is discussed.
Compared to Fig. 4, the binder phase regions appear darker. The solute tungsten
has precipitated at WC grains. Regardless of
the laser power, the binder regions appear
in the same colour.
Following, the influence of the thermal
post-treatment on the carbide phase is
evaluated. The mean WC grain size for asbuilt samples is summarized in Tab. 3 and
Fig. 8. Tungsten carbide grain size increases
after thermal treatment. The mean WC
grain size doubled from 1,9 µm to 4,4 µm

Fig. 9 a–b WC grain size distribution depending on laser power during LPBF process: a) in as-built samples, and
b) after thermal treatment
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and from 4,1 µm to 8,5 µm for the sample
produced using the lowest laser power and
highest laser power, respectively.
In Fig. 9, WC grain size distribution is
shown, which was measured in as-built
and also thermally post-treated samples. In
as-built samples, no significant influence of
laser power on the width of the grain size
distribution is found. Only in the sample
produced using 140 W laser power, higher
population of small WC grains and a narrow grain size distribution are found. After
thermal post-treatment, the grain size distribution is significantly broader (Fig. 9 b).
On the one hand, small WC grains of about
1 µm are precipitated in the binder phase
region, e.g. the 140 W_SH sample in Fig. 7.
These grains were not apparent in the initial powder. On the other hand, significant

grain growth is found, e. g. the 230 W_SH
sample in Fig. 7. Several small WC grains
form new bigger grains. Still, the 140 W_SH
sample has the narrowest size distribution.
After thermal post-treatment, the effect of
increased laser power becomes more ob
vious. A higher laser power during LPBF induces stronger grain growth during thermal
post-treatment.
Abnormal WC grain growth is often found
in microstructures with a broad grain size
distribution [8]. So, slight deviations in grain
size distributions of as-built samples induce
notable differences.
The porosity inside of WC grains partly remains after thermal post-treatment. The
number of elongated pores (Fig. 7, arrow a)
is reduced. The diffusion process at elevated
temperatures enables a reduction of the

grain boundary area. However, spherical
pores (Fig. 7, arrow b) remain in the micro
structure. These intragranular pores are presumably the reason for the threshold por
osity of about 0,4 % (Fig. 5) that has not
been underrun.

4 Conclusion
The study showed that WC–Co components
can be produced by a proper combination
of LPBF using high preheating temperature
and post processing by sinter-HIP. Thermal
post-treatment using sinter-HIP shows positive effects on the microstructure of LPBF
WC–Co parts. The oversaturated cobalt
binder phase comes to an equilibrium composition. Pores up to 50 µm can be closed
by external pressure. However, a significant
WC grain growth is observed after thermal
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treatment and the WC grain size distribution is widened. Therefore, a homogeneous
microstructure with a narrow WC grain size
distribution in as-built samples is required.
Round pores, which appear presumably
after decarburization reaction of WC remain
after thermal post-treatment. Consequently,
decarburization has to be prevented during
LPBF process.

and Energy based on an enactment of the
German Parliament. The authors would like
to thank Ceratizit Luxembourg S.à.r.l. for
conducting of thermal post-treatment.
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Functional Cavities in Oxygen Transport Membranes
St. Baumann
Dedicated to Prof. Dr Horst R. Maier on the occasion of his 80th birthday

Although pores in technical ceramics often need to be minimised and, thus, the term has negative con-

notation pores, microcracks or similar flaws are essential in many applications and can be considered as
functional cavities as introduced by H. R. Maier in 2001. Ceramic oxygen transport membranes consist
of thin dense layers with mixed ionic electronic conductivity on a porous support, which needs to be assembled in components enabling high gas flow. Therefore, such membranes are a good example of the
concept functional cavities on all scales. This view is discussed on atomic, micrometre, and millimetre
level with regard to conductivities, porous support layers, and gas flow channels, respectively. It can be
concluded that besides material’s choice tailoring of microstructure is key to success for the development
of advanced membranes components.

1 Introduction
In 2001, H. R. Maier introduced the phrase
“functional cavities” characterising por
ous ceramics for system innovations [1].
The concept resulted from the observation
that in classical technical ceramics the term
“pore” as such has negative connotations
because in a purely fracture mechanical
view pores often represent the largest flaw
determining the fracture stress and, thus,
are undesired. In quite some cases, however, pores are essential in order to adjust
desired properties such as thermal shock
resistance, heat insulation, flowability for
gases or fluids, or sound absorption. The
nature of these desired pores can be very
different in size, e.g. fine closed or larger
connected pores, and morphology, e.g.
microcracks or spherical.
Another example, where the concept “functional cavities” perfectly fits is ceramic Oxygen Transport Membranes (OTM) consisting of functional ceramics, which possess
a Mixed Ionic and Electronic Conductivity
(MIEC). These oxide ceramics have significant proportion of unoccupied oxygen sites,
i.e. vacancies. Oxygen transport occurs via
oxygen ions hopping via those vacancies
driven by a gradient in chemical potential
cfi/Ber. DKG 98 (2021) No. 5-6

across the membrane generated in the application by feed and sweep gases with
high and low oxygen partial pressure, respectively. In addition, MIEC materials show
electronic conductivity by small polaron
hopping relying on electronic defects [2].
The solid state transport can be described
by the Wagner equation


(eq. 1)

with R gas constant, T absolute temperature, F Faraday constant, L membrane thickness,
ambipolar conductivity composed of the ionic and electronic
conductivity σi and σe, respectively, and p’
and p’’ the oxygen partial pressure at the
feed and sweep side, respectively.
Obviously, the permeation rate increases
with decreasing membrane thickness
until the surface exchange reactions
O2 <-> 2O2– become the rate limiting mechanisms. This effect can be considered by
introducing the characteristic thickness Lc,
which is the thickness at which solid state
diffusion and surface exchange reactions
possess equal contributions [3].


Therefore, advanced membranes are designed in a so called asymmetric structure,
i.e. thin dense separation layer on a porous
support providing mechanical stability [4].
On the other hand, the support pores need
to show sufficient gas diffusion of the feed
or sweep gas components in order to provide/extract the oxygen permeating through
the dense separation layer.
The transport through the porous support
can easily become rate limiting [5, 6]. In
larger scale, i.e. proceeding from lab samples to components, the gas distribution
needs to be assured by flow channels,

Stefan Baumann
Forschungszentrum Jülich GmbH
Institute of Energy and Climate Research
IEK-1 Material Synthesis and Processing
52425 Jülich
Germany
E-mail: s.baumann@fz-juelich.de
Keywords: functional cavities, oxygen
transport membranes, ceramic processing,
multilayer components

(eq. 2)
E 33

PROCESS ENGINEERING
argon (50 ml min–1) was used as sweep gas.
The oxygen flux was corrected for air ingress
into the effluent by continuously measuring
the nitrogen concentration in the permeate
stream.

3 Results and discussion

3.1 MIEC materials

Fig. 1 Long term permeation test of BSCF discs at different conditions; permeation rates
are normalised to the initial values

which can be realised in the housing or the
ceramic component [7].
Therefore, in OTM functional cavities exist
on several scales from atomic defects in the
separation layer via micrometre-sized pores
in the support layer up to millimetre-sized
channels in the component. In all cases a
trade-off exists between desired functional
properties and required thermomechanical
and chemical stability. This article deals with
all mentioned aspects of these trade-offs related to functional cavities in OTM.

2 Experimental

2.1 Processing
Thin supported membrane layers were prepared via sequential tape casting following
the procedures reported elsewhere [8]. Commercial powders of typical MIEC materials
such as La0,6Sr0,4Co0,2Fe0,8O3–δ (LSCF, Solvay
Fluor GmbH/DE) and Ba0,5Sr0,5Co0,8Fe0,2O3–δ
(BSCF, Treibacher Industrie AG/AT) were
used. The membrane layer thickness was
varied between 20–60 µm in sintered state.
For comparison, dry pressed and sintered
pellets were used. The maximum sintering
temperature was 1100 °C and 1200 °C for
BSCF and LSCF, respectively. Surface area
enhancement was realised by screen printing porous activation layers of the same
material on the membrane top surface and
subsequent sintering at 1000 °C.
Porous ceramic substrates for sputter depos
ition were prepared by vacuum slip casting
using ceramic suspensions. The commercial
E 34

high-purity powder, i.e. 8 mol-% Y2O3–
ZrO2 powder (Tosoh Corporation/JP, TZ-8Y
grade) was mixed with 0,02 M HNO3 at a
weight ratio of 1:1. The slurry was dispersed
homogeneously using an ultrasonic disintegrator (Branson, Sonifier 450) for 15 min,
and sieved to eliminate any remaining agglomerates. Subsequently, the dispersed
slurry was poured onto membrane filters
(Pall Corporation/US, Supor®-800, pore size
0,8 μm, Ø 47 mm) placed in funnels, which
were connected to a vacuum system. The
green disks were dried overnight and sintered at 1100 °C for 2 h.
LSCF thin films were applied by DC magnetron sputtering in a physical vapor depos
ition system using a CS 400ES (Ardenne
Anlagentechnik/DE). Prior to LSCF depos
ition, the substrates were sputter etched
in order to remove surface impurities and
subsequently heated to 800 °C at a heating
rate of 5 K/min.

2.2 Characterisation
A home-made quartz membrane reactor
was used for oxygen permeation experiments [9]. The membrane was sealed into
the reactor by means of two gold rings.
Sealing was achieved by holding the assembly, under a spring load, at a temperature
of 1020 °C for 4 h. Oxygen permeation
experiments were carried out in the temperature range of approx 800–1000 °C,
exposing the support side of the membrane
to the feed side gas stream. Ambient air
(250 ml min–1) was used as feed gas, while

Oxygen diffusion in MIEC membrane materials relies on defects, such as oxygen
vacancies and electron holes. The most
promising class of MIEC materials are oxide
ceramics crystallizing in perovskite structure
ABO3–δ. The oxygen deficiency δ is tunable
by substituting A- and or B-site cations by
other elements with different valence such
as La1–xSrxCo1–yFeyO3–δ. Simplified spoken
the substitution of trivalent La-site by di
valent Sr results in the formation of oxygen
vacancies for charge compensation and,
thus, oxygen ion conductivity.
Aliovalent transition metals at the B-site,
i.e. Co and Fe, easily form small polarons
at high temperatures introducing electronic
conductivity. Co was found to be more effective compared to Fe [10]. In case of
Ba0,5Sr0,5Co0,8Fe0,2O3–δδ (BSCF), the material
with highest permeability so far, the A-site
is completely substituted by divalent Sr and
Ba resulting in an enormous oxygen nonstoichiometry up to δ ~ 0,8. The B-site is
mainly occupied with Co, but minimum
20 % of Fe is necessary to stabilise the perovskite lattice [11].
But, high concentration and mobility of oxygen anions inherently leads to thermodynamic instabilities depending on operation
conditions, i.e. temperature and feed/sweep
gas compositions. In real applications the
separated oxygen is directly fed into a
sweep gas, which needs to be enriched in
oxygen such as flue gas for oxyfuel combustion [12] or in membrane reactors for the
production of synthetic fuels or chemicals
[13]. However, this leads to direct contact of
the membrane material with reducing and/
or corrosive gases such as H2, H2O, CO, CO2
and SOx.
As shown in Fig. 1, BSCF operates well at
850 °C in a pO2-gradient generated by feeding air as feed gas and argon as sweep gas
representing mild conditions. The perme
ation rate scatters within the experimental error and, thus, no degradation can be
observed after 300 h of operation. At lower
cfi/Ber. DKG 98 (2021) No. 5-6
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temperature, i.e. 800 °C the degradation is
approx 15 % after 300 h, which is inacceptable considering targeted operation times
of 10 000 h and a relatively linear decrease
of the permeation rate indicating that the
degradation will continue.
At 600 °C the degradation is dramatic, i.e.
approx 70 %. Another test at 800 °C using
synthetic air as feed gas reveals that the
degradation is at least two-fold. Obviously,
the absence on contaminants in the normal
air such as CO2 or SOx leads to lower degradation. But, there is still degradation of
approx 5 % after 300 h of operation, which
can be assigned to a known phase trans
formation from the desired high tempera
ture cubic phase to a less permeable hexagonal phase occurring mainly at the grain
boundaries [14, 15].
Therefore, BSCF can only be applied in clean
conditions at temperatures of 850 °C and
more, which is less efficient, but still promising [16]. On the other hand, at higher temperatures creep rates increase significantly
[17, 18] so that application under a pressure gradient is also not feasible. Summar
izing, the window of operation of the material BSCF is extremely small and reliable
long term operation is disputable.
This example clearly shows the trade-off
of high performance, i.e. high number of
mobile defects, and thermodynamic stability, low number and low mobility of defects.
Besides the identification of more stable
materials with similarly high permeability,
a feasible way to overcome this trade-off
is the use of stable materials with medium
permeability and maximise the performance
by using thinner membrane layers according to eq. 2. This can be realised by either
processing capillaries with low diameter
(few millimetres) and wall thickness (few
100 µm) [19] instead of wider tubes with
higher wall thickness or by developing
asymmetric membranes, i.e. thin membrane
separation layer (<100 µm) on a porous
support.

3.2 Asymmetric membrane
structures
Asymmetric membranes processed by sequential tape casting are proven to show
very high oxygen permeation rates [20]. The
transport through such a membrane can be
considered as a series of up to six resistors,
i.e. gas phase concentration polarizations
cfi/Ber. DKG 98 (2021) No. 5-6

Fig. 2 Driving force normalised permeation rates jnorm (permeance) according to eq. 1 for
BSCF discs of different thicknesses

Fig. 3 Temperature dependent oxygen permeation rates of asymmetric membranes
with varying membrane thickness, support porosity and activation layers; C20 and C30
represents 34 % and 41 % support porosity, respectively

at the feed and sweep side, respectively,
the surface exchange reactions at the feed
and sweep side, respectively, the solid state
diffusive transport through the separation
layer itself, and the gaseous transport via
molecular diffusion, Knudsen diffusion, and
viscous flow through the support pores [5].
The driving force still is the overall gradient
in chemical potential of oxygen, i.e. oxygen
partial pressure in the gas phases. However,
the driving force term in the rate equation
of each resistor is very different and the individual resistors couple back, which makes
the transport very complex.
In extreme cases, the series of resistors simplifies. In thick discs for instance, no porous
support exists and the membrane thick-

ness is orders of magnitude larger than Lc.
Moreover, concentration polarization in the
gas phases due to depletion/enrichment of
oxygen in a barrier layer very close to the
membrane can be neglected since the permeation rate is relatively low. In that case
only solid state diffusion occurs and eq. 1
can be applied. However, it has to be considered that the oxygen partial pressure
at the sweep side p’’ is dependent on the
oxygen permeation rate and, thus, temperature-dependent.
Therefore, the driving force normalized
permeation rate jnorm also called per
meance [21] needs to be calculated using

(eq. 3)
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Fig. 4 Temperature dependent oxygen permeation rates of LSCF membranes with varying
membrane thickness and support

Fig. 5 LSCF membrane component consisting of 20 µm outer separation layer on porous
supports with porous walls forming flow channels

Fig. 2 shows again for BSCF jnorm in dependence of temperature and membrane thickness. The gain in jnorm with thickness reduction is in accordance with eq. 1 and the
calculated activation energy of approx 45–
50 kJ/mol represents that of the ambipolar
conductivity. For the thinnest membrane the
activation energy starts increasing indicating the beginning contribution of surface
exchange reactions with an activation energy of 154 kJ/mol at 600–750 °C [22].
All-BSCF asymmetric membranes were prepared via sequential tape casting [8]. Two
membrane thicknesses were realised, i.e.
20 µm and 60 µm, as well as two levels
of porosity by different quantities of corn
starch as pore forming agent, i.e. “C20” =
34 % and “C30” = 41 %. The overall thickE 36

ness was 0,9 mm. The thinner membrane
layers were partly coated by another thin
porous layer providing high surface area
and, thus facilitating surface exchange reactions.
As shown in Fig. 3 the asymmetric membranes show higher permeation rates compared to a reference pressed disc of 0,9 mm
thickness. However, the gain in performance
is way less than expected if eq. 1 still would
be valid. Moreover, in case of the samples
with 34 % porosity (C20-series) neither
the reduction in membrane layer thickness
nor the application of an additional surface
activation layer increases the permeation
rate revealing that the porous support is fully rate limiting. In case of the 41 % porous
C30-series both the reduction of membrane

thickness and the application of the porous
activation layer increases the performance
slightly.
Obviously, now the support is not fully limiting although its influence cannot be neg
lected because that increase is again way
less than expected if solid state diffusion
is rate limiting. Even if different materials
with a wide range of ambipolar conductivity are used and prepared on a porous support with comparable microstructure, it was
reported that at high temperature, i.e. high
permeation rates, the overall oxygen flux is
equal due to a limiting support layer influence [6].
Another extreme case is a very thin
membrane layer of only 700 nm of
La0,6Sr0,4Co0,2Fe0,8O3–δ (LSCF) was deposited
by magnetron sputtering on a porous support made of Yttria-Stabilized Zirconia
(YSZ). In order to deposit such thin layers,
the support pores also need to be small. The
YSZ support showed high porosity of 47 %,
but a pore size below 100 nm and a thickness of 2,6 mm [23].
As a result, Fig. 4 reveals that the oxygen permeation rate through this asymmetric membrane is much less compared
to sequential tape cast membranes with
20 µm separation layer thickness with a
porous support showing 41 % porosity but
pore sizes of 3–5 µm. Even a LSCF-disc of
1,15 mm thickness shows higher perform
ance. Moreover, the apparent activation energy of the thin-film membrane is practically
zero. All this clearly reveals that the thick
YSZ support with narrow pore channels
shows way too low diffusivity for the permeating oxygen.
These examples clearly leads to the conclusion that the ambipolar conductivity of
MIEC materials is an important parameter,
but that the microstructure of the entire
membrane assembly in particular in asymmetric membranes plays a key role. Thus,
the tailoring of functional cavities enabling
high gas permeation and mechanical stability at the same time is of utmost importance
for reliable long term high performance
operation.

3.3 Asymmetric membrane
components
Apart from the quasi-1D-transport through
asymmetric membrane structures fluid
dynamics has to be considered in real apcfi/Ber. DKG 98 (2021) No. 5-6
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plication because depletion or enrichment
of permeating oxygen in the feed or sweep
gas, respectively, can significantly reduce
the driving force and, thus permeation rate.
Fig. 5 shows one option, i.e. the use of flow
channels in planar asymmetric components
made of LSCF [7]. These channels on the
one hand must be large enough enabling
significant gas flow. On the other hand each
channel represents a span width for bending if for instance outer air pressure is applied in order to increase the pO2 and, thus
driving force of the permeation process.

4 Conclusion
Oxygen transport membranes are a good
example pursuing the concept of functional
cavities on several scales. At atomic level
lattice defects, i.e. oxygen vacancies and
electron holes are essential to enable mixed
ionic electronic conductivity. However, the
introduction of too much defects lowers
thermodynamic stability of the materials
leading to severe degradation rates. In ad-

vanced asymmetric membranes consisting
of a thin dense separation layer on a porous
support, the classical view of functional
cavities applies.
Support porosity plays a crucial role in performance. If the pores are too small or not
well connected, the diffusive gas transport
towards the separation layer becomes rate
limiting, while too large pores or too high
porosity leads to low strength and, thus,
limited reliability in long term operation.
Therefore, tailoring the porous microstructure is key to success. Finally, the asymmetric membrane components in application
relevant sizes needs to be supplied with
sufficient volume flow of feed and sweep
gases requiring flow channels in the mmrange. Again, a clear trade-off between gas
flow and mechanical reliability exists.
It could clearly be shown, that microstructuring of the support as well as the component design is of utmost importance in
order to develop high performing and long
term reliable oxygen transport membranes.
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Marriage of Technologies – Hybridization of Materials and
Manufacturing Technologies for Ceramic Components
E. Schwarzer-Fischer, J. Abel, F. Müller, L. Rebenklau, H. Barth, N. Alsdorf,
S. Weingarten, U. Scheithauer, M. Zins
Dedicated to Prof. Dr Horst R. Maier on the occasion of his 80th birthday

Even though the first series production processes based on Additive Manufacturing (AM) are already b eing

implemented for individual applications, there are still many challenges before these AM technologies can
be used on a broad scale. The key points here are the achievable component quality and component size,
the feasible feature sizes and the manufacturing costs. Here, the hybridization of shaping technology offers
a great opportunity to combine the benefits of different processes. In addition, the hybridization of different
materials combined in one component can further increase the functionality of the component.
Within this article, two different hybridization types of ceramic materials and processes are demonstrated
resulting in ceramic components with unprecedented properties. The hybridization of CerAM VPP (Vat
Photo Polymerization) and CerAM FFF (Fused Filament Fabrication) in combination with sinter joining are
used to manufacture an alumina aerospike thrust nozzle. Furthermore, the hybridization of CerAM VPP
and rotary thick film technology led to a high-performance micro PCR module, which allows significantly
accelerated thermal cycling in the range between room temperature and 600 °C.

1 Introduction
Additive Manufacturing (AM) technologies,
which have also been qualified for ceramic
materials in recent years [1–3], are currently
bringing a lot of momentum to the ceramic
community. Compared to conventional, established shaping processes, the geometric
degrees of freedom are much higher, so that
various functions can be integrated directly
in the geometry of the component.
The AM methods mostly used in the plastics
and metal sector have gained the reputation of being “state-of-the-art” in the last
few years up to the present time [4, 5].
Although there is still more need for development in the research field of ceramic
components [6]. The number of available
processes that can achieve a corresponding component quality is growing steadily.
Two examples to be mentioned here are the
CerAM Fused Filament Fabrication (CerAM
FFF) or the CerAM Vat Photopolymerization (CerAM VPP) partially representing the
CerAMfacturing family. Both processes are
basically different but scientifically popular
cfi/Ber. DKG 98 (2021) No. 5-6

and have their advantages, for example,
in the component size and productivity
(CerAM FFF) or in the high resolution and
component quality (CerAM VPP), but also
their disadvantages. Here, the hybridization
of shaping technology offers a great opportunity to combine the benefits of different
processes.

2 Hybridization of mentioned
technologies
The idea of material- and process hybrid
ization for ceramic components was grown
up by the demand for multifunctionality and
the combination of materials and structures
with different properties [7]. With hybrid
ization, it is possible to combine individual
properties from individual processes and
materials in an advantageous way.
In material hybridization, the combination
of electrically conductive and non-conductive materials probably plays the most
prominent role even in traditional shaping [8–11]. But also, the combination of
different porosities [12] or colours [13] in

a component are relevant for selected applications. By combining different shaping
processes, previously unattainable combinations of properties can also be realized. For example, high-resolution property
features that were previously not possible
can also be realised in large-format com
ponents.
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AM technologies offers the possibility of
hybridization without much machine effort due to tool-less manufacturing. Within
this work the authors use this for two different applications. One is an alumina
aerospike nozzle, developed and designed
with the Institute of Aerospace Engineering at the Technical University of Dresden/
DE for steering satellites in space using
cold gas thruster. A process hybridization of
CerAM FFF and CerAM VPP was realised.
These technologies were used to manufacture individual parts from Al2O3 (AES11C,
Sumitomo/JP), partially green-machined
and materially joined to form an assembly
via sinter joining. The individual compon
ents here are manufactured separately,
thermally pre-processed, and then joined
to achieve the final properties. The following aspects can be exploited in the resulting
assembly through hybridization:
• integrated filigree components with high
surface quality (advantage of CerAM
VPP);
• large geometries possible that exceed the
building space of CerAM VPP (advantage
of CerAM FFF);
• improved cleanability of the VPP parts
(advantage of segmentation and subsequent joining);
• preservation of the ceramic-intrinsic properties (advantage of joining without addi
tives).
The second application addresses a fast
thermal cyclable reactor. Here, CerAM
VPP was used to realise a highly complex
ceramic substrate with an integrated cooling channels, which was metallized with a
heater structure after sintering by means
of rotary screen printing and processing of
thick film pastes. First results show a promising approach of process hybridization to
produce materially bonded components
made of Al2O3 as well as an example for
the functionalization of additively manufactured components via coating processes like
thick film technology.

3 Used technologies

3.1 CerAM VPP technology
The CerAM VPP technology used at the
Fraunhofer IKTS is based on the Lithoz/AT
technology, also known as Lithographybased Ceramic Manufacturing (LCM) [14].
This technology works with a “bottom-up”
E 40

approach and the selective photo polymer
ization of a highly particle-filled suspension
(typical particle sizes: between 0,04–5 µm;
typical ceramic content: 35–60 vol.-%)
by irradiation with blue light (wavelength:
452–465 nm) via DLP technology through
a transparent rotatable vat. Several detailed
descriptions of the process as well as developments have been published since 2012
[6, 14, 15]. Typical layer thicknesses are
in the range of 5–100 µm. Using a dedicated optical system, the projected image
is generated via DMD (digital micro mirror
device) in high resolution (min. 2560 pixels
× 1600 pixels), to realise 40 µm pixel size
(x-y plane) and a minimum wall thickness
of as low as 100 µm in the sintered components. Achievable tolerances are in the
range of <40 µm with sintered surfaces
of a Ra-value between 0,4–2 µm. However, in addition to its many advantages,
this technology currently has some major
disadvantages, such as the limited size of
the building space (102,4 mm × 64 mm
× 150 mm; CeraFab 8500), together with
the restrictions resulting from the used
DLP (Digital Light Processing) technology,
and the realisation of closed cavities with
geometric correctness. Nevertheless, the
number of commercially available materials
like alumina, zirconia, and other oxide and
non-oxide ceramics (e.g. for implants and
bone-replacement – tricalcium phosphate,
for electronics – silicon-nitride) used for
different applications such as micro components [16], electronics [17], and medicine
[18] is constantly increasing due to growing
demand.

3.2 CerAM FFF technology
FFF is a direct AM method established in
thermoplastics AM where filaments are
molten in a heatable nozzle and are formed
in a soft state of the material. CerAM FFF
introduces ceramic particles in a high content into the filaments. The filaments can
contain almost all sinterable powders which
is shown in literature. [10, 19, 20]. The first
work in the field dates back to the 1990s
gaining interest until today [21, 22].
Typical used particle sizes are between 0,1–5 μm, at a solid content of
45–60 vol.-%. Materials for which the CerAM FFF technique has been demonstrated
are Al2O3, ZrO2, SiCf/SiC, LPSSiC, steel
17-4 PH and WC/Co exhibiting an excel-

lent green machinability. It could be shown
that dense microstructures can be attained
having good properties but an anisotropy in
strength must be taken into account [23].
The filaments developed and manufactured at IKTS can be processed on standard
equipment having a building volume up to
1 m³.

3.3 The idea of sinter joining
Sinter joining is a patented method of joining all sinterable materials such as ceramics,
metals or glasses without using additives to
maintain the basic properties. The individual
parts, which are made of the same or simi
lar material, are joined in a non-detachable
manner to form an assembly.
Sinter joining exploits the ceramic’s inherent tendency to shrink by reducing the free
surface energy. Hence one part can shrink
onto the other like a shaft/hub joint. If the
same material is used a different shrinkage
can be maintained by different densities of
the joining partners, which can be reached
e.g. by different pre-sintering temperatures
of the joining partners. If the inner shaft exhibits a higher density already, the hub with
the lower density can shrink onto the shaft.
Hence it is possible to achieve a theoretical
oversize between the two parts generating
stresses. The oversize can be calculated
e.g. in the green state following equation
1 where ø(shaft) is the outer diameter of the
inner part (shaft) and øhub is the inner diameter of the outer part (hub).



(eq. 1)

A typical theoretical interference (i) can be
applied between 3–10 %. Stresses were
relieved by viscous flow at high temperatures where the joining takes place during
co-sintering of both partners.
Due to the contact of the two interfaces
during co-sintering, grain growth and mass
transfer take place across the joining zone.
The prerequisite for mass transfer across the
joining zone is a plane surface contact of
the joining partners and the associated high
geometric accuracy and low surface roughness. Within the scope of the investigation,
a green machined nozzle bell geometry
manufactured via CerAM FFF was joined
with an aerospike geometry manufactured
by means of CerAM VPP.
cfi/Ber. DKG 98 (2021) No. 5-6
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Fig. 1 Dynamic viscosity in dependence to shear rate

4 Experimental work

4.1 Hybridization of CerAM FFF
and CerAM VPP
In order to enable the joining of individual
parts produced with the different CerAM
processes by means of sinter joining, it was
necessary to develop feedstocks with comparable solids content based on the same
alumina powder (AES11C, Sumitomo) for
both processes and to optimise the process
technology during shaping.

4.1.1 CerAM VPP
Feedstock development for CerAM VPP
happened by tailoring the raw mater
ials – ceramic powders, dispersing agents,
monomers and initiators – to attain a highly
particle-filled stable suspension with moderate flow (dynamic viscosity <50 Pa·s at a
shear rate of 0,1 s–1) and curing (exposure
layer thickness of 75–100 µm by 200–
500 mJ/cm² energy dose) properties to suit
the CerAM VPP process requirements of the
Lithoz device. Based on the given alumina
raw powder, a novel photoreactive feedstock has been developed by dispersing
the alumina powder particles (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 preparation (three times 5 min at
2000 rpm) of the suspension. Before starting first printing tests, various characterisations were done to determine possible Cercfi/Ber. DKG 98 (2021) No. 5-6

Fig. 2 Curing depth in dependence to energy dose

AM VPP processing parameters like coating
speed and exposure time. For this purpose,
the suspension was characterised regarding their rheological and polymerization
be
haviour (Modular Compact Rheometer
MCR302 with a cone/plate measurement
system, Anton Paar/AT) directly after prep
aration. 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 feedstock coating
mechanism of the process (Fig. 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 irradi
ation intensity (adjusted by a photometer)
with time, exemplarily shown in Fig. 2.
Based on the measured results, shaping
parameters for CerAM VPP were derived
and necessary optimisations regarding flow
and cross-linking behaviour were carried
out by adjusting the compositions. Due to
the fact of comparable flow behaviour between commercial and IKTS suspension,
similar parameters regarding the different
velocities of the printing device movements
were chosen. The curing depth of the IKTS

alumina suspension is higher compared to
the commercial suspension at same energy
doses. So, the used energy dose for curing
a layer was reduced and printing was done
with an energy dose in a range of 50–
100 mJ/cm². By using the CeraFab 7500,
first printing tests were done after suspensions preparation and determination of processing parameters. The used manufacturing parameters are shown in Tab. 1.
In the next step, first samples of cylinders
as well as shafts and hubs of different dimensions were printed, too. Finally, the inner part of an aerospike thrust nozzle – the
spike – was printed, too. 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 alumina suspension was gently removed using special cleaning rods and compressed
air [24]. Fig. 3 exemplarily shows different
shaped alumina green components based
on AES11C. 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.

Tab. 1 Shaping parameters for CerAM VPP
Parameter

Value

Vat suspension height

225 µm

Building layer height

25 µm

Vat rotation speed

200 steps/s

Printing temperature

30 °C

Layer exposure energy

75 mJ/cm²

Detaching speed
Printing speed

8 steps/s
1,8 mm/h (z-direction)
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Fig. 3 Various alumina (AES11C) green components made by CerAM VPP: bars (A),
tubes (B) and a “spike” (C)
Tab. 2 Shaping parameters for CerAM FFF
Parameter

Value

Layer height

0,1 mm

Height of first layer

0,2 mm

Infill parameter

concentric

Printing speed

30 mm/s

Extrusion multiplier
Nozzle diameter/filament diameter
Nozzle temperature
Strategy

4.1.2 CerAM FFF
For manufacturing the filament four steps
were done. Alumina powder (AES11C) and
thermoplastic binder were premixed in a
heated kneader (Planetron HKV5, IKA/DE)
with a solid loading of 50 vol.-%. The binder coats the powder particles, which covers
their surface, and prevents demixing during
the feeding. The premix was fed into a twinscrew extruder (KETSE20/40, Brabender/
DE) to produce a homogenized feedstock.
After three passes the resulting pressure
was constant and the feedstock was extruded through a 3,5 mm nozzle and granulated with a rotating knife to produce 4 mm
long cylindrical granules. A homogeneous
granule size distribution, without dust, is
necessary to ensure steady material flow in
the single-screw extruder barrel (D30, Brabender) for a stable filament drawing. After
establishing suited production parameters

Fig. 4 Green component manufactured by
CerAM FFF as printed (l.) and after green
machining (r.), scale: 1 cent
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1–1,1
0,4 mm/1,75 mm
175 °C
inside-out

(feeding, screw rotation, velocity of cooling conveyer, velocity of winder) the stable
filament was extruded through a 1,90 mm
nozzle at 120 °C. The diameter was monitored optically during the production
and resulted in 1,75 ± 0,2 mm ready to
print.
AM of the nozzle bell was carried out using
a standard Prusa i3 MK3/CZ filament printer. This was followed by green machining
with conventional milling to increase the
geometric accuracy and reduce the surface
roughness significantly. The result is shown
in Fig. 4 where smooth surfaces and stable
edges were achieved. The manufacturing
parameters are shown in Tab. 2.

4.1.3 Debinding
Debinding of CerAM VPP components is
based on a thermogravimetrically analysis, which was done under nitrogen atmosphere (up to 600 °C; heating rate of
1 K/min). Based on these results, in the end
for all samples the debinding was carried
out by using a thermal treatment under
nitro
gen atmosphere with slow heating
rates in a range of 5–10 K/h and various holding steps up to a temperature of
600 °C. Debinding of FFF components is
a two-step process. In a first step ~70 %
of the initial binder is extracted by acetone
under typical conditions of 35 °C for 48 h

using a solvent debinding equipment
(MDU 30, DesbaTec Anlagentechnik/DE).
It must be ensured that slow drying of the
parts takes place to prevent drying cracks
during contraction of swollen com
pon
ents in solvent. After complete drying the
samples were thermally debinded using an
Nabertherm/DE air furnace with a heating
rate of 1 K/min up to 600 °C.

4.2 Shrinkage characterisation
The knowledge of the shrinkage behaviour
of materials involved in the joining process
is of fundamental importance. Even when
using the same starting powder raw materials (Al2O3, AES11C Sumitomo) with the
same solids content, the shrinkage behaviour can be influenced due to different feedstock preparation. To determine the shrinkage behaviour, tests were carried out with
a push rod dilatometer. The solids content
of both feedstocks was set to 50 vol.‑%.
Anisotropy of shrinkage in the spatial dir
ections (x, y and z) must be expected in
CerAM processes. Therefore, specimens
were built and measured to compare the
methods and directions.
According to Fig. 5, a higher shrinkage in
the z-direction occurs compared x- and ydirection, which does not appear to be clar
ified phenomenologically yet. The shrinkage
of parts produced via CerAM FFF exceeds
that of parts produced via VPP by about
4 % in z-direction. In contrast, shrinkage in
x- and y-direction are systematically lower
than in z-direction. Additionally, shrinkage kinetics in the different directions are
distinctive which can be affected by an
alignment of the α-Al2O3 particles during
shaping. Investigations are needed to establish this, which can be very helpful for
understanding CerAMfacturing in future.
To maintain the assembly geometry after
sinter joining, different scale factors must
be derived from the curves for x, y and z for
scaling of the individual parts.

4.3 Sinter joining
To assemble the two parts manufactured
with two different AM processes sinter
joining was applied mentioned above. To
achieve a material bond the bell has to
shrink on the spike geometry. Therefore,
the green parts were dimensioned in such
a way that an interference of 3 % after
full densification at 1650 °C could be set
cfi/Ber. DKG 98 (2021) No. 5-6
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Fig. 5 Linear shrinkage in x-, y- and z-direction respectively,
both samples 50 vol.-%, AES11C
Tab. 3 Conditions of thermal treatments
Presintering VPP spike

~1,2 K/min, 1450 °C, 0,5 h dwell time

Presintering FFF bell

3 K/min, 1100 °C

Cosintering

3 K/min, 1650 °C, 2 h dwell time

Relative interference

3 % @ 1650 °C, eq. 1

Tab. 4 Calculated and measured dimensions related to heat treatment
600 °C (calculated)

Spike

Bell

Eq. 1

24,08 mm

24,38 mm

–0,012

24,00 mm

–0,109

20,23 mm

0,030

1100 °C (measured)
1450 °C (measured)

21,65 mm

1650 °C (measured)

20,84 mm

→ tight fit
→ can be assembled
→ sinter joined

Fig. 6 Single parts in green state (l.), co-sintered assembly (r.); scale: 1 cent

Fig. 7 Microstructure in the area of the
joining zone (dashed red line) using an
interference of 3 %
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according to eq. 1. The parts to be sinter
joined and the assembly after full densification is shown in Fig. 6.
A particular challenge arose from the different shaping processes for the two parts,
which required a different debinding strategy and resulted in different shrinkage
behaviour. To guarantee the insertion of
the parts despite oversize a presintering of
both joining partners was applied (Tab. 3).
In this case the spike was presintered to a
higher temperature (1450 °C) than the bell
(1100 °C).

Hence the bell could be positioned above
the spike easily having a negative interference of almost 11 % (= circumferential gap
of 1,18 mm). The handling of presintered
bodies provide a higher strength than in
brown state even if the debinded parts
could be fit in this case. The dimensions in
the certain process steps are summarised
in Tab. 4. The dimensions after debinding
(600 °C) were not measured but calculated
from the shrinkage curves. Theoretically, insertion in this state would be possible, but
not in practice due to the low strength and
the small gap size.
The microstructure of such a joint is shown
in Fig. 7. FEM analyses allows to push the
joining zone into areas with low working
stress. Appearing pores might be acceptable
if the loads are uncritical. The investigations
have shown that tight joints for high-performance applications are possible by sinter
joining. Based on this success, combining
CerAM FFF and CerAM VPP, it can be derived to also combine other shaping processes to use specific process advantages to
manufacture high quality assemblies.

5 Hybridization of CerAM VPP
and rotary screen printing
Ceramic heaters are characterised by very
high heating rates, extreme reliability, and
a high degree of freedom for applicationspecific optimisation. These are sequentially
manufactured components. First, a sintered
ceramic substrate is created. This is functionalized afterwards by the application and
sintering of further materials (e.g. metallic
conductor tracks).
Compared to a joint processing of substrate
and functional materials, this method has
the significant advantage that the thermal
processing for the different materials can be
carried out at different temperatures. Hence
joining of materials with different melting or
sintering temperatures is possible. The limitation is that the functional materials can
only be applied to the accessible surface of
the ceramic substrate and not inside it.
In a successfully completed internal Fraunhofer project, the task was to develop highly
dynamic Polymerase Chain Reaction (PCR)
modules, e.g. needed as part of the detection procedure for corona infections. The
intention of the PCR procedure is the reproduction of defined DNA sections, which
are used for the actual detection. For this
cfi/Ber. DKG 98 (2021) No. 5-6
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Moritz, T.; et al.: Material- and process hybridization for multifunctional ceram glass components. Ceramic Applications 5
(2017) [2] 66–71

[8]

Günther, A.; Moritz, T.; Mühle, U.: Microstructure and interface characteristics of 17-4PH/YSZ components after cosintering and hydrothermal corrosion. Ceramics 3 (2020) [2]
245–257

[9]

Kukla, C.; et al.: Production of multmaterial components by
material extrusion-fused filament fabrication (ME-FFF). Manuscript: European Powder Metallurgy Association (EPMA), 2020

[10] Abel, J.; et al.: Fused filament fabrication (FFF) of etal-ceramic

Fig. 8 Alumina µPCR module made by CerAM VPP and functionalization by conductor
traces with rotatory screen printing (outer diameter after sintering 12 mm)

components. J. Vis. Exp. (143), e57693, doi:10.3791/57693
(2019)
[11] Michaelis, A.; et al.: Advanced manufacturing for advanced
ceramics. Procedia CIRP 95 (2020) 18–22, https://doi.

purpose, these DNA sections taken from the
patient are placed in PCR reaction tubes
with further primers and a nutrient solution.
The tubes are then subjected to defined
temperature ramps in thermocyclers. With
each defined temperature cycle, the DNA
sections are reproduced until a concentration suitable for detection is reached.
The particular challenge of the project was
the defect-free manufacturing of sintered
ceramic substrates with an implemented,
specially designed cooling channel structure and the combination with thick film
pastes to realise a highly dynamic thermally
cyclable system.
Fig. 8 shows the CAD drawing of the cer
amic substrate in a sectional view on the
left, the green and sintered alumina CerAM
VPP substrates in the center as well as the
functionalized and fluidically contacted
component on the right.
Initial laboratory tests have shown that
high heating ranges could be realised and
the cooling rates were significantly decreased. By active cooling with a nitrogen
gas stream, the time for cooling the reactor
from 90 °C to 30 °C was reduced by more
than 85 % compared to passive cooling.
The opportunity to become more flexible
in design and material selection causes the
need for additional analyses. The risk of deformations and cracks increase. The use of
expert systems and FEM tools will become
more important to avoid expensive failures.

6 Conclusion
The marriage or hybridisation of different shaping technologies and materials
significantly expands the realisable property portfolio for ceramic components. The
authors were able to demonstrate this here
cfi/Ber. DKG 98 (2021) No. 5-6

for two different variants from the fields of
aerospace and reaction engineering and are
currently working on adapting this for other
applications from other fields (electronics,
connection technology, chemistry, biology,
etc.).
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Hard Metals in the Tool Industry: Extending their
Applications by Mastering Joining Technologies
M. Magin, S. Rassbach, Z. Xia
Dedicated to Prof. Dr Horst R. Maier on the occasion of his 80th birthday

Due to their excellent mechanical properties, hard metals are used in various industries as cutting tools

and wear resistant components. Technical and economic requirements result in assembled solutions using
different established joining techniques like mechanical fixation and brazing. Ever more demanding application conditions have stimulated research into alternative joining techniques like welding and other.
Intensified metallurgical interactions require in-depth process knowledge and system-based solution finding to guarantee successful application and prolonged lifetime.

Introduction
Hard metals are compound materials consisting of a high hardness component, e.g.
tungsten carbide, combined with ductile
metallic binder, e.g. cobalt. They are produced using the powder metallurgical processes chain including liquid-phase sinter
ing. Hard metals combine high hardness,
strength and toughness, making them predestined for all kinds of challenging work
environments such as metal cutting, their
most prominent application.
Furthermore, they are used in almost every
industrial setting like construction industry,
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non-cutting metal forming, recycling, and
the like. Their extremely wide application
range is based on their microstructural composition, where different carbide grain sizes
and binder contents and compositions can
be freely combined, thus giving the possibility to tailor material properties to adapt to
given operating conditions.
Design and economic requirements for tools
are main reasons, why hard metal and steel
components are joined into assemblies using a multitude of joining techniques. In
metal cutting, inserts are usually clamped
or threaded, allowing easy replacement of
worn parts.
Other mass production tools like circular
saws or stone drills are joined using hightemperature material fit processes like
brazing or welding. Proper choice of joining technology is a main factor that will determine successful and economic operation
[1, 2].
When high temperature joining processes
are used, control of joint stresses is crucial
for successful mass production. They are
mainly formed due to the large difference
in thermal expansion between hard metal
and steel with added influence of geometries. If not controlled properly, they may
cause premature tool failure during application.

Brazing hard metal
Brazing is a high temperature process for
joining parts using a Braze Filler Metal
(BFM), where the BFM has a liquidus
temperature lower than those of the joining partners. When brazing hard metal
components to steel, brazing alloys with
working temperatures in the range of
700–1100 °C are used. In addition, the use
of a flux is necessary for brazing in ambient atmosphere of assure proper surface
wetting.
Brazing can be carried out by various processes, such as induction brazing, flame
brazing or brazing in vacuum furnaces. Its
versatility, robustness and availability of
automated solutions make it the most widespread joining technology in tool production (Fig. 1 left). One aspect of process control is maintaining a reproducible braze gap
thickness. In [3], the influence of gap width
of sandwich (Fig. 1 right), and conventional
brazing foils onto the stresses within the
brazed cemented carbide tips was investigated. Comparison of experimental and
numerical results showed very good agreement for investigated BFM types.
For BFM Ag449 a maximum bending load
was measured for a braze gap of around
100 µm, which correlates closely with information from industrial practice. Further
cfi/Ber. DKG 98 (2021) No. 5-6
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Fig. 1 Examples of brazed hard metal cutting elements: circular saw (l.) and braze joint using sandwich braze (r.)

Fig. 2 Examples of welded joints: resistance welded (l.) and laser welded (r.)

investigations aimed at optimising the
geometric composition of sandwich brazes
[4]. Initial simulations indicated the Cuinterlayer to be the weakest link and thicker
interlayers having higher load bearing cap
acity. Shear testing showed that very thin
interlayer, e.g. 50 µm, reduce strength by
10–30 % and increase the risk of carbide
cracking. These findings are particularly
important when optimising braze joints
for high performance hard metal grades
exceeding 2200HV10 hardness, as their
fracture toughness is limited. Joint strength
will be further affected by manufacturing
tolerances that can lead to geometric imperfections.
In [5], the effects of different joint geometries were compared where simulations
computed complex stress distributions in
these braze joints. It was found that imperfections will cause significant changes
cfi/Ber. DKG 98 (2021) No. 5-6

in stress levels and distributions, resulting
in different fracture probabilities. Investigations of cracked saw blades revealed those
imperfections and were in good agreement
with numerical results. X-ray diffraction to
measure joint stress levels [2] is a valuable
tool to support mechanical testing and
simulations as described above.
As a resume, joint optimisation by FEM
has proven to be an important and reliable
tool to understand the underlying effects
that influence joint strength. Thus, it could
be shown how design and manufacturing
influences affect joint reliability. Ideally,
brazed joint layout is part of the design process [1, 2].
Industrial practise shows the positive influence of galvanic plating on joint quality in
automated brazing. In [6], modifications of
different galvanic layers on cemented carbide parts were studied and experimentally

verified for their effects to motivate metallurgical reactions with the brazing alloy
during brazing process and therefore leading to compositional changes and altered
mechanical characteristics. Although the
investigations confirmed that such an alloying effect can be generated, the expected
increase in the shear strength of carbidesteel brazed joints could not be determined.
Industrialised cobalt plating was correlated
to highest strength values.
The preferred process for mass production
of tools uses inductive heating. This rapid
process causes high temperature gradients
and leads to Heat Affected Zones (HAZ) in
steel, where brazing temperature and time
influence the local steel microstructure and
thus the local microhardness profile of different steel grades.
Analyses results [7] have clearly shown
that severe hardening only occurs for steels
E 47
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Casting with hard metal

Fig. 3 Calibrated voltage and peak temperature in HM tip and steel band: voltage profile (l.),
temperature in hard metal (center) and temperature in steel base (r.)

Fig. 4 Thermal stress history and distribution: stress evolution over time (l.),
max principal stress hard metal (center) and v. Mises stress in steel (r.)

with carbon contents of 0,5 % and higher,
caused by austenite to martensite trans
form
ation. To conclude, controlling the
brazing process to respect AC1 temperatures and TTA diagrams of different steel
grades is an often forgotten parameter as
high martensite contents will embrittle the
steel and can contribute to premature tool
failure.

Welding hard metal
Welding of hard metals has found its role
in tool industries like carbide tipped stone
drills, band saws (Fig. 2 left), or oscillating
saws (Fig. 2 right). It requires formation

Fig. 5 Finished hybrid cast carbide
cantilever roll
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of melt from the base materials, steel and
hard metal binder. Two processes are currently industrially used to generate heat:
resistance and laser welding. In contrast to
brazing, higher process temperatures plus
contact with liquid phases trigger intensive
diffusion reactions.
Caused by large carbon potential difference,
carbon diffuses rapidly from hard metal into
steel. Interface-near carbon depletion can
cause formation of under stoichiometric
η-phase (MxCy), that will deteriorate joint
strength. Therefore, detailed process know
ledge and control is a prerequisite for stable
tool production.
Integral part of this process knowledge are
finite element simulations. In the case of
resistance welding, a sequentially coupled
simulation technique is applied, where
electrical-thermal analysis is performed and
computed temperatures are input as field
condition in the subsequent mechanical
simulation to calculate transient thermal
stresses. Contact resistance, which plays
the dominant role and relies on temperature, surface condition etc. is calibrated
by matching voltage history between test
measurement and simulation. Fig. 3 shows
temperatures, Fig. 4 shows joint stress history at critical positions (tip center), as well
as stress distribution at the end of cooling
stage.

Hot rolls for wire and rod drawing usually
consist of hard metal-steel combinations
mechanically assembled with different designs. An interesting alternative is the use of
hybrid cast carbide systems. Here the hard
metal ring is used as an inlay in a sandcasting process.
High temperatures in combination with
rather long process times will trigger diffusion reactions comparable to those observed for welded joints. Again, process
parameter adaptation is necessary to produce defect-free assemblies. Joint stresses
and later application loads in steel working
require the use of high-strength nodular
cast iron exceeding the EN-GJS-600 class;
Fig. 5 shows a finished hybrid hot roll ready
for shipment.

Conclusion
For a long time, well-established assembly
techniques like mechanical fixation and
brazing, have assured economical and
successful use of hard metal components
in various tool industries. Increasing technical and economical requirements have
stimulated research in alternative joining
methods. Having unique properties, these
new technologies quickly expand in various applications. Their common aspect is
intensified metallurgical and mechanical interaction between hard metal and
steel, adding complexity to tool production. A system-based approach to solution finding is becoming more and more
important to further improve existing
solutions and to extent them to additional applications not yet served by hard
metals.
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Highly Leak-Tight Ceramic-Metal Assembly for a
Novel, Three-Dimensional Imaging X-Ray Process
H. Wampers, K. Sauerzapfe, W. McKean
Dedicated to Prof. Dr Horst R. Maier on the occasion of his 80th birthday

Alumina Systems/DE cooperates since more than four years with Adaptix/GB to develop a new 3D FPS

(Flat-Panel X-Ray Source) which offers 3D-imaging for a similar radiation dose and cost to traditional 2D
X-ray. The cooperation in the last years enhanced technology on both sides and today we can say that this
product can be a game changer on the X-ray market. In the following chapter, some of the design and
process decisions, as well as the resulting consequences, which led to the development of this potentially
groundbreaking product, are shown. The development process used partly, but not exclusively, the approach of “integrative design with ceramics” propagated by Prof. Maier.

The process started with an inquiry about
the producibility of a vacuum-leak-tight
ceramic metal joint, having similarities
with thyristor housings, Alumina Systems is
producing since more than 30 years using
brazing technology to join copper to alumina ceramics, creating vacuum-tight joints.
These systems are used in HVDC-Systems
(High Voltage Direct Current) to transmit
energy in point-to point connections in the
range of 5–12 GWh. Applications are dams,
Fig. 1 Integrative design with ceramics
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Fig. 2 Ceramic thyristor housing

or high-power wind mills, where a high
amount of energy has to be drained. The
idea was a vacuum enclosure with partial
pressure lower than 1·10–8 mbar on the inside of the enclosure, the use of a ceramic
with high electric insulation value (prefer-

ably alumina) with brazed stainless steel
plates on the ceramic upper and lower surface. The whole component in a rectangular
shape and an operating temperature lower
than 150 °C with the ability to maintain the
vacuum for a long period of time (approx
3–5 years). At this stage of the product
development the basic functionality of
the product was developed and the basic
requirements for the future component
were set, but not finally verified yet, so
there was a big design-room available for
the solution. The main goal was to achieve
an affordable, rugged and reliable solution
to use the vacuum enclosure for the generation of X-rays for a new generation of
a three-dimensional imaging X-ray process.
cfi/Ber. DKG 98 (2021) No. 5-6
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This required the enclosure to be finally
sealed at the customers facility in highclean conditions. The following requirements have been defined:
• Metallic disks made from aluminium (instead of stainless steel),
• The shape should be round instead of
rectangular to reduce joining stresses,
• The cathode plate (bottom metallic plate)
should be joined to the alumina ring
with a helium leakage rate lower than
1·10–9 mbar l/s,
•
The X-ray source (structured silicon
wafer) will be joined to the cathode plate
in a yet to be defined process,
• The anode plate (top metallic plate) will
be joined at Adaptix with flux-free solder.
So, the top surface of the ceramic should
be prepared for the final soldering process.
• The joints need to withstand a bake-out
temperature of the whole component not
higher than 180 °C in ultra-high vacuum.
• A copper pinch-off tube (POT) is to be inserted into the anode plate.
• Material have to be suitable for ultra-high
vacuum applications.
From these requirements the starting geometry resulted as shown above.
Since the use of aluminium was preferred
as a material for the anode plate, a suitable
joining technology has to be found or developed, since the standard passive b razing
using a silver-copper eutectic braze was not
suitable for brazing aluminium because of
the high brazing temperature of 780 °C.
Using 88Al12Si was rejected since high
differences in the thermal expansion of aluminium and alumina were expected.
Since the maximum temperature of 180 °C
was low, it was decided to use solders to
create the braze joints since the melting
temperature of >240 °C and the used materials in the solder materials met the requirements of being suitable for ultra-highvacuum applications.
Since wetting of solders even on metallized
ceramics is not sufficient and a flux-less process was required, ultrasonic soldering was
investigated as a potential production technology. Although optically good joints between the alumina ring and a massive alu
minium plate could be achieved, the joints
could not meet the requirements of the
helium leakage rate below 1·10–9 mbar l/s.
The best helium leakage rate that could be
achieved was 1·10–6 mbar l/s.
cfi/Ber. DKG 98 (2021) No. 5-6

Fig. 3 Comparison of a brazed thyristor housing with the first product idea

Fig. 4 Starting geometry consisting of a ceramic ring, two aluminium plates and a copper
pinch-off tube

Since the results after several design adjustments were not satisfying, a redesign
was proposed, which was mainly based on
known technologies to be able to reliably
produce cathode housings that will meet
the requirements concerning helium leakage rate and used materials. It was decided
to produce the cathode housing analogous
to the already produced thyristor housings
using a metallized alumina ceramic with
brazed copper membranes and a copper
contact piece as the cathode plate.
Additionally, a way had to be found to connect the silicon wafer mechanically and
electrically to the copper plate. To be able
to wet the silicon wafer with a solder, the
back of the wafer was gold plated. An-

other critical, not yet solved issue was the
joint between the aluminium anode plate
and the copper membrane brazed to the
ceramic.
For this joint two parallel approaches have
been investigated:
• A soldering joint using a standard low
temperature solder,
• A weld-joint using laser brazing.
Since it was reported that mechanically
stable weld-joints between copper and
aluminium could be achieved, this was the
preferred investigation path. Welding tests
with different combinations of copper and
aluminium have been conducted in which
the following influencing parameters were
considered:

Fig. 5 Ultrasonic soldered test-part
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Fig. 6 First design iteration with change of production technology

Fig. 7 Laser welded aluminium-copper joints

Fig. 8 Brazed copper membrane with prewetted and preformed solder

• Laser direction and coupling (into copper
or aluminium),
• Modification of copper surface by nickel
plating.
Results of some trials are shown above. In
the trials optical appealing and mechanical
stable joints could be produced with both
coupling strategies. Nevertheless, the requirements concerning leak tightness could
not be met.
Some joints could be produced that showed
helium leakage rates of 1·10–7 mbar l/s, but
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these values could not be reproduced reliably.
It is assumed that the leakage paths are
created by the formation of brittle copperaluminium eutectic phases that emerge in
the intermixing regions of both materials in
the weld joint showed above in the micrographs. As a final sealing-step technology
this approach was not expedient.
The other approach using a solder (fluxless
in the last sealing step) incorporated the
following process steps:

• Production of the cathode housing,
• Prewetting of the anode copper membrane with solder,
• Prewetting of the aluminium anode plate,
• Reflow-soldering step in vacuum.
In preliminary trials the validity of this approach could be proven. Joints that showed
helium leakage rates <1·10–9 mbar l/s
could be created with the proposed proced
ure. The main problem with this approach
was the reliable prewetting with solder of
the copper and aluminium components. For
the prewetting of the copper membranes
flux containing solder pastes and special
designed presoldering forms had to be
used, which put high demands on the following washing process to clean the part
for the final assembly under high vacuum
conditions.
While the prewetting process for the copper membrane of the cathode housing was
quite straight forward and reliable, the
prewetting of aluminium was challenging,
since aluminium is not wetted by solders,
even solder pastes containing fluxes.
Thus the already tested ultrasonic soldering
process in combination with active solders
containing titanium and chromium has
been used to apply a base solder layer on
the aluminium. Since the results on pure
aluminium did not show satisfying results
concerning the reliable wetting, different
coatings were tested to improve the wetting behaviour of the solder. The required
reliability for a stable production process
could nevertheless not be achieved for the
reflow sealing process, since unexpected
leakage of the soldered joint occurred several times. The cause of the leaks was found
to be always on the aluminium side of the
solder-joint. When analysing the failed
joints by reheating the joined assembly to
remove the anode plate it was found that
the reflowed solder did partially not wet
the aluminium anymore. These regions also
could not be wetted with ultrasonic solder
anymore.
Nevertheless, first successful high voltage
tests up to 66 kV could be achieved with
parts made by this production route. In
these tests it showed that higher bake-out
temperatures were needed to completely
remove residues on the component surfaces. Therefore, joints that could exhibit higher
bake-out temperatures had to be used. This
was one of the main reasons, the use of
cfi/Ber. DKG 98 (2021) No. 5-6
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Fig. 10 Assembled housing

Fig. 9 Aluminium prewetted with active solder before and after reflow soldering

Fig. 11 Copper-copper laser-weld-joint (l.), and copper-copper laser-weld-joint with
additional AgCu-eutectic braze (r.)

aluminium for the anode plate had to be
changed to titanium.
For the above reasons, a change of design
was implemented, with a change of mater
ial and joining process, with the requirement now being a solder-free titanium/cer
amic/copper assembly. The joining process
of both copper membranes using a vacuum
laser welding process was investigated
separately.
• Classic laser welding process using add
itional copper wire;
cfi/Ber. DKG 98 (2021) No. 5-6

•
A combined laser welding/laser brazing process in which the membranes are
welded first and in a second step are over
brazed with silver-copper-eutectic braze.
The investigation showed a high reliability
of both joints. It was found, that some test
parts using the copper-copper laser-weld
process without the silver copper eutectic
braze had some minor leaks, caused by
microscopic cracks in the joint resulting in
a helium leak rate of 1e-–8 mbar l/s. These
minor leaks have not been found using the

additional AgCu braze. As can be seen in
the above figure, the braze can fill minor
surface cracks in the weld-joint resulting in
an overall more reliable process and consistent helium leakage rate smaller than
1·10–9 mbar l/s. During the development
process for the joining technology, further
minor and mayor modifications of the design had to be adapted:
• Attachment of the silicon wafer,
•
Design-changes of the inner ceramic
geometry to improve electron scattering
and high voltage stability.
With implementation of the above-
mentioned points Adaptix Imaging Ltd. was
able to build running prototypes of the system that could be used outside of a laboratory environment.
Application can be seen in:
• Orthopedics,
• Dentistry,
• Other applications in development.
Alumina Systems supplies the vacuum
enclosure, which is delivered as a parted
casing. Adaptix applies the chip and welds
the part under UHV (Ultra High Vacuum).
The casing consists of a Metal-to Ceramic
brazed component, where the different
brazing processes are consequently arranged to the descending brazing temperatures.
Adaptix’s FPS uses a square array of emitters instead of just a line. It has the potential to enable lower-cost, smaller footprint,
higher performance 3D imaging (tomosynthesis) devices that are compact enough to
be employed at the patient’s bedside. The
FPS is composed of an array of cold cathode field emitters that can produce X-ray
energies in a range relevant for medical
imaging: 20–120 keV. The array generates a
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Product Details
Acquisition time: 		
Image reconstruction time:
Weight of mini C-arm:
Detector area: 		

<5 s
<20 s
<20 kg
15 cm × 11 cm (Version 1)

Options: 			
			
			

Vertical mounting to allow to move
easily between standing foot to
arm or standing shoulder acquisition

Fig. 12 Product design study

Fig. 13 Human metarcarpal

Fig. 14 Cut through human teeth row
with fillings

The use of a square array for tomosynthesis
enables the source to be much closer to the
patient than standard CXR stand-off distances, which greatly reduces the required
input power.
This innovative approach is complemented
by application of novel image reconstruction techniques producing a slice-by-slice
reconstruction which enables extremely
quick partial analysis and adjustment of
slice thickness over regions of interest. The
approach uses backprojection together with
a ramp-filter, and is substantially less memory intensive than techniques that must reconstruct the volume as a whole.
In addition, noise and artifact reduction
techniques and the ability to reconstruct
slices in super-resolution improve the reconstruction quality, whilst computational
optim
isation ensures that the method is
fast.

Applications

Orthopedics

Fig. 15 Study of chest scanner

large number of overlapping X-ray conelets,
and a raster system allows for each X-ray
emitter to be fired individually or in clusters.
Control of the emission process is achieved
through electromagnets, avoiding the common problem of high-voltage switching.
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• The Adaptix desktop 3D ortho imaging
system has a cost and dose similar to existing 2D X-ray systems;
•
Point-of-Care, low-cost, low-dose 3D
diagnostic imaging of extremities;
• Accelerated workflow;
• Enhanced diagnostic confidence;
• Reduced need to move or refer patents
• Ability to do weight bearing foot imaging;
•
Compact device: mini C-arm weight
<20 kg.

Dentistry
The Adaptix dental imaging device offers
low-dose, high-resolution, intraoral 3D
imaging at the chair-side.
•
Improved identification and character
ization of caries lesions in 3D;
• Easier communication of the need for procedures to patients;
• Better assess unerupted teeth;
• Better assess impacted wisdom teeth;
• Provide pre-operative root-canal imaging
to better identify multiple root canals in a
single tooth prior to surgery;
•
Potential for intra-operative root-canal
imaging to check the placement of files and
gutta-percha filler.

Chest imaging
A future version of the device will offer truly
mobile 3D chest imaging at the bedside for
a cost and dose similar to existing 2D X-ray
systems:
• Better visualisation than 2D X-ray of common conditions such as pulmonary e dema,
pneumothorax/hemothorax and more confident localisation of lines and tubes;
• Low-dose offering the chance for more
frequent follow-up 3D imaging;
• The ability to acquire a 3D image without
moving the patient from their bed;
• Reducing the need to transfer patients
within the hospital to access 3D imaging – lower cost, less risky for the patient,
less risk of infecting other patients and
no need for lengthy cleaning of a scanner
after imaging an infectious patient.
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Making Binder Jetting Really Work for Technical Ceramics
– Additive Manufacturing of Technical Ceramics*
B. Agea Blanco, S. Walzel, J. Lüchtenborg, J. Chi

As an alternative shaping method to the traditionally used processes, Additive Manufacturing (AM) can

produce economical ceramic components in small lot sizes and/or with complex geometries. Powderbased AM processes like binder jetting are popular in the field of metal AM. One reason is the increased
productivity compared to other AM technologies. For ceramic materials, powder-based AM technologies
result in porous ceramic parts, provided they are not infiltrated. CerAMing GmbH unites the advantages
of powder-based processes with the production of dense ceramic by means of the Layerwise Slurry Dep
osition (LSD). By using a suspension, a high packing density of the powder bed is achieved which leads to
high green body densities. Due to this advantage the approach overcomes the problems of other powderbased AM technologies. Furthermore, a very economical debinding time allows the production of parts
with high wall thicknesses.

Fundamentals
Shaping equipment like moulds and pressing tools play a basic role in the manufacturing process of the conventional (tech
nical) ceramic industry as major production
methods like uniaxial and isostatic pressing
need pressing tools, and injection moulding
and slip casting need moulds of different
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kinds. This limits the design freedom of the
final components and puts a high fixed cost
burden on small series as the production
of for example moulds is expensive. Here,
Additive Manufacturing (AM) or 3D-printing is changing the production paradigm already at an industrial level by enabling the
economical production of components with
complex geometries and/or in small lot sizes
since it is a tool-free production method.
There are different ceramic AM technologies
available for industry applications [1, 2]
which can satisfy different market needs.
Advantages and limitations of the two most
widely used ceramic AM technologies are
outlined along with the introduction of the
Layerwise Slurry Deposition (LSD) technology commercialized by CerAMing GmbH
that is preparing to fill a gap in the AM
landscape for industry applications of technical ceramics.
Invented originally in the 1990s for polymers, lithography-based technologies were
adapted for the needs of ceramics [3] and
are now the most widely spread industrial
AM technologies in this field. The casted
material in the moulding process is directly
replaced here by a polymer matrix which encloses ceramic particles. The process iterates

two steps to build up a part consisting of
this polymer matrix. The starting material is
a resin mixed with ceramic particles of preferred kind. The first process step spreads
this material onto a building platform.
In the next step, the geometry of the CAD
file is inscribed within the spread layer by
crosslinking the polymer resin via light illumination. Dark materials like silicon carbide are challenging to process here since
they absorb the radiation and impede the
crosslinking of the surrounding resin to
build the polymer matrix. The emerging
preliminary product (called green body) is
characterised by a high stability and precision due to this shaping matrix. However,
this comes at a cost. To obtain a fully dense
monolithic final ceramic, the part must be
fired slowly (called thermal debinding) to
burn out the large organic quantities including the polymer. In the thermal debinding
process, the organic content (namely carbonaceous molecules) is generally oxidised
into gaseous carbon dioxide that will slowly
diffuse out of the printed body. The firing
time grows here in a non-linear relation to
the volume of the polymer matrix as cracks
can only be avoided by gentle burning.
This leads to non-economical firing times
cfi/Ber. DKG 98 (2021) No. 5-6
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Fig. 1 Schematic workflow of CerAMing’s LSD

(partly weeks are necessary) for parts with
a high effective volume. Lithography-based
technologies address a market from tiny
to medium size ceramic components that
have complex geometries and request high
precision and accuracy. Here, the achieved
results are unmatched.
Meanwhile, powder-based processes such
as binder jetting have become increasingly
popular in the field of metal AM. The advantages are the scalability of the printing area
and the very fast part inscription technology. This leads to higher effective part volumes and very productive manufacturing.
In powder-based binder jetting, a thin layer
of flowable powder is spread onto the
building platform. The sliced data of the
part’s CAD model is loaded into an inkjet
printhead which jets selectively the binder
onto the powder bed to glue the particles
together. This glue shapes the object and
replaces the function of a mould. Via repeating these steps, a part surrounded by
loose powder is created. After removing

Fig. 2 Exemplary firing curve (including
thermal debinding and sintering) for a
given alumina part with wall thicknesses
up to 10 mm; sintering scheme: heating
ramp of 5 K/min up to 1650 °C
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the powder, the part can be accessed and
used for further processing. For Technical
Ceramics, however, binder jetting is challenging because the low packing density of
the powder bed leads to highly porous fired
ceramic parts, in working areas where por
osity is typically not desired. In some cases,
the material system can be infiltrated with
an external component to achieve full dens
ity like for instance silicon-infiltrated silicon
carbide. For material systems where infiltration is not possible, this porosity lowers the
performance of the ceramic component and
the superb physio-chemical properties of
the ceramic are not fully reached.
CerAMing GmbH brings the LSD technology
to the market for overcoming the shortcom-

ings of both mentioned technologies. It increases the productivity and effective part
volume using the merits of powder-based
binder jetting processes while producing
dense ceramic com
pon
ents like stereo
lithography. Furthermore, dark materials
like silicon carbide can be processed as easy
as light ones.

Layerwise Slurry Deposition (LSD)
In LSD, a slurry, which is the technical term
used for a water-based ceramic suspension,
is used as feedstock material. All powders
that can be stabilised in a suspension form
can be employed. This leads to a very broad
potential material portfolio also beyond
ceramics (e.g. hard metal). Even submicron

Fig. 3 Examples of printed alumina parts (f.l.t.r.): a rectangular 3D-grid (75 mm × 29 mm
× 10 mm), two laser mirror-like structures (66 mm × 47 mm × 11 mm), a dental bridge
(35 mm × 12 mm × 11 mm), a rotor-like structure (41 mm × 11 mm), and a test artifact
adapted from NIST (66 mm × 41 mm × 10 mm)
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Fig. 4 CerAMing Shapefinity®: the
layer thickness can be adjusted between
20–200 µm, all powders than can be
made a suspension from, are p
 rocessable
with this machine

Fig. 5 The test artifact adapted from
NIST which contains different features to
show the capability of the process (top)
sintered part; (bottom) CAD file

particles can be employed which has another positive effect on the firing time for
reaching the final ceramic properties. Submicron powders lack flowability and are not
processable in conventional powder-based
technologies.
The process is summarised in Fig. 1. A layer
of the slurry with thickness of 20–200 µm is
deposited onto the building platform.
Subsequently, the layer is dried to create a
powder bed. A sliced image of the desired
CAD geometry is inscribed inside of the
now dried layer with the help of an inkjet
printhead by gluing together the particles, like in powder-based binder jetting.
Iterations of those three steps builds up a
solid powder bed, wherein the printed part
is found. The part is washed away from the
block with water since the green body is
water insoluble, whereas the powder bed
is dispersible in water. After that, like in
conventional manufacturing techniques,
the green body is fired. The relative green
body density of the reached parts is higher
than that of purely powder-based processes (about 15 % higher relative dens
ity) which ultimately affects obtaining a
dense final ceramic. Because of that, the
green strength is higher as well. Furthermore, since the powder bed is solid, no
support structure is needed at all, in case
for example a part with overhangs is to be
printed.

As was described in the paragraph on
lithography-based technologies, the dur
ation of the debinding time is a non-linear
function of the organic content contained
by the green body. The ink that is used to
glue together the particles in the powderbed of CerAMing’s technology provides a
stable green body but reduces its organic
content to an optimal point. With a max
imum amount of 5 mass-% of organics in
the company’s green bodies, compared to
about 25 mass-% for stereolithography
[4], the overall firing time can be significantly reduced without inducing cracks in
the ceramic [5]. The LSD technology helps
to reduce energy consumption significantly
and carbon dioxide emissions here by a
factor of four. This makes parts with much
higher wall thicknesses and effective volume economically and environmentally
reasonable.
Fig. 2 shows an exemplary sintering curve
for a given alumina part with wall thicknesses up to 10 mm. The overall firing time
is less than 18 h. The combination of little
organic content and larger effective volume
allows for an economical serial production of batches with industrial technical
ceramics.
Fig. 3 gives an impression of medium size
alumina geometries. From left to right, a
rectangular 3D-grid, two laser mirror-like
structures, a dental bridge, a rotor-like
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structure, and a test artifact are displayed.
All these parts have been printed with the
LSD technology using the CerAMing’s printer from Fig. 4 using 50 µm layer thickness.
The parts have a relative density of 99,6 %
(Archimedes method).
To elucidate the optimal application area
of LSD, the printing result of the shown test
structure shall be discussed here in more
detail. Fig. 5 shows again the printed test
structure and below the original CAD file.
The test artifact has been adapted from
the “NIST Additive Manufacturing Test
Artifact” [6]. It was printed with a CerAMing standard 96 % alumina slurry that was
not optimized for a certain application but
is used instead as a basic slurry for targetoriented development. The part was only
washed out of the powderbed and fired. No
post-processing scheme was implemented.
It is the raw, non-optimised outcome of the
printing itself. It contains different features
starting with five cylindrical pins at the
bottom. With this repeated cylindrical pin,
a statement about reproducibility can be
made. The theoretical 4,94 mm diam
eter
of the feature resulted in a printed embodiment with diameters in the range of 5,02–
5,10 mm. In relative terms this corresponds
to a maximal deviation from the theoretical
value of 3,2 % before any optimization or
post-processing scheme was implemented.
There is room for improvement but as the
printing technology will leave the deviation
in absolute terms quite stable, the LSD is a
candidate for industrial applications with
higher effective part volume and bigger lot
sizes.
Above the repeated cylindrical pins there
are rectangular and round holes and pins.
The rectangular bars have a thickness a fter
firing of 2,0 mm, 1,2 mm, 1,0 mm and
0,4 mm and a height of 1,7 mm. Rectangu
lar holes with the same dimensions were
printed adjacent to the bars. The round
pins have diameters of 2,0 mm down to
0,4 mm and a height/depth of 1,7 mm. The
printed features show that for small structures with high resolution (below 1,0 mm),
lithography-based technologies are still the
remedy of choice.
The bigger the features get, the better
is the performance of LSD. This applies in
particular for cavities that contain inner
sharp edges which is also shown in other
geometrical inner features in the lateral of
cfi/Ber. DKG 98 (2021) No. 5-6

the test artifact. Shared with most of AM
technologies, cavities with no or too narrow
connection to the outside cannot be fully
cleaned and the building material will become part of the final product. The ramp on
the upper right corner of the test artifact is
utilised to elucidate the effect of manufacturing a part additively that is layer by layer.
Generally, whenever a part is 3D-printed,
the steps denoting the layer thickness are
somehow detectable. Most notably, however, the printed test structure shows no
visible steps meaning the ramp is observed
as a continuous inclined plane. Hence, the
50 µm layer thickness, with which the part
was printed, has no negative effect on the
surface quality. As a matter of fact, the final
parts show no layer interface when made a
cross-sectional study.
The positive and negative staircases on the
upper side and the cylindrical structure with
hole on the lower right side of the artifact,
strengthen the elaborated statements from
above. These two sets of structures are in
good alignment with the theoretical design
and bring out the strength of LSD.
In connection with the advantage of the
economical firing time that was described
before, the drawn conclusion is that the
technology is not competing against lith
ography-based technologies. It can serve
a market segment that focuses on bigger
ceramic components with larger wall thickness. The recommendation is to use LSD
in cases of gently complex parts with wall
thickness of above 5 mm that lack the possibility of cost-efficient shaping methods
or low lot size manufacturing needs where
a shaping e.g. mould production is costintensive.
CerAMing has access to different LSD
machines where the biggest has a building platform area of 600 cm2. The current
material portfolio consists of alumina and
zirconia. A research proof-of-concept for
silicon carbide has been achieved [7]. CerAMing is open to inquiries or validation
projects with the target of commercial exploitation.

technology. With the usage of suspensions
instead of loose powder, now, also Technical
Ceramics which cannot be infiltrated can be
binder jetted densely. With this technology
it is possible to produce monolithic Technical Ceramics out of any powder which can
be stabilised in a suspension form. Since
no optical process step is involved, also
dark materials like silicon carbide can be
processed. Additionally, the low organic
content reduces debinding time and makes
it feasible to produce dense ceramic parts
with wall thicknesses over 5 mm in an economic time. In general remarks, structures
with details of down to 1 mm can be successfully printed.
The technology is not in competition
with lith
og
raphy-based processes as the
strengths lie in different market segments.
The recommendation is to use LSD in cases
of gently complex parts that have features
larger than 1,0 mm and body volumes of
at least 500 cm3 that lack the possibility
of mould-based production or low lot size
manufacturing needs where a mould production is cost-intensive.
CerAMing is searching at the moment for
validation projects in connection to real industry needs.
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100 Years of Textile and Fibre Research and
30 Years of Ceramic Fibre Research in Denkendorf
B. Clauß, S. Pfeifer, M. R. Buchmeiser

Double birthday – this year, the DITF Denkendorf celebrate their 100

anniversary as well as 30 years
of ceramic fibre research. Ceramics and fibre do not sound compatible at first. Nonetheless, R&D in the
field of high-performance oxide ceramic fibres has been successfully carried out at the DITF since 1990,
not least due to their expertise in the textile and fibre sector. An industrially suitable process has been
developed that enables the continuous production of oxide fibres of different compositions. In addition
to the production-ready corundum and mullite fibres, further zirconium oxide stabilised fibre types have
been developed. With the help of in-house expertise in weaving technology, an adapted weaving process
was established for the shear-sensitive oxide fibres.
Ceramic fibre research as a
unique feature
The German Institutes of Textile and Fibre
Research in Denkendorf are Europe’s largest textile research centre. At the research
centre, a wide variety of issues along the
entire fibre and textile manufacturing
chain can be addressed using state-of-theart technologies on an area of more than
25 000 m2. For a long time now, the focus
has not only been on apparel textiles, but
to a large extent on technical applications
of fibre-based textile structures. This means
that nowadays applied R&D, like the one
carried out in Denkendorf, forms the basis
for various enabling technologies in which
fibres and textiles play a decisive role. Therefore, it is not surprising that for 30 years
now, continuous research has been devoted
to the development of ceramic fibres, which
are the crucial component in fibre-reinforced
ceramics, so-called CMCs (Ceramic Matrix
Composites). In terms of developments and
technological status in the field of oxide
ceramic fibres, the DITF occupy a leading
position worldwide and these activities constitute a unique feature in the landscape of
textile research institutions in Europe.
Research activities focus on the production
of alumina- and mullite-based high-per
formance ceramic fibres, with the emphasis
on material development on the one hand
and the development of a manufacturing
cfi/Ber. DKG 98 (2021) No. 5-6

process suitable for industrial use on the
other. So far, only two types of fibres from
3M (USA) are commercially available for the
production of high-quality CMCs, so there
is a strong need for the availability of other
oxidic fibres. The alumina fibre developed
in Denkendorf (OxCeFi A99) corresponds
to one of these commercial fibres, but the
newly developed pure mullite fibre (OxCeFi
M75) represents a novelty, since fibres with
this composition and structure have not
previously been available on the market.
This also illustrates the research strategy in
Denkendorf, which aims to develop ceramic
fibres based on new compositions and with
improved and extended property profiles
and to transfer this know-how to industrial
partners.
Last but not least, the further success of the
still relatively young material class of fibrereinforced ceramics depends not least on
the availability and price-performance ratio
of ceramic fibres. This article aims to provide
a brief overview of the many years of activ
ities and the state of the art at the DITF in
this field.

History
The starting signal for ceramic fibre research at the DITF was the participation of
the Denkendorf institutes in the Keramik
verbund Karlsruhe-Stuttgart (KKS), which
was founded by the State of Baden-Würt-

th

temberg in 1989. This association was established to improve the coordination of
research activities in the field of ceramic
materials. Since then, research in the field
of ceramic fibres for fibre-reinforced ceramic
materials has been an integral part of the
institutes’ portfolio. In the course of time,
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Fig. 1 OxCeFi A99 fibres

the competences have been continuously
expanded through a large number of research projects carried out, predominantly
in the field of oxide ceramic fibres.
Today, sound basic knowledge is available
on the production and rheology of spinn
able, ceramic-forming systems, on spinning
processes for pre-ceramic green fibres and
on structure formation during the subsequent thermal processes. This forms the
foundation for further developments.

Research objectives
The aim of the research activities at the DITF
was and is to develop oxide ceramic fibres
that are on a par with the few commercially
available fibres in terms of performance and
can thus be used as an alternative. Based
on this, ceramic fibres with new compos
itions are realised and investigated in order
to improve the property profile of the fibres
with respect to high temperature stability.
The limit of long-term temperature stability
of oxide ceramic fibres under mech
an
ic
al load is mainly determined by undesired
grain growth and creep deformation.
In this respect, these are the starting points
for fibre optimization. However, issues such
as processability of the fibres with textile
processes are also relevant, since the fibres
are introduced in the form of woven fabrics
in most of the currently used manufacturing
processes for CMC.

Spinning process and design of
the spinning dope
From the very beginning, the focus of the
scientific work at the DITF has been on deE 62

Fig. 2 Weaving of OxCeFi fibres

veloping a technical spinning process for
these special fibre materials and on understanding the structure formation processes
in the ceramic fibres based on alumina,
mullite and later also zirconia [1–5]. This
fundamental work on spinning dope design, in which the rheology of the spinning
systems plays a decisive role in addition to
precursor selection, now forms the basis for
all new developments.
While in the past some attempts were
made to produce ceramic fibres from cer
amic powders, at the DITF the focus was
already at the beginning on fibre formation from colloidal sols, as well as from
molecularly disperse, aqueous solutions of
ceramic-forming precursors. The high homogeneity of the precursors at the molecular
level enables the realisation of small grain
sizes of the target ceramics in the submicrometre range and thus the formation of very
thin individual fibre diameters in the range
of 10 µm. Small grain sizes are essential to
ensure high tensile strengths of the oxide
ceramic fibres.
However, the requirements for such spinn
able ceramic-forming precursors are manifold. On the one hand, the precursors must
form the target ceramics in the desired
stoichiometry during thermal treatment; on
the other hand, the spinning dopes must
meet further requirements such as sufficient thread forming capacity and adequate
rheological flow properties. Water-soluble
polymers such as poly(vinyl alcohol) or
poly(vinyl pyrrolidone) are used as spinning
aids and ensure the spinnability as well as
the stability of the spinning dopes even

at high viscosities over a period of several
days. In addition, complexation reagents
are added as stabilizers in more complex
spinning systems to prevent the tendency of
the spinning masses to gel. For the production of green fibres, a dry spinning process
was developed in Denkendorf and optimized over the years, so that for ten years
now, the production of preceramic continuous multifilaments from 20–30 kg spinning
dope can be carried out on an industrial
scale dry spinning plant.
The plant is used both for OxCeFi A99
corundum fibre and OxCeFi M75 mullite
fibre, which have been optimized to production readiness, and for all new developments. 500 individual filaments are spun
out at the same time and dried in a controlled manner in a 7 m long spinning shaft
before being taken up. The adjustment of
the rheological behavior and the setting of
suitable spinning process parameters (spinning shaft temperature, draw down ratio,
humidity, etc.) are the key to success.

From green fibre to ceramic fibre
The continuous multifilament green fibres
obtained are then converted into ceramic
fibres via thermal treatment. Due to the
composition of the spinning dopes (aqueous solutions of ceramic-forming precursors, water-soluble polymer), a significant
mass loss of approx 50 % occurs during the
thermal conversion from preceramic green
fibre to ceramic fibre. This is not the only
reason why enormous caution is required
during thermal treatment, which shall lead
to a compact non-porous ceramic fibre.
cfi/Ber. DKG 98 (2021) No. 5-6
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The structure formation processes, which
include pyrolysis in addition to calcination
and sintering are being studied for each cer
amic composition in detail at the DITF.
This is necessary to define adequate process parameters for the calcination and
sintering temperature regimes. While cer
amic fibre production in the first years of
research activities was mainly carried out
in batch trials, investigations on continuous temperature treatment of preceramic
green fibres have been carried out since
2003 [6].
Years of optimization supported by extensive analytical methods for structural investigation (STA-MS, XRD, SEM) and mechanical
characterisation (tensile strength measurements at RT and after thermal treatment)
finally led to the installation of furnaces,
which since 2018 has enabled continuous
conversion of preceramic green fibres to
ceramic fibres on a pilot scale. In further
research activities, it has been possible to
increase the productivity of the thermal processes to such an extent that high-quality
ceramic fibres can be produced continuously on a 10–15 kg/lot scale (Fig. 1).

OxCeFi A99 and OxCeFi M75
The research activities of the DITF on the
fibre types OxCeFi A99 (corundum) and OxCeFi M75 (mullite), which have meanwhile
been optimized to production maturity, date
back to the 1990s. Already at that time, the
declared goal was to develop a viable alternative to the oxide fibre types still available
only from 3M, especially for the European
market. While initially the focus was mainly
on the development of a suitable spinning
process as well as the spinning dope design together with the characterisation of
the structure formation processes [1, 2], in
the further course of the work a continuous
process for fibre production was developed
[6]. This process, in addition to the optimization of the fibre properties [7], also includes
aspects such as handling and storing of the
green fibre multifilaments (development of
a spin finish), recycling of process waste
and increase of productivity by increasing
the production speed or higher filament
count per roving.
The OxCeFi A99 corundum fibre developed
at DITF is similar in composition to the commercially available NextelTM 610 corundum
fibre from 3M. The fibre consists of 99 %
cfi/Ber. DKG 98 (2021) No. 5-6

Fig. 3 SEM photos of ZTM fibres

corundum (α-Al2O3), but iron oxide is not
used for controlled structure formation as in
3M, and other additives and precursors are
used [7]. The corundum fibre is designed to
have a high tensile strength, which is provided by very small grain sizes.
There is no counterpart from 3M to the pure
mullite fibre OxCeFi M75 developed at DITF.
While the NextelTM 720 fibre usually used
for comparison is a mixture of corundum
and mullite, OxCeFi M75 consists of 96 %
mullite. Fibre development was supported
by extensive analytical studies, resulting in
the successful production of an approximately stoichiometric mullite fibre for the
first time [8–13]. The OxCeFi M75 mullite
fibre achieves the high creep resistance of
the NextelTM 720 fibre but is superior to it
due to its particular high temperature stability [10–12].

Alternative compositions – ZrO2,
YAG, OxCeFi ZTA and OxCeFi ZTM
The DITF have also been involved in the
development of alternative compositions of
oxide ceramic fibres, since undesired grain
growth and creep deformation are the challenges faced by oxide fibres in their application, especially in the case of alumina-based
fibres, and limit the long-term temperature
resistance under simultaneous mechanical
stress. The increased requirements regarding the mechanical and chemical resistance
of oxide fibres, especially in recent years,
underline the need to explore new fibre
compositions.
Promising candidates for improving the
properties of alumina fibres are mainly ZrO2
and Y2O3. While the addition of ZrO2 allows
for an increase in (flexural) strength, fracture toughness, corrosion resistance and
thermal shock resistance, Y2O3 is of interest
with respect to creep resistance and corrosion resistance. Early research on pure zir-

conia fibres [3–5] was carried out at DITF,
and later the binary systems Al2O3–ZrO2 and
Al2O3–Y2O3 were also studied in detail [14–
16]. The Al2O3–SiO2–ZrO2 ternary system is
in the focus of current R&D activities [17].
The process for continuous production of
oxide ceramic fibres established during
many years of development and optimization of corundum and mullite fibres at DITF
Denkendorf is very well transferable to
these fibre types.
The research work on pure zirconium oxide
fibres, which was already carried out in the
1990s, showed that the stabilization of the
tetragonal modification of the ZrO2 can be
achieved by the addition of Y2O3. Due to
the limited stability of the spinning dopes,
no technical process for the production of
Y2O3-stabilized zirconia fibres could be established at that time [3, 5]. Fibres of pure
yttrium aluminium garnet (YAG, Y3Al5O12)
are particularly attractive due to the chem
ical composition and its properties and have
been researched at DITF for many years [14,
15]. The very low mobility of grain bound
aries in the YAG structure is associated with
extremely high creep resistance and therefore promises to improve the long-term
temperature stability of such oxide fibres.
However, these very properties stand in the
way of the fabrication of compact pore-free
fibres, so that the development of mechan
ically stable YAG fibres remains a challenge,
although the fabrication of green fibres has
already been successful.
In contrast, the incorporation of ZrO2 into
alumina fibres was much easier to accomplish, leading to the successful development
of zirconia-toughened alumina (ZTA) fibres,
which we call OxCeFi ZTA [16]. The fibres
consist of a duplex structure of corundum
and ZrO2 localized at the grain boundaries.
It has been possible to transfer the process for ceramic fibre production, including
E 63
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Tab. 1 Properties of OxCeFi fibres
Fibre Type
Weibull strength [MPa]
Weibull Modulus
Young‘s Modulus [GPa]
Diameter [µm]

OxCeFi M75

ZTM3

ZTM15

OxCeFi A99

ZTA3

1320

1390

1740

2140

1960

9,5

7,1

9,0

8,6

7,5

190 ± 3

220 ± 8

210 ± 3

339 ± 7

332 ± 14

10,3 ± 0,4

9,9 ± 0,3

9,7 ± 0,4

9,2 ± 0,4

10,2 ± 0,6

Fig. 6 Burner nozzle made of OxCeFi A99
fabric by Walter Pritzkow Spezialkeramik

of reinforcing mullite fibres with zirconium
oxide finally became the focus of R&D activities. Zirconia-toughened mullite (ZTM)
fibres (Fig. 3) can be obtained analogously
to the previously developed fibre types [17].
For this purpose, as for ZTA fibres, certain
adjustments of process parameters during
dry spinning as well as during thermal treatment are essential.
The incorporation of ZrO2 into the mullite
structure leads to a significant improvement
of the room temperature tensile strength of
the fibres (Tab. 1 and Fig. 4) as well as to an
increased flexural strength, which also has
a positive effect on the textile processability.
As these zirconia-toughened mullite fibres,
which we call OxCeFi ZTM, are a novelty in
the field of oxide ceramic fibres, both the
composition and the manufacturing process
have been patented by DITF [18].

Fig. 4 Weibull plot of different OxCeFi fibres

Textile fabrics from ceramic fibres

Fig. 5 OxCeFi A99 fabric

technical spinning and continuous thermal
treatment, to this type of fibre.
Currently, further variations of the compos
ition are being investigated and the fibre
properties will be further optimized. By incorporating ZrO2 into the microstructure of
α-Al2O3 a duplex microstructure can be obtained, which improves the long-term temE 64

perature stability (reduced grain growth) of
the fibres. In addition, the increase in fracture toughness had a positive effect on the
textile processability of the ceramic fibres.
The ZTA fibres have already been processed
into fabrics (Fig. 2) and their performance
has been successfully tested in OCMCs.
Based on the promising results, the issue

In most manufacturing processes for Oxide Fibre Reinforced Ceramics (OCMC), the
fibres are introduced into the composite
in the form of fabric layers. This usually involves infiltrating several fabric layers with
ceramic slurry and then forming them into
the shape of the desired component, drying them and finally firing them. Therefore,
it was obvious to tackle the production of
fabrics from our own ceramic fibres at DITF.
In Denkendorf, extensive equipment is
available for a wide variety of weaving
processes, and experience was already
available with the processing of other highcfi/Ber. DKG 98 (2021) No. 5-6
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performance fibres. However, the weaving
of the shear-sensitive oxide ceramic fibres
presents a particular challenge. After some
technical adjustments on a 3D rapier weaving machine with Jacquard technology, it
was possible to process OxCeFi A99 cor
undum fibres as well as OxCeFi M75 mullite
fibres in larger quantities into fabrics (Fig. 2
and Fig. 5), from which OCMC components
could subsequently be manufactured by industrial partners (Fig. 6). The newly developed ZTA and ZTM fibres have also been
successfully used to produce fabrics.

counts in order to be able to reduce the
costs for fibres and fabrics in the medium
term. The aim is to transfer the know-how
of the technology to industry in order to
meet the long-standing call for a “second
source” for oxide fibres in Europe.

Summary and outlook
The process for the direct production of
oxide ceramic fibres, which has been established in the course of many years of development and optimization of corundum
and mullite fibres at the DITF Denkendorf,
includes the spinning dope preparation in
a solution process, the formation of precer
amic green fibres in a dry spinning process
and the continuous conversion to oxide
ceramic fibres via thermal processes and is
very well transferable to other fibre types.
Thus, in addition to the production-ready
OxCeFi A99 and OxCeFi M75 fibres, it has
been possible to develop other fibre types
such as OxCeFi ZTA and OxCeFi ZTM, which
can help meet increased requirements in
terms of long-term temperature stability
and processability and ultimately also open
up new markets.
In addition to the development of new fibre
compositions, the DITF will also focus in the
future on the realisation of higher filament
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