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Cover image  
The new Apple Lightning connector, shown 
with an iPhone 5 

Global sales increases reflect 
the growing acceptance of  
PIM technology 
The PM2012 Powder Metallurgy World Congress, held in Yokohama, 
Japan, October 14-18, presented members of the PIM community 
with an invaluable opportunity to meet and share information on the 
growth of our technology, as well as to present the latest technical 
developments and innovations.

A Special Interest Seminar dedicated to reviewing industry 
developments resulted in a fascinating and useful insight into recent 
activity. It became clear that many world regions, in particular Asia 
and North America, are experiencing a surge in demand for MIM 
products and even Europe, with its current economic turmoil, has 
experienced solid growth and is expected to continue to do so, even 
if to a lesser extent, in the coming year. 

Our report on page 45 provides some impressive data, particularly 
from Taiwan, where, for example, growth in the demand for MIM 
products has resulted in the addition of 182 moulding machines in 
the last 12 months alone. We also present a number of technical 
developments in PIM technology from the PM2012 World Congress 
(page 51).

The current growth in PIM sales is driven by well established 
materials such as stainless steels and low alloy steels. Other 
materials are, however, coming ever closer to making a significant 
contribution to PIM’s fortunes. In this issue we present a review 
of the latest advances in the MIM of titanium from Euro PM2012 
(page 29) and the processing of a magnesium alloy for biomedical 
applications (page 59). We also publish technical papers on the 
processing of aluminium alloys (page 65) and a titanium-niobium 
biomaterial (page 72), as well as a paper on the properties of a MIM 
processed Hadfield steel (page 76).   

New opportunities for PIM technology are not, however, restricted 
to metals and alloys. As our report on CIM and Philips Lighting in 
The Netherlands reveals, opportunities are being evaluated for the 
processing of a new generation of transparent alumina products 
(page 39). 

Nick Williams
Managing Director and Editor
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29 Titanium MIM at Euro PM2012: Commercial 

considerations, materials, processing and 
applications

 A Special Interest Seminar at the Euro PM2012 Congress, 
Basel, presented an opportunity to review progress to-date 
on global developments on the MIM of titanium. Dr. Thomas 
Ebel, Helmholtz-Zentrum Geesthacht, Germany, reports on 
a selection of key presentations and considers what progress 
has been made since the first Euro PM Special Interest 
Seminar on the MIM of titanium, held in Ghent in 2006.

39 Philips Lighting: The evolution of PIM HID 
lighting components and the potential for 
transparent alumina products 
Philips Lighting, Uden, The Netherlands, is a major 
producer of ceramic components for high intensity lighting 
applications. The company’s plant is today at the forefront 
of advanced PIM processing, however it has its sights set on 
the wider application of its technology. Dr Georg Schlieper 
reports on a recent visit for PIM International. 

45 PM2012 World Congress: Special Interest 
Seminar reveals strong global growth for PIM, 
with Asia leading the way 
We report on a Special Interest Seminar at the PM2012 PM 
World Congress, Yokohama, Japan, that reviewed global 
trends in PIM markets and revealed the extent to which the 
industry is enjoying dramatic sales growth, with Asia leading 
the way.  

51 PM2012 World Congress: PIM focuses on novel 
and new materials for advanced applications

 The PM2012 PM World Congress, Yokohama, Japan, featured 
a number of technical sessions devoted to PIM. Bernard 
Williams reviews some of the papers featuring novel and new 
materials and their potential applications.
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59 Advances in the MIM of Mg-Ca alloys for 
biomedical applications

 Magnesium-Calcium alloys are attracting interest for 
use in biomedical applications thanks to the material’s 
biodegradability and its mechanical properties that closely 
match cortical bone. MIM additionally offers the ability to 
produce structures with both dense and porous areas. Martin 
Wolff and co-authors review the production cycle for MIM 
Mg-Ca alloys and present initial mechanical properties. 
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Industry News

Apple gives Metal Injection 
Moulding (MIM) a boost 
with its new Lightning 
connector
Apple’s new Lightning connector system, featured on the 
recently launched iPhone 5 and iPad mini, has given the 
international Metal Injection Moulding (MIM) industry 
a substantial boost thanks to its use of this advanced 
manufacturing process. The use of MIM in the Lightning 
connector has resulted in a surge in demand for MIM 
grade powders and a drive to install additional component 
manufacturing capacity.

It was stated at a Special Interest Seminar on Powder 
Injection Moulding at the PM2012 World Congress, 
Yokohama, Japan, 14-18 October, that production of the 
Lightning connector parts was running at five million parts 
per month, whilst other MIM components for the iPhone 
amount to more than ten million parts per month, with large 
numbers of workers required to achieve the required level of 
surface finish and necessary tolerances. 

It is understood that production is being met by primary 
Apple suppliers in Taiwan, some of whom have large MIM 
operations in China. Additional manufacturers in China are 
also reported to be engaged to help meet capacity.

Industry sources state that Apple has specified a single 
MIM feedstock supplier for the production of the Lightning 

connector, a move that can be seen as a way of ensuring 
feedstock quality and consistency when using a number of 
different component manufacturers. It is also understood 
that a preferred supplier has been specified for the 
furnaces used to debind and sinter the parts.

With Apple announcing that five million units of the 
iPhone 5 were sold on the product’s launch weekend, 
and some analysts projecting that up to 200 million units 
could be sold over the next year, it is clear that demand 
for MIM components for Apple’s new generation range of 
connectors, to be used with all new Apple mobile devices, 
is set to rocket.

The use of Metal Injection Moulding in mobile phones 
is not new, with numerous keys, buttons and vibrators 
manufactured in large quantities by the Asian MIM 
industry for a diverse range of end-users. This new 
application in the Lightning connector is, however, one of 
the most important developments in terms of production 
volumes.   

An Apple iPhone 5 with the new Lightning connector
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Special Furnace Equipment is our Business
- Sintering Furnaces for the 
  PM as  Low-, Medium- and 
  Hightemp.

- MIM-Applications
   Debinding and Sintering 
   Equipment

- Sinter-Forging Plants

- Powder Reduction Furnaces

- Calzination Furnaces

- Tungsten Carburisation Plants

- Protective Gas Generators

- Rotary-hearth Furnaces

- Drum-type Rotary Furnaces

- Multi-tube Powder Reduction 
  Furnaces

- Sintering of Aluminum

- Annealing Furnaces

- Computer-supported Process 
  Visualisation

- Maintenance Service and 
  Spare parts

Cremer Thermoprozessanlagen GmbH  Tel:  +49 2421 96830-0  www.cremer-ofenbau.de
Auf dem Flabig 5  D-52355 Düren  Fax: +49 2421 63735  info@cremer-ofenbau.de

After many years of development, an 
ISO standard has finally been published 
for MIM materials. Developed under 
the auspices of ISO/TC 119 SC 5, the 
new MIM materials standard was the 
result of contributions from the Japan 
Powder Metallurgy Association (JPMA), 
the Metal Injection Molding Association 
(MIMA) of the Metal Powder Industries 
Federation (MPIF) and the EuroMIM 
Group from the European Powder 
Metallurgy Association (EPMA). 

A working group of ISO/TC 119 SC 
5 coordinated by Dr Brian James of 
Hoeganaes Corporation, USA, repre-
senting USA/ANSI drafted the new 
standard as a committee draft (CD) 
after a number of meetings to define 
the content of the document.

ISO 22068 “Sintered Metal Injection 
Moulded Materials – Specifica-
tions”, defines the requirements for 
the chemical composition and the 
mechanical and physical properties of 
sintered MIM materials. 

It is intended to provide design and 
materials engineers with necessary 
information for specifying materials in 

New Materials Standard for MIM 
Materials published: ISO 22068

components manufactured by means of 
the MIM process only. It does not apply 
to structural parts manufactured by 
other Powder Metallurgy routes, such 
as press and sinter or powder forging 
technologies. 

ISO 22068 outlines a designa-
tion system to be used for the MIM 
materials it specifies. The materials 
covered include low-alloy steels (both 
as-sintered as well as heat treated 
conditions), stainless steels (both 
as-sintered as well as heat treated 
conditions), soft-magnetic materials 
(as-sintered) and titanium alloys 
(as-sintered). The specification has 
both normative (mandatory) values as 
well as informative (typical) values for 
each of the materials.

ISO 22068 complements the 
previously existing standards for MIM 
material specifications from MPIF 
(MPIF Standard 35, Material Speci-
fications for Metal Injection Molded 
Parts) and ASTM International (ASTM 
B883 – Standard Specification for Metal 
Injection Molded (MIM) Materials).

www.iso.org    

It was announced during the PM2012 
World Congress in Yokohama, Japan, 
14-18 October, that the Chinese 
Strategic Alliance for Technological 
Innovation in Powder Metallurgy 
(SATI-PM), together with the Taiwan 
Powder Metallurgy Association, will 
be organising the APMA’s second 
International Conference on Powder 
Metallurgy. 

APMA 2013 will take place at the 
International Conference & Exhibition 
Centre in Xiamen, China, November 
3-6, 2013. 

This new bi-annual series of PM 
conferences in Asia will cover all 
aspects of PM technology and there 
will be an accompanying exhibition. 

It was also learned during the 
PM2012 week in Yokohama that China 
has been nominated to host the PM 
World Congress & Exhibition in 2018. 
Further details as to location will be 
issued in due course. 

www.apma2013.org    

China to host the  
2013 APMA  
conference and 2018 
PM World Congress

Industry News

mailto:nick%40inovar-communications.com?subject=
http://www.cremer-ofenbau.de


December 2012    Powder Injection Moulding International 7Vol. 6 No. 4  © 2012 Inovar Communications Ltd

| contents page | news | events | advertisers’ index | email |

mailto:nick%40inovar-communications.com?subject=
http://www.atmix.co.jp/en/e_index.html


Powder Injection Moulding International     December 20128 © 2012 Inovar Communications Ltd   Vol. 6 No. 4

| contents page | news | events | advertisers’ index | email |

Debind & Sinter

SPEED UNIFORMITY EFFICIENCY

Benefits:

   •  Shortest door-to-door cycle time

   •  Unbeatable price-to-volume ratio for
       specialized MIM furnace

   •  Precise process control for consistent
       part quality

   •  Short delivery time with rapid start-up

   •  One global standard

   •  Modular design allows for ease of 
       production flow optimization

Technical Information:

   •  Work zone size 915 mm x 915 mm x 1,220 mm 
       = 1,020 liter (36” x 36” x 48”)

   •  Hearth gross load weight capacity 1,350 kg (3,000 lbs)

   •  Maximum operating temperature 1,450°C (2,650°F)

   •  Temperature uniformity better than +/- 5°C (+/- 10°F)

   •  Ultimate vacuum level <5 x 10-2 mbar (< 50 microns)

   •  Nitrogen, hydrogen and argon partial            
       pressure for operation up to 10 mbar (10 Torr)

   •  Internal nitrogen or argon gas
       cooling up to 2 bar

Backed by more than 60 years of thermal processing expertise, Ipsen’s new sintering furnace, TITAN® DS, 
upholds our reputation for quality. Better performance and better features for less cost brings the MIM 
and Powder Metallurgy industry one step forward.

For more information contact Ipsen at 1.815.332.3074 or TITAN@IpsenUSA.com.

Ipsen delivers a step forward.
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Contacts:
William R. Mossner

Dwight Webster
Advanced Metalworking

Practices, LLC
401 Industrial Drive

Carmel, IN 46032, USCarmel, IN 46032, USA
e-mail: info@AMP-LLC.net

Phone: +1 317 843 1499
Fax: +1 317 843 9359

www.advancedmetalworking.com 

Feedstock for Metal Injection Molding

ISO 9001:2008 certified
Supplier of quality feedstock ADVAMET  
Feedstock production from 25 lb to 1700 lb in one batch
Can supply customers with lower cost, off-the-shelf, 
standard 4605 Alloy Steel and 17-4 PH Stainless 
Supplier of Customized feedstock made from numerous Supplier of Customized feedstock made from numerous 
ferrous and non-ferrous metals and alloys.

High Quality Feedstocks since 1988 
-  longer than any other supplier

At Advanced Metalworking Practices feedstock production is our only business. 
Our products are used widely for applications in industries such as medical and
orthodontic, electronics, hardware and sporting goods.

®

At Advanced Metalworking Practices feedstock 

production is our only business. Our products are 

used widely for applications in industries such as 

medical and orthodontic, electronics, hardware 

and sporting goods.

4511 West 99th Street 
Carmel 
IN 46032
USA

Phone: +1 317 337 0441
Fax: +1 317 337 0455
www.advancedmetalworking.com 
dwebster@AMP-LLC.net

Feedstock production 
from 25 to 1700 lb in 
one batch

Off-the-shelf standard 
4605 Alloy Steel and 
17-4 PH stainless 

ISO 9001:2008 Certified

Customized feedstock 
made from numerous 
ferrous and non-ferrous 
metals and alloys

MIM FEEDSTOCK:

Advanced Metalworking Practices, LLC

ADVAMET®

Brazil’s Forjas Taurus S.A., which 
acquired MIM producer Steelinject 
Injeção de Aços Ltda from the Lupatech 
Group at the end of 2011, reports that 
it is expanding its presence as a global 
supplier of MIM parts.

Forjas Taurus S.A., headquartered 
in Porto Alegre-RS, is a publicly traded 
Brazilian engineering corporation. As 
well as being the largest producer of 
handguns in Latin America, and one of 
the largest in the world, the business 
is composed of seven units in Brazil 
and two in the USA with production 
facilities that manufacture weapons, 
forged parts, helmets for motorcyclists, 
ballistic vests, injected plastic prod-
ucts, hand tools and machine tools. 
Combined, these business units have 
total sales of USD 400 million per year 
with approximately 4,000 employees.  

Steelinject, located in the city of 
Caxias do Sul, in the northeastern 
region of Rio Grande do Sul, Brazil, 
started its MIM operations in 1994 
with a license from the US Parmatech 
Corporation. 

Forjas Taurus itself has a major 
captive MIM operation and the 
acquisition of Steelinject now presents 
the company with the choice of two 
feedstock systems for the manufacture 
of MIM parts for internal use, as 
well as for its growing international 
customer base. Steelinject uses the 

Brazil’s Forjas Taurus SA consolidates 
MIM operations and looks to the global 
market for growth

wax-polymer technology and solvent 
debinding system licensed from 
Parmatech, whilst Forjas Taurus uses 
BASF’s Catamold system. 

Forjas Taurus is now in the process 
of merging the two facilities on to one 
site, which is scheduled to be fully 
operational by the summer of 2013. 
Ricardo Machado, Operations Manager 
at Steelinject, told PIM International, 
“It is our intention to grow our sales 
base in Europe and appoint a sales 
representative for the USA market. We 
will also promote MIM technology in 
Brazil in order to double our sales in 
three years.” The merged facility will be 
located in São Leopoldo, Rio Grande do 
Sul, Brazil.

Steelinject manufactures MIM 
parts with a weight range of 0.1-150 g, 
producing between 500,000 and 
700,000 parts per month, resulting in 
around four tons of feedstock being 
used each month. The company 
operates nine moulding machines 
and a range of batch and continuous 
furnaces, as well as offering in-house 
heat treatment. 

Forjas Taurus operates fifteen 
injection moulding machines, with 
parts processed using five Elnik 
catalytic debinding furnaces, four Elnik 
sintering furnaces and two continuous 
MIM furnaces from Cremer, a MIM 
Master 6 and an 8 XL. The company 

produces between 1 to 1.2 million parts 
per month, ranging from 2 to 350 g, 
resulting in the consumption of around 
eight tons of Catamold feedstock per 
month.  

www.steelinject.com.br
www.taurusmim.com   

An injection moulding area at Taurus

Sintering at Taurus

MIM parts manufactured by Steelinject
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Metal powder producer Höganäs AB 
has acquired a 100% interest in fcubic 
AB of Gothenburg, Sweden. The deal 
will see fcubic rebranded as Digital 
Metal®.  

 Fcubic has been developing its 
technology for Additive Manufacturing 
(AM), also known as 3D printing, since 
2003. Höganäs will use its leading 
expertise and technology know-how 
within powder metallurgy to expand 
the use of AM for components 
production. 

A large number of complex 
components, weighing up to 1 kg, 
within fields such as industrial, dental, 
medical, and aerospace applications 
can be converted to metal powder 
Additive Manufacturing. 

“In line with Höganäs' vision, Digital 
Metal will further grow the market 
for metal powders as it can become 
a critical component and system 
manufacturing technology,” stated 
Alrik Danielson, CEO Höganäs. “It will 
add tremendous value to customers 
demanding minimal development 

Höganäs AB acquires Additive 
Manufacturer fcubic 

time and mass customisation. With 
this deal Höganäs acquires the best 
available technology within the field.” 

 The market potential is currently 
estimated at US$1 billion, mainly 
within the fields of consumer design, 
medical, dental, aerospace and 
industrial. However, this industry is 
still at a very early stage in its life 
cycle, consequently making it difficult 
to quantify the true potential. 

There are several key additive 
manufacturing technologies for 
producing metal components on 
the market, i.e. Direct Metal Laser 
Sintering, Selective Laser Sintering 
and Electron Beam Melting. 

Höganäs claim that Digital Metal's 
process offers further enhanced 
component precision, tolerances, 
surface finish and cost efficiency, 
whilst maintaining a fast time to 
market. 

www.hoganas.com/digital-metal  

A two day course, ‘Atomisation for 
Metal Powders’, organised by Perdac 
Ltd and Atomising Systems Ltd, will 
take place from 28th February to 1st 
March 2013 in Manchester, UK. 

This, the eighth course in the 
popular series, will focus on the 
technology, practice and economics 
of metal powder production by 
atomisation. 

The course will provide an 
overview suitable for those in 
both the industrial and research 
environments, and will also act 
as a concise introduction to those 
relatively new to the field. 

As for the previous courses the 
principal lecturer will be John Dunkley, 
Chairman, Atomising Systems Ltd.  
Andrew Yule, Director, Perdac Ltd and 
Dirk Aderhold, Technical Director, 
Atomising Systems Ltd, will contribute 
key presentations in their areas of 
expertise. 

www.perdac.com   

‘Atomisation for 
Metal Powders’ 
course announced
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On the leading edge of
      metal powder manufacture

   
Sandvik Osprey Limited

Milland Road  Neath  SA11 1NJ  UK Phone:  +44  (0)1639 634121  Fax:  +44  (0)1639 630100 
www.smt.sandvik.com/metalpowder  e-mail: powders.osprey@sandvik.com

With over 35 years’ experience in gas atomisation, Sandvik Osprey offers  
the world’s widest range of  high quality, spherical metal powders for use in  
Metal Injection Moulding. Our products are used in an increasingly diverse 
range of  applications including automotive, consumer electronics, medical 
and aerospace.

Our extensive product range includes stainless steels, nickel based  
superalloys, master alloys, tool steels, cobalt alloys, low alloy steels and 
binary alloys.

Using gas atomised powders can enhance your productivity and profitability: 
contact our technical sales team today for more information.

mailto:nick%40inovar-communications.com?subject=
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             Continues MIM pusher Furnace
             (Made in Germany) 

furnaces (approved technology) having 
low         carbon level and complete debinding 
in stainless steel without water injection system. 

• Elino continues MIM furnaces also consume 3-4 
times less process gas and cost effect worldwide.

stainless steel parts is achieved by 
Elino pusher MIM furnace worldwide.

ELINO INDUSTRIE-OFENBAU GMBH

Zum Mühlengraben 16-18
52355 Düren - Germany

Tel:  -+49 (0)2421 - 69020
Fax: +49 (0)2421 - 62979
info@elino.de
www.elino.de

Powder Metal Sintering - Brazing - Metal Injection Molding - Hard Metal Reduction - Activated Carbon - Calcining - Annealing 

Continues MIM Pusher Furnace

ECO-MIM sintering

ECO-MIM one step debinding + pre-sintering

Rotary drum Furnace Multitube-Pusher Furnace

                    ECO-MIM one step debinding batch furnace
    (Made in Germany)   

• One-step complete debinding unit 
including pre-sintering  up to 900°C 

• Convection system i.e. temperature 
homogeneity better than ±5 °C 

• Special off gas burner unit (environment friendly) 
• Changeable process gases 

2 2 2 2

                   ECO sintering batch furnace (PM/CIM/MIM
                      (Made in Germany)

• up to 1450 °C with temperature accuracy            of ±3 °C 
• Clean sintering i.e. energy/cost saving 
• Process gases N2, H2, Ar, N2-H2 partial pressure                                                                                                                                         

or slight over pressure and vacuum
• Vacuum up to 10-5 with Tubular pump

Since 1933 ELINO INDUSTRIE-OFENBAU GMBH has been delivering custom-specific heat 
treatment equipment. Elino has delivered more than 4,000 furnaces worldwide, tailor-made 
high-tech systems providing renown German quality & reliability. 

Elino’s wide product range consist of batch & continuous (gas fired or electrically heated) 
furnaces completly “Made in Germany“

• with temperatures up to 2.600°C
• with atmospheres being toxic, aggressive, vacuum, high pressure, flammable,       

reducing and neutral 
• with product sizes from nanometers to tons 

Elino’s very well equipped testing laboratory allows for material experimentation and process 
validation of in middle-scale furnaces to define relevant application parameters. Together with 
customers a huge number of new methods of production as well as new products were deve-
loped in the laboratory and successfully brought into the market.

halbe Seite PM Conferenz.indd   1 16.11.2012   11:42:05

• Elino manufactures continues MIM 

e.g. H , N , N -H , Ar, Air etc.

• Best ever corrosion resistance in 

Successful “International MIM 
Party” staged in Yokohama
An “International MIM Party” took place during the PM2012 
World Congress, Yokohama, Japan. Organised by the Japan 
Society of Powder and Powder Metallurgy Injection Moulding 
Committee, with the support of Powder Injection Moulding 
International, the party was held on the evening of Tuesday,  
October 16, 2012 and provided an informal networking 
platform that contributed to the building of relationships 
between Japan’s MIM community and MIM specialists from 
around the world.

The party attracted nearly 100 MIM industry professionals 
from Japan and overseas, with international participants 
welcomed from other Asian countries, Europe, North and 
South America and New Zealand.  

The event took place on a cruise ship that offered views 
of Yokohama Bay by night and guests enjoyed a spectacular 
Chinese buffet whilst networking with their industry counter-
parts. A number of senior representatives of the Japanese 
MIM community welcomed guests to the party and expressed 
their wishes for continued international cooperation on the 
development of MIM technology worldwide.

The International MIM Party was sponsored by Osaka 
Yakin Kogyo Co., Ltd., Iwaki Diecast Co.,Ltd, Castem Group, 
Taisei Kogyo Co., Ltd. and Epson Atmix Corporation.

www.jspm.or.jp   

Guests at the International MIM Party enjoyed views of  
Yokohama bay at night

Mr Junichi Hayashi, Epson Atmix Corporation, was one of several   
senior Japanese MIM industry figures to welcome guests 

mailto:nick%40inovar-communications.com?subject=
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Novamet Specialty Products Corp.
681 Lawlins Road, Suite 10
Wyckoff, NJ 07481, USA
TEL: +1 201 891 7976 FAX: +1 201 891 9467
EMAIL: info@novametcorp.com 

www.novametcorp.com

High Purity Spherical Nickel Powders
tailored for MIM

Type 4SP nickel powder is a high purity, spherical nickel 

powder that is ideal for making powder metal parts 

where high sintered density and controlled shrinkage are 

important. 

With excellent consistency, narrow PSD and spherical 

morphology, Type 4SP-10 nickel powder is the ideal choice 

for the metal injection molding (MIM) industry. 

d10 d50 d90 Tapped 
Density

SNP-400 4.4 11.4 25.2 5.57

4SP-10 3.0 6.3 11.2 5.48

SNP-20+ 10 7.2 11.4 17.1 5.45

SNP+20 12.6 20.8 34.6 5.37

Fraunhofer ILT and Concept Laser 
develop Additive Manufacturing for the 
automotive industry
Additive manufacturing with metals 
is becoming increasingly important 
in the automotive industry, states 
the Fraunhofer Institute for Laser 
Technology ILT, in Aachen, Germany. 
Time and cost reductions in production 
are making this technology increasingly 
attractive to the carmakers.

Daimler AG has been working with 
Fraunhofer ILT and Concept Laser to 
apply the technology to applications 
involving vehicle and engine technology. 
Together they have developed a new 
high-performance LaserCUSING® 
machine ‘X line 1000R’, whose build 
chamber size surpasses anything that 
was previously available.

The project partners formed as part of 
the ‘Alu generative research and develop-
ment project’, organised by the German 
Ministry of Education and Research. 
Together with different partners 
from industry, including Daimler AG, 
Fraunhofer ILT examined the laser fusing 
technology for production applications 
involving aluminium components.

The X line 1000R has one of the largest 
build chambers currently available

The new X line 1000R machine was 
specifically configured to cater for 
Daimler AG’s special requirements 
for automobile applications. The aim 
of Daimler AG was to replace costly 
sand-casting and die-casting applica-
tions in early phases of development. 
In addition, the LaserCUSING process 
will in future offer the possibility of 
generating lightweight structures with 
a high level of rigidity, which will permit 
weight-optimised geometries with 
almost no restrictions on the design.

The centrepiece of the X line 1000R 
consists of a high-power laser in the 
kilowatt range that enables an increase 
in productivity of up to a factor of 10 
compared with standard laser fusing 
machines available on the market.
LaserCUSING®: The LaserCUSING® 
process, similar to the Selective Laser 
Melting (SLM) process, is used to 
produce metallic components which 
can be subjected to mechanical and 
thermal loading with high precision. 
Depending on the application, the 

materials used are high-grade and tool 
steels, aluminium or titanium alloys, 
nickel-based superalloys, cobalt-
chromium alloys and in future precious 
metals such as gold and silver will also 
be used.

LaserCUSING® involves fine metallic 
powder being locally fused by a fibre 
laser. Following cooling, the material 
solidifies. The contour of the compo-
nent is produced by directing the laser 
beam using a mirror deflecting unit 
(scanner). The component is built up 
layer by layer (with a layer thickness of 
20 – 100 μm) by lowering the bottom of 
the installation space, applying more 
powder and fusing again.

www.concept-laser.de 
www.ilt.fraunhofer.de   
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There’s no longer any need for skilled 
operators to waste time on tricky and time-
consuming alignments.

In other words, with System 3R’s reference 
systems, production takes place in a more 
sensible and more economical way. It’s simply 
a matter of working smarter.

Setting–up times are minimised – One Minute 
Set-up.

System 3R International AB, Sorterargatan 1, SE-162 50 VÄLLINGBY, tel +46-08 620 20 00, fax +46-08 759 52 34,   
e-mail: info@system3r.com, www.system3r.com

Work Smarter...

Reference systems

Dr Volker Arnhold presented with 
EPMA 2012 Distinguished Service Award
The European Powder Metallurgy 
Association (EPMA) has announced 
that the winner of the EPMA 2012 
Distinguished Service Award is Dr 
Volker Arnhold. 

Dr Arnhold, who recently retired 
from GKN Sinter Metals GmbH, was 
presented with the prestigious award 
at the Euro PM 2012 Conference and 
Exhibition in Basel, Switzerland by 
EPMA President Mr Ingo Cremer.

Dr Arnhold is very well known in 
the PM community having been active 
in the industry for nearly 50 years. 
He started his work as an intern 
at the Sintermetallwerk Krebsöge 
factory, which became part of GKN 
SinterMetals in 1996, before taking 
a diploma and PhD in Physics at 
Westfälische Wilhelms Universität 
at Münster. Subsequently in 1981 he 
joined Sintermetallwerk Krebsöge as a 
development engineer for light-weight 
metals (aluminium and titanium) 
before taking over the leadership of the 
R&D department in 1987.

From 1997 to 2002 Dr Arnhold 
was in charge of the global R&D 
activities of GKN Sinter Metals. This 
position included global responsibility 
for the harmonised implementation 
of the Quality, Health, Safety and 
Environmental systems in the then new 
organisation.

Finally from 2002 to his retirement 
in 2012 he was responsible for the 
department of Global Advanced 
Engineering / R&D at GKN Sinter 
Metals. This role included new 
processes, materials, equipment, 
modelling and testing. Dr Arnhold is 
co-inventor of several patents in the 
area of PM and non-destructive testing.

Dr Arnhold is a former member of 
the boards of DGM (German Society 
for Materials) and of the EPMA. He 
also acted as Technical Chairman of 
the 1998 EPMA World Congress in 
Granada, Spain, and Co-chairman 
of the 2002 MPIF World Congress in 
Orlando, USA.

www.epma.com     

The Powder Metallurgy Division of 
Advanced Technology & Materials Ltd 
(AT&M) based in Beijing told Powder 
Injection Moulding International at 
the PM2012 Powder Metallurgy World 
Congress, Yokohama, October 14-18, 
that it will increase production of ultra-
fine low alloy steel, stainless steel, and 
other grades of metal powders from its 
current capacity of 1500 tonnes/year to 
4000 tonnes/year in order to support 
the strong growth of the global MIM 
industry. 

The company has already invested 
more than $5 million since 2003 to 
increase capacity in its high pressure 
(1000 bar) water atomisation plant to 
produce spherical, ultra-fine powders, 
and also in the vacuum gas and 
combined water/gas atomisation plants 
used to produce low oxygen, high purity 
powders.

www.atmcn.com   

AT&M to expand 
MIM powder 
production
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How do you 
make PIM 
parts stronger?

Download a FREE white paper now at 
www.avure.com/pim

With post-sinter hot isostatic pressing, not only do 
you get stronger PIM parts, but now the process 
is more efficient and cost effective than ever with 
Uniform Rapid Cooling from Avure Technologies.

Maximum density for superior strength and durability
Zero internal porosity means less machining and better 
surface finish
Exclusive Uniform Rapid Cooling for fast, economical 
batch processing

Uniform Rapid Cooling reduces cycle times by up to 70%, 
dramatically cutting the per-unit cost of HIPing PIM parts. Up to 
three cycles can be completed in a single 8-hour shift. 

Improved tensile strength
Maximum hardness
Greater corrosion resistance
Minimal grain growth and distortion.

The Global Leader in Isostatic Processing

High-capacity units for up to 500 lbs. per 
cycle (if required, larger models can process 
thousands of pounds per cycle)

Compact models for up to 55 lbs. per cycle

The white paper describes current and future 
trends in hot isostatic pressing. You’ll also 
receive a data sheet on uniform rapid cooling.

ü
ü

ü

ü
ü

ü
ü

Avure 2012 Right hander full page.indd   1 1/26/2012   10:18:45 AM
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As a world well known qualificated supplier, the PM Branch of  Advanced Technology & Materials Co., Ltd (AT&M) 

provides:

Ultrafine Atomised Alloy MIM Powders!Made by high water pressure and vacuum melting N2/Ar gas atomiza

tion, which characterized with high purity, low oxygen, near spherical particle shape, included: Stainless steel, low alloy 

steel, highspeed steel, super alloy and soft magnetic alloy powders for MIM. Powder production capacity is 1000 tons 

per year for water atomised powder and 250 tons of gas atomised powder per year. The company invested in the new 

plant that will increase MIM powder production capacity to quadruple its current capacity, it begins operation in end of 

2012. More detail to visit: http:// www.atmpowder.com.cn

Metal Injection Molding (MIM) Parts: Well experienced with tools designing and machining, selfbinder system 
and  advanced  debindingsintering  furnace. Various  stainless  steel,  low  alloy  steel,  tool  steel,  heavy  alloy,  tungsten 

carbide of MIM parts of AT&M with high accuracy, intensity and complex shape have been widely used in medical, 

automotive, mechanical and consumer applications.  The MIM section achieved certification of ISO 9001 and TS16949.   

More detail to visit: http://www.atmmim.com.cn

ATOMISED ALLOY MIM POWDER & MIM PARTS

No.76 Xueyuannanlu Haidian District, Beijing, 100081, P. R China

Tel:00861062443881 Fax:00861062443881

 Email:powdermetal@atmcn.com http://www.atmcn.com 

CONTACT US IF YOU WANT MORE INFORMATION

Water Atomised Stainless Steel Powder Gas Atomised Stainless Steel Powder

Stock code:000969

Atomization Equipment
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0224 PIM ad.pdf   1   24/02/2012   09:34

H.C. Starck, a global supplier of tech-
nology metals and advanced ceramics, 
has announced that it will implement 
a capacity expansion for fine powders 
in 2013. The company states that the 
investment will strongly increase the 
company’s current production capacity 
in gas-atomised high-alloyed metal 
powders to meet expanding demands 
from several growing market areas, 
including high-performance devices for 
the medical, dental, automotive and oil 
and gas sectors.

H.C. Starck markets its ceramic 
powders and high-alloyed metal 
powders under the brand name 
AMPERSINT®.

The company’s range of metal 
powders includes a variety of special 
high-alloyed metal powders, such as 
cobalt, nickel and iron based alloys. 
They are used for a broad range of 
applications including Hot Isostatic 
Pressing, Additive Manufacturing  as 
well as Metal Injection Moulding.

www.hcstarck.com   

H C Starck 
increases powder 
capacity 

Polymer Technologies Inc. (PTI), a 
leading US producer of MIM, CIM and 
plastic injection moulded components, 
has announced that Dorrie Sawyer-
Myhre has joined the company as their 
Sales and Marketing Specialist. Dorrie 
joined PTI from FloMet LLC where she 
served for nearly ten years, initially 
as Production Supervisor and later as 
the Sales and Marketing Coordinator. 
She has 20 years experience as an 
internal ISO auditor and has a Master 
of Business Administration from 
the University of Central Florida at 
Orlando.

PTI serves a number of industry 
sectors including aerospace, defence, 
firearms, medical/surgical and 
automotive. The company operates out 
of a 120,000 ft2 facility in Clifton, New 
Jersey, USA, which houses 26 injection 
moulding machines ranging from 38 
ton to 375 ton. The company employs 
70 people across its 24 hour, five days 
a week operations.

www.polymertek.com   

PTI appoints MIM 
sales & marketing 
specialist

The MIM2013 International Conference 
on the Injection Molding of Metals, 
Ceramics & Carbides, will be held at 
the Hilton Hotel in Disney, Orlando, 
USA from March 4-6 2013. The event, 
which has the theme “Advances in 
component uniformity”, is co-chaired 
by Brian McBride, Parmatech Corpo-
ration, and Toby Tingskog, Sandvik 
Osprey Ltd. 

The conference is sponsored by the 
Metal Injection Molding Association 
(MIMA), a trade association of the MPIF 
and its affiliate APMI International. The 
objective of the event is to explore the 
latest advances in MIM, assist in the 
transfer of technology, and investigate 
new developments in the field of 
injection moulding of metal, ceramics, 
and carbides.

Immediately prior to the conference, 
on Monday, March 4, a one day PIM 
tutorial will be conducted by Prof. 
Randall M. German, San Diego State 
University. 

www.mpif.org   

MIM2013 
conference to take 
place in Orlando
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We’ve got what it takes 
to outperform our 
competition and we’ll 
prove it with a FREE 
TRIAL RUN IN FULL SIZE
PRODUCTION FURNACES 
BEFORE PURCHASE!

• Energy efficient, uses 
 less process gas, 
 electricity and handling time

• Process any metal with any binder

• Process in H2, N2, Ar or Vacuum

107 Commerce Road | Cedar Grove, NJ 07009 USA
+1.973.239.6066 | elnik@elnik.com

www.elnik.com

Elnik Systems puts more 
cutting edge technology into our 
debind and sintering equipment 
so you get more quality and 
cost-efficiency out of it. 

Don’t take our word 
for it. Let the results 

speak for themselves.
 

Call uS today!

Europe’s annual Euro PM Powder Metallurgy Congress and 
Exhibition, organised and sponsored by the European Powder 
Metallurgy Association, will move to Sweden in 2013. 

Euro PM2013 will be held at Svenska Mässan, the Swedish 
Exhibition and Congress Centre in Gothenburg, from 15-18 
September. The event will be chaired by Dr Ulf Engström, 
Höganäs AB, and Prof Lars Nyborg, Chalmers University of 
Technology. 

The organisers state that the combination of a world 
class technical programme and state-of-the-art exhibition 
will provide the ideal networking opportunity for suppliers, 
producers and end-users. Euro PM2013 will be an all topic 
powder metallurgy event focusing on:

• PM Structural Parts
• Hard Materials and Diamond Tools
• Hot Isostatic Pressing
• New Materials and Applications
• Powder Injection Moulding

The EPMA states that abstracts should be submitted online 
only at www.epma.com/pm2013 by the 6th February 2013. 
For more information contact Kate Blackbourne, Congress 
Manager Designate, email: kb@epma.com. 

www.epma.com   

Call for Papers issued for  
Euro PM2013 Gothenburg, 
Sweden 

The EPMA’s Frances Holland, who retires in early 2013, was 
recognised at the Euro PM2012 Welcome Reception for her 
contribution to the EPMA since it was formed in 1990. 

Her work both behind the scenes and “on the front desk” at 
the EPMA’s various annual 
events was acknowledged 
by EPMA President Ingo 
Cremer, who presented her 
with a bouquet of flowers 
on behalf of the EPMA 
Board and membership. 

Frances, widely 
known and appreciated 
in the PM industry for 
her work on the EPMA’s 
successful conferences, 
will be succeeded by Kate 
Blackbourne who Euro 
PM2012 delegates had the 
chance to meet in Basel. 

We wish Frances a very 
happy retirement and much 

success to Kate in her new 
role. 

www.epma.com   

Frances Holland’s service 
recognised at her final EPMA 
conference

EPMA President Ingo Cremer 
presents Frances Holland with 
a bouquet of flowers at Euro 
PM2012, Basel, Switzerland

mailto:nick%40inovar-communications.com?subject=
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Powders for MIM

Headquarters
European Office

• Carbonyl iron powder

• Gas atomized powder

• Water atomized powder

Yuelong Superfine Metal Co.,Ltd
Global Business Unit
3/F,Complex Building, Hi-Tech Zone, Port Road
Foshan 528000, Guangdong, China
Tel: +86 757 8393 8576 Fax: +86 757 8393 8579 Email: info@YuelongPowder.com www.yuelongpowder.com

Yuelong Superfine Metal Co., Ltd

Distributor in the Americas: 
United States Metal Powders, Incorporated 
Tel: +1 (908) 782 5454 Fax: +1 (908) 782 3489

Firearm sales in the USA are reported 
to be at record levels in 2012 after 24 
straight monthly increases, according 
to the National Shooting Sports 
Foundation (NSSF). Sales estimates 
are based on background-check 
statistics carried out by the FBI on 
prospective gun purchasers, stated the 
NSSF in an article published online 
on manufacturing.net. The article 
gives the example of Ruger having 
received orders for more than one 
million firearms in the first quarter 
of 2012, and the company reported 
that its production and shipments had 
increased by more than 50% compared 
with the first quarter of 2011.

Suppliers to firearm producers are 
said to be struggling to keep up with 
demand, and at the same time need to 
expand their engineering and design 
capabilities to accommodate the boom 
in the market. MIM producers are 
benefiting not only from the boom, 
but also in their ability to help firearm 
producers “hit tight tolerances and 

Boom in US gun sales benefits Metal 
Injection Moulding

resolve complex issues,” states the 
report. Tracy MacNeal, Director 
of Business Development at MIM 
producer Parmatech (a division of 
A.T. Wall) commented that identifying 
prototyping needs, turning around a 
prototype quickly, developing the best 

materials for the application, and 
providing advice on appropriate designs 
and tolerances, are services that are 
essential to supporting today’s firearms 
industry. 

MIM has already been adopted by 
most of the key firearm manufacturers, 
and new projects are likely to include 
MIM parts due to their competitive 
cost and the consistency of the MIM 
process. John Lewinski, Director of 

Fig. 1 Megamet Solid Metals, Inc., Earth 
City, Mo, USA, won a 2010 MPIF Award of 
Distinction for an upswept grip safety used 
in the 1911-style 45-caliber pistol made by 
Colt’s Manufacturing Company, LLC

Fig. 2 Parmatech Corporation, Petaluma, 
CA, USA, won a 2009 MPIF Award of 
Distinction for this 420 MIM stainless 
steel housing block used in a 45-caliber 
handgun

mailto:nick%40inovar-communications.com?subject=
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Supplier Management at Smith & 
Wesson based in Springfield, Mass., 
stated that, “MIM has allowed us to 
take cost out of the product while 
maintaining quality and therefore pass 
the savings on to the consumer.” Kevin 
Collins, a Senior Design Engineer at 
Savage Arms in Westfield, Mass., cited 
MIM as “the modern replacement to 
investment casting, especially for small 
parts.” He said that MIM firearm parts 
are dimensionally consistent, fairly 
inexpensive and the surface finish is 
smoother than machined or investment 
cast (IC) components. To save on 
costs, especially for entry level guns, 
designers are looking to design guns 
with a less than smooth mirror finish 
on mating parts, or where parts are not 
close fitting, but which are utilitarian 
and result in a perfectly functional 
firearm.

However, Collins stated that 
the main drawback of current MIM 
technology is the material designation 
and selection. Most engineers are not 
familiar with the materials used for 
MIM parts. Collins explains, “Most MIM 
parts are not made from common AISI 
materials such as 4340 and 8620 alloy 
steels, and this is certainly a drawback 
for anyone wanting to make parts for 
existing military rifles such as the M14 
and M16.” Also, he notes that IC still 
has a distinct advantage over MIM in 
that the cast parts can be bigger or 
heavier than the MIM parts. Next to 
stocks and barrels, receivers are the 
largest and most complex components 
for firearms. “Making a receiver with 
the MIM process would be a good test 
to validate the strength and durability 
of MIM components and materials.”

Chris Schimmer, Quality Control 
Manager at STI International in Texas, 
believes that MIM has had a significant 
impact on the firearms industry. 
Despite some early failures of parts 
MIM has improved to the point that 
it is a perfectly acceptable method 
of manufacture for most firearm 
producers including STI. 

www.manufacturing.net
www.nssf.org   

PM Tooling System
The EROWA PM tooling system is the standard
interface between press tools and the press
machine. Its unrivaled resetting time also enables 
you to produce small series at a profi t.

www.erowa.com

PM Tooling System

Nano Korea Inc in Daedeok-gu, 
Daejeon, South Korea, reports that 
it has started volume production of 
fine stainless steel and other metal 
powders using its patented ultra high-
pressure water atomisation technology. 

Nano Korea started pilot plant 
production of water atomised powders 
in 2011 and volume production in 2012. 

The company states that its 

New powder producer in South 
Korea offers ultrafine stainless 
steel powders for MIM

spherical shaped ferrous and stainless 
steel powders are produced having 
a particle size distribution of 2 to 
5 μm with close control of chemical 
composition. The powders are said to 
be suitable for MIM.  Other powders 
include soft magnetic Fe-based 
nanoalloy powder, and copper base 
powders.

 www.inanokorea.com   

To submit news to Powder Injection 
Moulding International please 
contact Nick Williams: 
nick@inovar-communications.com

Submitting News
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A new process using Metal Injection Moulding (MIM) to 
produce high porosity aluminium matrix composites 
(MMCs) by the in-situ forming of AlN hollow spheres in 
the matrix has been developed by researchers at the 
ARC Centre of Excellence in Light Metals, University of 
Queensland, Australia. The researchers, Peng Yu and 
Ma Qian, recently published details on the process used, 
and the properties of the resulting AlN hollow sphere 
reinforced Al MMC, in Materials Chemistry and Physics 
(online October 26, 2012).

The manufacturing process to produce the AlN hollow 
sphere reinforced Al MMCs involved first mixing grade 
Al 6061 aluminium powder (D50 = 13.4 μm) and 2 wt.% Sn 
(<43 μm) with a binder comprising stearic acid (3%), palm 
oil wax (52%), and high density polyethylene (45%). Powder 
loading in the feedstock was put at 62 vol%. 

After injection moulding the green parts were subject 
to solvent debinding, and the resulting ‘brown’ parts had 
38% porosity. This was followed by a two-stage sintering 
step where the parts were first heated to 560°C. During 
this step flowing nitrogen gas was introduced to create 
partial nitridation where each Al6061 particle in the 
compact reacts with the nitrogen to form an AlN shell 
enveloping the particle. After this step the furnace was 
switched back to vacuum and the temperature increased 
to 700°C to trigger an ‘open-closed pore transformation’ 
in the microstructure.

The authors stated that both the Al 6061 core 
enveloped by each AlN shell and the Al 6061 matrix within 
it were found to have melted when the as-nitrided parts 
were heated to 700°C (above the liquidus of Al 6061, 
~630°C) to trigger the ‘open-closed pore transformation’. 
This was said to be driven by a decrease in the interfacial 
energy of the system, where molten Al 6061 alloy 
spontaneously penetrated through the permeable AlN 

MIM used to produce hollow 
sphere reinforced aluminium 
matrix foam parts

CERAMIC INJECTION 
MOULDING (CIM)

MACHINING 
AND FINISHING

From powder to finished product

www.hardex.fr

Technical Ceramics

DRY 
PRESSING

6 Chemin des plantes 
70150 MARNAY

FRANCE
Tel: +33 (0)3.84.31.95.40 
Fax: +33 (0)3.84.31.95.49 

Email: info@hardex.fr

Fig. 1 SEM fractographs of fractured samples: (a) after 
sintering and nitriding at 560°C for 12 hr, and (b) after the 
‘open-closed pore transformation’ at 700°C. (From paper: 
Metal injection moulding of in-situ formed AlN hollow sphere 
reinforced Al matrix syntactic foam parts, by . P.Yu and M. Qian. 
Published in Materials Chemistry and Physics, October 26, 
2012)
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temperature fully continuous sintering furnaces for MIM, CIM and traditional press
and sinter now OFFERS YOU A CHOICE, for maximum productivity and
elimination of costly down time.
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simple and efficient operation.

OR... choose our continuous high temperature sintering furnaces with complete
automation and low hydrogen consumption.

CONTACT US for more information on our full line of furnaces with your
choice of size, automation, atmosphere capabilities and 

temperature ranges up to 3100˚F / 1700˚C.

E-Mail:
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Web Site:
http://www.cmfurnaces.com

FURNACES INC.
103 Dewey Street Bloomfield, NJ 07003-4237  

Tel: 973-338-6500    Fax: 973-338-1625

shell to fill the interstices outside. 
Consequently, the interstices between 
the partially nitrided Al 6061 particles, 
which were open pores prior to the 
transformation, were filled with 
solidified Al 6061 after fabrication, 
while many AlN shells become hollow 
structures with a spherical closed pore 
inside each.

The authors reported that both the 
Mg powder added to the supporting 
sand (Al2O3 - 2 wt.% Mg) and the Sn 
powder (2 wt.%) mixed into the Al 
6061 powder played an important 
role in the partial nitridation process. 
The Mg powder is said to act as an 
oxygen getter to ensure a sufficiently 
low oxygen partial pressure for 
the formation of AlN, while the Sn 
controls the rate at which AlN forms. 
The formation of AlN and the limited 
sintering that occurs during partial 
nitridation reduces the porosity 
of the brown samples from ~38 
vol.% to ~30%. They stated that the 
conventional MIM fabrication process 
was essentially finished by this step.

In the as-nitrided structures, AlN 
shells are interconnected, forming a 
rigid skeleton to impart strength to the 
sample, while the spaces outside the 

AlN shells are also interconnected, 
forming an open pore structure. SEM 
fractographs of fractured samples in 
Fig.1a show the microstructure after 
sintering and nitriding at 560°C for 
12 hr; Fig.1b shows the structure after 
the open-closed pore transformation 
at 700°C. Pore size and pore size 
distribution are said to be closely 
related to the Al particle size and the 
fine powder used in this work gave 
micro-sized closed pores (~10 μm). 
The researchers stated that these pore 
features would be difficult to achieve 
by other means. The in-situ AlN hollow 
sphere reinforced Al MMC exhibits 
a high compressive strength of ~200 
MPa, which is superior to conventional 
Al MMC parts with pre-fabricated 
ceramic hollow sphere reinforcements.

Fig. 2 shows a demonstration 
syntactic Al foam part made using 
the new process. As can be seen 
the porous part made shows little 
sintering shrinkage compared to the 
green part. This is because the AlN 
shell structure formed in the part 
is present as a rigid AlN skeleton, 
which imparts strength to the part and 
prevents sintering shrinkage.

www.uq.edu.au   

Fig. 2 An Al demonstration part with the 
porous part on the right, green (middle), 
and nearly full dense (left). (From paper: 
Metal injection moulding of in-situ 
formed AlN hollow sphere reinforced Al 
matrix syntactic foam parts, by . P.Yu and 
M. Qian. Published in Materials Chemistry 
and Physics, October 26, 2012)
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Sigmasoft, a leading supplier of injection moulding 
simulation software for metal and ceramic injection 
moulding, has announced that it will be running two PIM 
simulation workshops in Aachen, Germany, in December 
2012 and January 2013. 

The company states that the injection simulation of 
green parts provides substantial economic and technical 
benefit to PIM moulders, with the ability to reduce part 
development time and minimise tooling alterations. 

Sigmasoft’s Marco Thornagel stated, “Following the very 
positive response at our well-attended presentation at the 
EURO PM2012 Congress in Basel, Switzerland, we now 
invite PIM technicians and decision makers to a full day 
workshop in our Training Center in Aachen, Germany.” 

The workshops are scheduled for the 7th December 2012 
and the 25th January 2013. They are free of charge and offer 
both high level technical presentations and an individual 
hands-on course, where all attendees have the opportunity 
to experience the unique usability and performance of 
today’s simulation. 

www.sigmasoft.de   

Simulation specialist 
Sigmasoft announces two 
PIM workshops 

Xiamen Honglu 
Tungsten Molybdenum 
Industry Ltd, in 
Xiamen, China, 
reported at its PM2012 
exhibit in Yokohama 
that it has significantly 
broadened the range 
of its metal injection 
moulded products. 
The company has 
been producing 
complex shaped 
molybdenum caps by 
MIM for magnetron 
tubes used in microwave ovens, and now reports that it is 
producing MIM tungsten-barium electrodes used for flash 
lights and laser pumped lamps, and complex shaped MIM 
tungsten-copper components for thermal management 
applications (see report on page 56 of this issue of PIM 
International). 

Xiamen Honglu has additionally set up MIM production 
lines to produce heat resistant stainless steel parts for 
automotive turbochargers and other applications, as well 
as ceramic injection moulding of high precision ceramic arc 
tubes for metal halide lamps. 

www.xiamen-honglu.com   

Xiamen Honglu Tungsten 
Molybdenum Industry 
broadens MIM production

Heat resistant stainless steel MIM 
parts for turbochargers (Photo courtesy 
Xiamen Honglu Tungsten Molybdenum 
Industry Ltd) 
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Leading the Way in the 
Production of Plasma 
Atomized Spherical  
Metal Powders

www.raymor.com
Tel: +1 450.434.1004

◦ Titanium Grade 1
◦  Titanium Alloys Ti-6Al-4V 5 & 23
◦ Nickel-Titanium
◦ Niobium
◦    And Other High Melting Point Metals

Products

Advanced Cardiovascular Systems of Santa Clara, Calif., 
was granted a US Patent (8,303,642) on November 6, 2012 
for Metal Injection Moulded (MIM) stent tubing having drug 
eluting capabilities. The intravascular MIM stents incorporate 
expandable ring elements and connectors in longitudinal/
circumferential channels, which are coated using a polymer-
plus-drug coating or which are loaded with microreservoirs 
of a drug, such as an anti-cancer drug to act as a functional 
drug delivery vehicle. 

Powders used to produce the MIM stents are cited as 
stainless steel, nitinol, and cobalt-chromium, and to aid in 
stent visibility the powder may include an element or alloy 
sufficiently radiopaque for x-ray imaging such as during 
magnetic resonance imaging (MRI). 

Advanced Cardiovascular Systems shows a video of the 
functioning of such a MIM drug eluting stent on its website 
where the MIM stent tube is inserted into a blood vessel to 
restore blood flow to the heart. The stent tube eventually 
becomes part of the blood vessel through the overgrowth of 
the MIM tube with cells. 

www.abbottvascular.com   

Metal Injection Moulded 
tubing for drug eluting stents

The MIM stent in-situ in the blood vessel, with inset detail, as 
shown in the video animation “Drug Eluting Stent” at  
www.abbottvascular.com

EPMA Sintering Short Course to 
take place in Austria
The European Powder Metallurgy Association (EPMA) has 
announced that next year’s Sintering Short Course will take 
place from 24-26 March 2013 in Vienna, Austria.

The popular short course will cover individual aspects 
of the process, starting from sintering concepts through to 
practical considerations, mainly for batch scale materials 
and applications. The course will also feature lectures 
on the sintering atmospheres, process variation and new 
developments in furnace technology.

At the end of the short course an open forum will discuss 
case studies and problem solving with a panel of international 
PM experts. An optional laboratory tour to TU Vienna will take 
place on the Tuesday afternoon.

For more information contact Joan Hallward, jh@epma.com
www.epma.com   
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When PIM International last visited Sandvik Osprey, a leading 
global supplier of gas atomised metal powders, in August 
2011 the company announced plans to construct its largest 
ever fine powder atomiser. Some 18 months later, the 
company updated us on progress that has been made and 
provided us with their views on the future outlook for the MIM 
industry. 

The Osprey team explained that a number of significant 
infrastructural changes have been made since our visit. 
“To support the installation of our latest and largest fine 
powder atomiser first of all we had to significantly uprate all 
of the on-site amenities, namely atomising gas, electricity, 
cooling water and compressed air,” explained Martin Kearns, 
Powders Group Director. “The majority of this work was 
planned during the annual plant shutdown over Christmas 
2011 in order to minimise the disruption to operations. 
Unfortunately this meant that our Engineering team did not 
get to enjoy the festive season as much as the rest of the 
company, however they did a fantastic job in completing 
the work on time which allowed us to restart production as 
planned in early January.”

Having successfully completed this first phase of the 
development, the next stage of the project involved some 
substantial civil engineering work. “There was insufficient 
floor space in the building which houses the existing 
atomisers for the new plant,” stated Paul Davis, Engineering 
Manager at Sandvik Osprey. “Activities in an adjacent building 
were relocated to make it available to house this new 
atomiser, however it was not tall enough to accommodate 
the height of the atomising chamber, so we had to raise 
the height of the building by several metres.” To minimise 
construction time the structural steelwork for the extension 
was fabricated off-site by a local contractor and then 
transported to the factory. Construction of the roof took place 
over a two week period during the spring and cladding the 
exterior of the building quickly followed so that installation of 
the atomising plant itself could start in earnest in May. 

The gas atomising plant design is based on Sandvik 
Osprey’s proprietary fine powder technology. “We have taken 
the opportunity of incorporating a number of upgrades in 
the configuration of this latest plant to improve both overall 
operational efficiency as well as the working environment for 
the production staff,” explained Kearns. “The fundamental 
atomising technology itself, however, is based on the same 
tried and tested designs that are successfully employed on 
the existing fine powder plants. By adopting this approach 
it allows us the flexibility to manufacture a wide range of 
products on a number of plants simultaneously so we can be 
responsive to changes in market demand.” The manufacture 
of critical plant items was carried out in house and final 
assembly and installation was carried out by the Engineering 
team at Sandvik Osprey. Construction took place over a three 
month period such that final commissioning could begin in 
late July. 

“Commissioning the new atomiser has gone well and 
to the time scales we anticipated,” explained Ian Stimson, 
Production Manager for the Powders Group. “We have been 
progressively increasing our atomising capacity over the 
past two years and so are well practised at bringing new 

Fine powder expansion on 
track at Sandvik Osprey
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plant and equipment on-line quickly 
and efficiently.” The new atomiser 
has now been operational for some 
three months and is already producing 
significant commercial quantities of 
MIM powder. Qualification trials are 
well advanced with a number of key 
customers and the feedback to date 
has been overwhelmingly positive. 
At steady state operating conditions, 
Sandvik Osprey commented that 
this latest investment will increase 
the company’s overall fine powder 
production capacity by more than 50%. 

In parallel with the investments 
in atomising capacity, the company 
has also been continually investing in 
its downstream powder processing 
facilities and has more than doubled its 
sieving and classifying capacity in the 
last three years. Personnel numbers 
have increased significantly to support 
this major capacity expansion. 

Market outlook
Market statistics over the past five 
years have consistently shown that 
growth rates in the MIM market 
have far exceeded those seen in 
more conventional areas of Powder 
Metallurgy such as pressed and 
sintered products. In mid-2011, when 
Sandvik Osprey made the decision to 
invest in this new capacity, the demand 
outlook from the MIM industry was 
extremely strong. Some 15 months on, 
and despite the on-going uncertainties 
in the global economy, the outlook for 
fine powder demand remains positive. 

“I would acknowledge that market 

sentiment today is perhaps not as 
strong as it was back in 2011, but the 
overall picture remains very positive,” 
commented Keith Murray, Sales and 
Marketing Manager, EMEA. “If we look 
at the MIM industry on a regional basis 
then demand in the Asian and North 
American market is continuing to grow 
strongly whilst in Europe the short 
term outlook is for more moderate 
growth. We continue to see the 
adoption of MIM technology expanding 
into new application areas and expect 
this trend to continue well into the 
future.” 

Outside of the MIM industry, 
Sandvik Osprey also report that they 
see continued growth in demand 
in a number of applications, such 
as specialist coatings and additive 
manufacturing. Kearns concluded, 
“It has certainly been a challenge for 
us over the past two to three years 
to keep a pace with the unexpectedly 
high growth in demand, but it has been 
a welcome challenge nonetheless 
and one which I believe the whole 
Sandvik Osprey team has responded 
to positively. This latest investment is a 
clear demonstration of the support we 
enjoy from the global Sandvik Group 
and of our commitment to supporting 
the sustainable growth of the MIM 
industry. If the market continues to 
develop in the same positive way, then 
we can look forward to installing a 
seventh atomising plant here at our 
site in Neath, South Wales, maybe 
sooner than we think.”

www.smt.sandvik.com/osprey    

Fig. 1 The completed extension that houses Sandvik Osprey’s latest fine powder 
atomiser
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The unique international PM show in China.
2

Covering an area of 15,000M , gathering 600 exhibitors in metal materials, 
equipment and PM products. 
Expecting 20,000 visitors will come to the show.

Concurrent Events:

  2013 PM Industry Forum & Metal Injection Molding Symposium

  2013 International Hard Alloy Exhibition & Conference

April.26-28, 2013 
Shanghai, China

www.cn-pmexpo.com

More details please contact:
PM china 2013 Organizing Committee
Ms. Grace Yuan
Tel: +86-400 077 8909       
Fax: +86-21-23025505
Email: pmexpo2012@gmail.com 

It is well known that Metal Injection 
Moulding (MIM) feedstock, where the 
biggest percentage in mass terms 
is the metal powder, can be made to 
behave like plastic when heated and 
forced to flow. The polymeric part of 
the binder melts and flows carrying 
the metal powder particles as a filler.  
Instron of High Wycombe, UK, was 
asked to test several samples of MIM 
feedstock to ascertain whether its 
CEAST SR20 capillary rheometer was 
suitable for process control in MIM 
manufacturing. 

The tests confirmed that MIM 
feedstock samples behave almost like 
commodity plastics from the point of 
view of flow and stability. The rounded 
shape, fine metal particles did not 
create agglomerates which could clog 
the capillary die, nor did they scratch 
the surface of the barrel. Dies made of 
tungsten carbide with very high surface 
hardness were found to offer a better 
abrasion resistance compared to steel 
dies, and guaranteed a longer life with 
the correct dimensional tolerances. 

Rheometer testing of feedstock for 
Metal Injection Moulding 

Instron stated that the temperatures 
and pressures required to generate the 
processing flow conditions are easily 
covered by the CEAST SR20 capillary 
rheometer, and the best configuration 
was found to be a 20 kN unit with 
standard barrel and 1 mm diameter 
capillary dies.

www.instron.co.uk   

The Instron CEAST SR20 capillary 
rheometer

Plansee SE has announced that its 
online shop ‘Plansee- Express’ is now 
offering finished parts for high-
temperature furnaces. In addition to 
plate, rod, wire and welding electrodes, 
molybdenum, TZM and tungsten 
threaded rods, pins, tube, rivets, 
washers and nuts are now available to 
purchase online for high-temperature 
furnace applications.

These materials are used in 
applications where conventional metals 
reach their limits and are no longer 
an option. With their durability and 
dimensional stability, they maintain 
their reliability under extreme high-
heat conditions and also when frequent 
cycling occurs. Ceramic insulators and 
tubes can also be ordered.

Plansee also develops and 
manufactures tailored components 
for high temperature furnaces such 
as metallic hot zones and heating 
elements, radiation shields, furnace 
fixtures, hearth components and more.

www.plansee-express.com     

Plansee furnace 
parts now available 
to purchase online
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Induction-heated quick-sinter system
patent pending

 FCT Anlagenbau GmbH
 Hönbacher Str. 10 Tel. +49 3675 / 7484-0 email: info@fct-anlagenbau.de
 D-96515 Sonneberg Fax +49 3675 / 7484-44 web: www.fct-anlagenbau.de

In the course of technical development in the area of sinter plants, quick-heating systems are 
demanded more and more often to make production of high-performance ceramics parts more 
economic. The focus is on designing the procedure‘s steps so that continuous and plannable 
production of high piece numbers is possible in short processing steps to achieve best economic 
efficiency.
FCT Anlagenbau, one of the leading providers of high-temperature plants, has now developed an 
innovative plant concept with which end-contour-near sinter parts that can be subjected to a brief 
heating or cooling cycle can be produced at large piece numbers. This plant concept was first 
presented to a specialist audience with great success at Ceramitec 2012 in Munich. The plant, for 
which a patent is pending, is available for test runs at the technical school of FCT.
The high-performance induction furnace FCI 600/150-100-SP was developed for production of MiM 
parts, parts of carbide, sinter parts of ceramics or for silicon infiltration of CFC components.
As compared to conventional plants, this trend-setting production concept convinces with its 
continuous multi-chamber system in module build that permits flexible adjustment. Production is 
possible in inert gas atmosphere and/or in vacuum operation. Quick heating rates by inductive 
heating permit short cycle times. Added to this are energy savings of about 30 percent - an important 
contribution in respect of sustainability. Lower life time costs are achieved by lower maintenance 
costs both in material effort and maintenance effort. An independent parts geometry of the products 
is possible by use of crucibles as carriers.

For more information please contact us.
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Titanium MIM at Euro PM2012: 
Commercial considerations, 
materials, processing and 
applications
A Special Interest Seminar at the Euro PM2012 Congress, Basel, 
Switzerland, 16-19 September, presented an opportunity to review progress 
to-date on global developments on the MIM of titanium. Dr. Thomas Ebel, 
Helmholtz-Zentrum Geesthacht, Germany, reports on a selection of key 
presentations from the seminar and the Euro PM2012 technical programme 
and considers what progress has been made since the first Euro PM Special 
Interest Seminar on the MIM of titanium, held in Ghent in 2006.

Fig. 1 The evolution of the titanium market in Europe, source EPMA (Courtesy Peter Vervoort)

Developments in Titanium MIM

In recent years the processing of 
titanium and titanium alloys by MIM 
has become an integral part of the 
Euro PM conference series, with the 
technology steadily attracting interest 
not only from researchers but also 
from industry. Since 2011, ASTM 
standard F 2885-11 has defined the 
requirements for MIM Ti-6Al-4V parts 
intended for medical applications 
and the existence of such a standard 
represents a clear sign of significant 
commercial interest. As a result of 
such interest, several suppliers of 
powders and equipment promoted 
their products as being explicitly 

suitable for the MIM of titanium at Euro 
PM2012. Furthermore, there is a sense 
that the titanium powder producers 
are making significant efforts towards 
lowering the cost of MIM grade 
powders.

In addition to technical presenta-
tions in the regular conference 
sessions at Euro PM2012, a Special 
Interest Seminar on the MIM of 
titanium was held on the last day of 
the congress. Six years ago, the first 
Special Interest Seminar on this topic 
took place in Ghent, Belgium, at Euro 
PM2006 and many of the participants 
of the first seminar were eager to 

compare the situation “then and now”. 
Looking back, the conclusion of 

the 2006 special interest seminar in 
Ghent was that the MIM of titanium 
was extremely interesting and 
its development worthwhile, but 
materials and processing were 
rather challenging and it would take 
many years for the MIM of titanium 
to reach a state equal to that of 
stainless steel. When reviewing this 
year’s conference, it appears that 
this statement basically still holds 
true, even if much knowledge and 
experience has been gained during the 
last six years.
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MIM of titanium: 
Commercial aspects
The first speaker in the Special Interest 
Seminar, Peter Vervoort from ITB 
Precisietechniek, the Netherlands, 
evaluated the current situation from 
the point of view of a long-time 
producer of MIM parts from both 
stainless steel and titanium. Based 
on his experience Vervoort, pointed 
out the principal obstacles in the 
MIM processing of titanium. For 
example, contrary to stainless steel, 

the availability of suitable powders and 
feedstock is still poor. This is true for 
both the numbers of suppliers and the 
variety of alloys. In addition, the price 
of titanium powders is significantly 
higher than that of the raw material. 
On the other hand, powder prices have 
remained more or less stable while 
the raw material price has increased 
in recent years. Thus, the outlook for 
powder costs appears to be positive. 
However, even if an adequate feedstock 
can be found, MIM parts manufac-
turers encounter further challenges 
connected to the high sensitivity of 
titanium to oxygen. The equipment 
used throughout the entire production 

line is critical, as well as the handling 
of powders and feedstock. Compared 
to titanium, MIM of stainless steel 
processing is far easier, Vervoort 
underlined.

Furthermore, a difference between 
the MIM of stainless steel and titanium 
lies in the fact, that for the latter 
material, it is more difficult to maintain 
constant geometrical and mechanical 
properties in the final sintered parts. 
Even a change of the material from one 
sintering run to the next may influence 
properties, thus, the history of the 

sintering furnace has to be considered. 
In contrast to stainless steel, a post-
treatment by grinding and machining 
is almost standard procedure in the 
case of MIM titanium. And last but not 
least, experience with heat treatment 
processing is to-date nearly totally 
missing.

Considering these issues, it is 
understandable that the use of MIM for 
the processing of titanium and titanium 
alloys is still not commonplace. 
Vervoort emphasised, however, that the 
direction of the MIM titanium market’s 
development can be evaluated quite 
optimistically. MIM technology is 
especially suitable for manufacturing 

components in the areas of mechanical 
engineering, medical applications, 
single aerospace applications and 
consumer products such as electronics 
and sporting goods. As can be seen in 
Fig. 1, current growth in Europe can 
be seen primarily in the medical and 
consumer sectors, where the MIM of 
titanium appears to be going in the 
right direction. In the field of medical 
applications such as orthodontics, the 
ability to produce porous components 
is a major advantage for MIM.

However, as Vervoort stated, even if 
customers and manufacturers become 
steadily more used to MIM titanium, 
and feedstock suppliers are more open 
for discussions, there are still some 
drawbacks. One is that the quality of 
feedstock should be higher. It was 
also commented that the time for pilot 
series production is too long, and that 
improved mechanical properties would 
be beneficial. 

Additionally, there is the competi-
tion with China and other lower cost 
industrial economies where titanium 
can be machined for extremely low 
prices. On a positive note, Vervoort 
stated in the subsequent discussions 
that Additive Manufacturing techniques 
such as selective laser or electron 
beam melting have a potentially 
positive effect for MIM: people will be 
convinced by other Powder Metallurgy 
based techniques and may transfer 
to MIM when larger quantities are 
required.

One key statement in Vervoort’s 
presentation concerned the differences 
between laboratory work and produc-
tion on an industrial scale. The good 
results yielded in research laboratories 
are hard to transfer reliably and 
reproducibly to high-volume parts 
manufactured for commercial applica-
tions. This statement was confirmed 
in some sense by considering the 
topics of the other presentation from 
research institutes at Euro PM2012. In 
contrast to past years, this time focus 
was more towards special possibilities 
for Ti-MIM and cost issues, rather than 
only on achieving the best and most 
reproducible mechanical properties. 
This mismatch between laboratory and 
commercial properties appears to be 
one of the major problems in commer-
cial applications of titanium MIM, even 
for alloys such as Ti-6Al-4V, the subject 
of the ASTM F 2885-11 standard.

‘The good results yielded in research 
laboratories are hard to transfer 
reliably and reproducibly to high-
volume parts manufactured for 

commercial applications‘

Fig. 2 Grain refinement of a Ti-6Al-4V alloy processed by MIM by addition of 0.5 wt% 
elemental boron powder. The endurance limit at 107 cycles is improved from 400 to 640 
MPa, reaching the typical range of wrought material (Courtesy Thomas Ebel)
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Current status of titanium 
MIM processing
A review of the current status of MIM 
of Ti-6Al-4V was given by the author 
of this report at the Special Interest 
Seminar. In the presentation it was 
shown that several research groups 
worldwide are able to reach excellent 
mechanical properties in sintered 
parts, despite their use of different 
binder systems and powders. 

There are therefore a number of 
ways to achieve sound properties, 
some of which are even comparable 
to wrought materials. However, sinter 
density, oxygen and carbon content and 
grain size play important roles when 
considering final properties, whilst 
their interaction and dependence on 
processing parameters still remain 
poorly understood. 

Oxygen in particular is an essential 
alloying element with positive effects 
as long as it is kept under a limit of 
about 0.33 wt%. However, this value is 

significantly larger than the 0.2 wt% 
required by the new ASTM standard 
for MIM. Scientific understanding is 
still missing here and discussions 
of properties and their dependence 
on parameters are often led in a too 
narrow a context. For example, in 
practice the impact of porosity can 
hardly be separated from grain size or 
interstitial effects. Because all these 
parameters influence the properties of 
the sintered part, they have to be kept 
constant, which is difficult to realise in 
a commercial production process. 

For special properties such as 
high fatigue resistance, a refinement 
of the microstructure is necessary. 
This can be done by the addition of 
refining elements such as boron 
(Fig. 2). The reaction of boron with 
titanium leads to the formation of TiB 
precipitates, which hinder the beta 
grain growth during sintering and 
serve as additional nucleation sites 
for alpha phase formation during 
cooling. By the reduction of the grain 

size the endurance limit of the sintered 
material was improved to 640 MPa, 
equal to the range of wrought material. 

The addition of elements, however, 
changes the alloy composition and 
the applicant might run into problems 
in terms of product approval. On the 
other hand, in the discussion after the 
presentation no reservations were 
made from the industrial participants 
regarding this issue. Thus, the 
development of MIM specific alloys 
might be a reasonable option for 
achieving optimal properties.

A further method to refine 
the microstructure might be the 
application of sintering under 
hydrogen, operating with a special 
profile in terms of temperature, 
pressure and time. Through this 
processing route an additional hydride 
phase is introduced and the alpha 
beta transus is shifted. The result of 
this treatment is a significant grain 
refinement, if applied appropriately. 
The technique is already applied 
today, but not yet successfully in 
connection with MIM. Alfred Sidambe 
from the University of Sheffield, 
United Kingdom, is working on this 
topic. Even if not presented orally, 
in his paper he described the basic 
technique and the first experiments. 
However, these first results showed 
that the process is challenging. A 
change in microstructure is visible, but 
the dehydrogenation appeared to be 
insufficient. 

Keeping in mind the sensitivity of 
the properties of sintered parts to 
processing conditions, it is under-
standable why commercial applications 
struggle with reproducibility. Even 

Study Powder Binder
Space 
holder

Size [µm]
Volume 
fraction

Carreno-
Morelli  
et al.

TiH2

PEG, 
LDPE, PW, 

SA
NaCl 300–500 50 %

LDPE, PW, 
SA

PMMA 600 50% and 60%

Bram  
et al.

Ti  
(gas atomised) HDPE, PW, 

SA

NaCl
355-500 65%

Ti (HDH) KCl

Kyogoku 
et al.

Ti  
(gas atomised)

POM based PMMA 20–185 30–80%

Table 1 Overview on the materials used in three studies dealing with the fabrication of 
porous parts by MIM

Fig. 3 Results of compression tests on samples prepared from TiH2 powders and space holders made from NaCl (left) and 
PMMA (right), respectively (Courtesy E. Carreño-Morelli)
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rather small details in processing have 
to be considered, as Marko Maetzig 
from Arburg GmbH + Co. KG, Germany, 
pointed out. In his presentation he 
highlighted the fact that titanium 
powders are usually coarser than 
stainless steel powders, leading to cold 
welding effects if powder is trapped 
between the barrel and bushing of the 
non-return valve. The only solution is 
to enlarge the gap between them.

Looking more closely at the topics 
at Euro PM2012 relating to the MIM of 
titanium, three main themes stood out: 
the fabrication of porous components, 
the use of cheaper powders and 
processing of titanium alloys with low 
Young’s modulus. Three presentations 
dealt with the production of porous 
components intended for biomedical 
applications. In order to yield porosity 
in an amount and scale allowing bone 
in-growth and vascularisation, space 
holder materials were used in all 
studies. Table 1 gives an overview on 
these studies and the materials used.

Space holder materials 
Efrain Carreño-Morelli from the 
University of Applied Sciences Western 
Switzerland, presented work, in which 
TiH2 was used as the metal powder, 
while space holders were made from 
NaCl and Polymethylmethacrylate 
(PMMA) respectively. In the first case 
a mixture of polyethylene-glycol 
(PEG, water soluble), low density 
polyethylene (LDPE), paraffin wax (PW) 
and stearic acid (SA) was used as the 
binder. Usage of PEG enabled the 
simultaneous dissolution of NaCl in 
water. No PEG was applied in the case 
of PMMA space holders, which were 
dissolved in acetone. Fig. 3 shows the 
good results from compression tests 
for all samples. High strength and 
strain is visible for all porosities. 

According to Carreño-Morelli, the 
application of PMMA provided better 
accuracy of structure and geometry, 
but strength is a little lower than in 
the case of NaCl. In the study even 
the ratio between open and closed 
porosity was determined, because only 
open porosity can be utilised for tissue 

in-growth. Independent of the space 
holder material used, the amount of 
closed porosity appears rather high 
(Fig. 4). Here there might be a potential 
for further improvement.

Martin Bram from Forschungs-
zentrum Jülich, Germany, worked 
on the same topic and stated that for 
sufficient percolation it is necessary to 
introduce at least 65% spacer mate-
rial, which results in 55 to 65% final 
porosity in the sintered part, depending 
on particle size and sintering condi-
tions. He also pointed out that the 
application of MIM tends to lead to a 
partial closure of the surface pores. 
However, the reason for this phenom-
enon is not yet fully understood. 

In his presentation Bram reviewed 
a study of the impact of production 
methods and type of space holder 
materials on the microstructure of 
the sintered components. For the 
production of the specimens he applied 
cold and warm pressing followed by 
debinding and subsequent sintering at 
1200°C for 3h. Two kinds of titanium 
powders were used, namely gas-
atomised and HDH (hydride-dehydride) 

Fig. 4 Open and closed porosities for two samples with 50% and 60% PMMA space holders, respectively. Two different sintering 
temperatures were applied (Courtesy E. Carreño-Morelli)

Fig. 5 Micrographs of sintered porous 
materials prepared with space holders 
from KCl (top left and right) and NaCl 
(lower left and right)
Top left: irregular powder, cold pressed; 
Top right: irregular powder, warm pressed; 
Lower left: irregular powder, cold pressed; 
Lower right: spherical powder, warm 
pressed (Courtesy Martin Bram)

Fig. 6 Results of tensile tests on porous titanium samples; a) without space holders,  
b) with 30% PMMA (Courtesy Hideki Kyogoku)
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powders. The binder consisted of high 
density polyethylene (HDPE), paraffin 
wax and stearic acid. 

As space holders Bram used NaCl 
and KCl, respectively. In both cases 
the size was in the range of 355 to 500 
μm. He observed that the walls of the 
sintered part remained more porous 
after sintering if using gas atomised 
powder (Fig. 5). On the other hand 
shrinkage was lower, while the powder 
flow ability of gas atomised powders is 
typically better. Shrinkage appears to 
be dependent on the pressing process. 
Warm pressed samples showed a 
significantly higher shrinkage than cold 
pressed ones. Furthermore, HDPE 
appears to hinder the dissolution of 
the space holders. Comparing the two 
materials, KCl exhibited faster dissolu-
tion and better stability of the green 
part. NaCl appeared to be too rigid and 
brittle for the pressing process.

Titanium MIM for dental 
implants
Hideki Kyogoku from Kinki University, 
Japan, presented a further paper 
on porous titanium, intended for the 
production of a dental implant. For 
the fabrication he used gas atomised 
titanium powder, while the spacer 
material was PMMA in different sizes 
and amounts (30 to 80%). The binder 
composition was based on poly-acetal 
(POM) and two different debinding 
patterns were applied. Kyogoku used 
tensile tests for the mechanical 
characterisation of the material, which 
was sintered at 1150°C for 2h in all 
variations. 

The results for pure titanium and 
the addition of 30% PMMA are shown in 
Fig. 6. As is typical for porous materials, 
under tensile load the strain is reduced 
strongly by the high porosity. However, 
the strength is sound and the Young’s 
modulus amounts to 25 GPa, matching 
that of cortical bone. Interestingly, 
Kyogoku did not succeed with the addi-
tion of 80% space holders, because the 
pores partially collapsed independently 
of the size of the PMMA particles used. 
Here might be the current limit for this 
method. Based on the results Kyogoku 
successfully fabricated a porous dental 
implant by MIM.

The production of a dental implant 
was also subject of a study presented 
by Katharina Horke from the University 
of Erlangen, Germany. In her case, the 
aim was not just the fabrication of a 

porous material. In addition the gap 
between root implant and abutment, 
which can lead to problems with 
bacteria settling, should be avoided. 
The novel implant is intended to consist 
of a titanium base and an abutment 
made from zirconia, joined by sintering. 

Horke compared the usage of a 
commercial Grade 2 feedstock and one 
fabricated in-house, consisting of TiH2 
powder, LDPE, paraffin wax and stearic 
acid. The porosity of the specimens 
made from TiH2 powder was very low 

(down to 0.7 %), but a high contamina-
tion in terms of 0.65 wt% oxygen was 
observed. 

In contrast, the use of the commer-
cial feedstock led to good chemical 
and mechanical properties, although 
the porosity was significantly higher, 
namely 5%. Fig. 7 shows the tips of 
MIM manufactured implants made 
from the two different feedstocks. 
Usage of the TiH2 powder leads to a 
smoother surface, as visible on the 
micrographs. 

Fig. 7 Tips of two dental implants made by MIM. For the left specimen commercial 
Grade 2 feedstock was used, for the right one an in-house fabricated feedstock based 
on TiH2. A magnification of the surfaces is shown below. (Courtesy Katharina Horke. 
This project is supported by the German Federal Ministry of Education and Research 
(BMBF), project grant No. 01EX1015A)

Porosity 
[%]

Oxygen 
[wt%]

Carbon 
[wt%]

UTS 
[MPa]

Elongation 
[%]

Ti + Pd
4.3 <0.25 <0.11 585 20
7.7 <0.25 <0.11 520 20

ASTM Grade 2 
and 7

>345 >20

ASTM Grade 4 >600 >15

Ti-6Al-4V + Pd
3.5 <0.25 <0.13 890 16
6.7 <0.25 <0.13 825 8

ASTM F 2885-
11

>780 >10

ASTM Grade 5 >895 >10

Table 2 Results of mechanical tests performed on samples made from Ti and Ti-6Al-4V 
powders coated with palladium. Samples were prepared using varying thermal debind 
and sinter cycles to induce varying porosities (Courtesy Hugh Hamilton. The values are 
taken as estimated mean values from the originally presented diagrams)
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Lowering the cost of 
titanium MIM components 
The use of TiH2 is aimed at lowering 
powder costs. The advantage appears 
attractive: Carreño-Morelli mentioned 
a current price of €75/kg instead of 
€170/kg for gas atomised powder in 
a 100 kg batch. In his presentation he 
reported not only on porous materials, 
but also on success in using TiH2 
powders for the fabrication of dense 
components. Horke’s study showed 
the contamination problem, but on 
the other hand Carreño-Morelli was 
able to fabricate specimens with a 
final oxygen content of 0.3 wt% and a 
density of 97.1%. Tensile tests revealed 
a plastic elongation of 15%. Thus, the 

use of TiH2 appears to be challenging, 
but possible. Additional advantages, 
such as smaller powder size and lower 
reactivity, promote the use of hydride 
powder furthermore.

A second interesting possibility for 
decreasing costs and enhancing prop-
erties was presented by Hugh Hamilton 
from Johnson Matthey Technology 
Centre, United Kingdom, describing 
results from a collaborative programme 
with the universities of Sheffield and 
Birmingham, Egide UK and Mintek (S. 
Africa). As a means of introducing a 
novel debinding process to decrease the 
contamination by oxygen and carbon, 
the surfaces of the titanium powder 
particles were coated with low levels of 
palladium prior to feedstock production. 

The palladium acts as a catalyst 
to promote low temperature oxida-
tion of organic binder constituents, 
represented generally by the reaction 
CxHyOz -> CO2 + H2O, which acts 
as a parallel debinding pathway to 
the depolymerisation processes, so 
improving the control of the oxygen 
and carbon levels. Instead of utilising 
a solvent, a thermal-debinding step 
under flowing air is used at tempera-
tures below which excessive oxidation 
of the titanium occurs. 

During sintering the palladium 
diffuses into the titanium. For CPTi 
powder, for example, the compositions 
of the sintered items are equivalent 
to ASTM Grade 7 titanium. There 
was some evidence that addition of 
palladium improves the mechanical 
properties due to the effect of solid 
solution hardening, whilst the 
corrosion properties of the MIMed 
components were equivalent to those 
of wrought alloys. In Fig. 8 the effect of 
palladium addition to pure titanium and 
Ti-6Al-4V under debinding temperature 
variation is shown. 

It can clearly be seen that the 
reduction of carbon content is 
dramatic. Hamilton showed a similar 
effect on oxygen. Table 2 compares 
the tensile properties of titanium and 
Ti-6Al-4V, both having 0.2wt.%Pd 
incorporated, with the ASTM standard 
values and highlights the dependence 
on component porosity. In the case 
of CPTi + 0.2wt.%Pd the elongation 
requirement of 20% for Grade 7 is 
fulfilled, combined with a high strength 
nearly equivalent to Ti Grade 4. In 
the case of Ti-6Al-4V + 0.2wt.%Pd 
the material can even fulfil Grade 5 
requirements.

Biomedical applications
Biomedical applications were the focus 
of the majority of the titanium MIM 
related presentations given at Euro 
PM2012, reflecting the many years of 
development aimed at an improved 
titanium alloy for permanent implants 
that have been underway. 

Stress shielding is the keyword 
referring to the mismatch in stiffness 
between the bone and an implant. The 
significantly higher Young’s modulus of 
steel and even titanium can principally 
lead to a degeneration of bone tissue 
at the interface to the implant and 
thus to its loosening. The beta phase 
of titanium is less stiff then the alpha 
phase, therefore beta-titanium alloys 

Fig. 9 Porosity is dependent on sintering temperature and the addition of elemental 
titanium and aluminium powders, respectively, to a titanium-aluminide master alloy 
(TNB-V5) (Courtesy Juliano Soyama)

Fig. 8 Effect of maximum temperature in air debind cycle on the carbon content of 
sintered CPTi and Ti6Al4V: with and without palladium coating (TNB-V5) (Courtesy 
Hugh Hamilton)
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are under investigation and partly 
already in application. In addition, 
beta-titanium alloys can consist of 
exclusively biocompatible alloying 
elements such as Nb, Zr and Ta. 

At Euro PM2012 two presentations 
covered MIM of the alloy system 
Ti-Nb. In both cases the alloy was 
made by blending elemental spherical 
Ti and irregular shaped Nb powders 
and subsequent reactive sintering 
during MIM processing. Jacques-Eric 
Bidaux from the University of Applied 
Sciences Western Switzerland used 
a binder system consisting of LDPE, 
paraffin wax and stearic acid, while 
Dapeng Zhao from Helmholtz-Zentrum 
Geesthacht, Germany, exchanged 
LDPE against polyethylene-ethylenevi-
nylacetate-copolymer. 

Bidaux fabricated Ti-17Nb speci-
mens sintered at 1330°C for 4h under 
argon atmosphere. Zhao varied the Nb 
content from 0 to 22% and sintered 
all samples at 1500°C for 4h under 
vacuum. Table 3 summarises porosity 
and tensile properties of the samples 
from both studies. Although the 
porosity of the Ti-16Nb specimen was 
somewhat lower, and the interstitial 
contents are comparable, the Ti-17Nb 
sample showed better mechanical 

properties. The reason was not 
clear, however whilst both studies 
demonstrated success in the MIM 
processing of these kinds of alloys, 
two main problems became obvious. 
First is the principal difficulty of using 
elemental powders, and especially 
rather coarse Nb powder, which tends 
to diffuse rather slowly. Zhao’s study 
showed clearly the increasing porosity 
occurring if more niobium is added 
(Table 3). The second effect is the 
forming of titanium carbides, which 
is according to Zhao, probably due to 
a reduction of the carbon solubility of 
the titanium matrix by the addition of 
niobium. These carbides result from 
a reaction between the carbon from 
the binder and titanium, and appear 
to embrittle the material as can also 
be seen in Table 3. In both studies, the 

forming of the carbides were detected 
and discussed. They are not observed 
in pure titanium.

High temperature 
applications
The use of elemental powders was 
also topic of a further presentation 
on MIM of titanium materials, given 
by Juliano Soyama from Helmholtz-
Zentrum Geesthacht. In this case 

not biomedical, but technical high 
temperature applications were the 
focus of his work. For his study on 
MIM of gamma titanium-aluminides 
it was necessary to fabricate a series 
of different alloys, differing also in 
the content of aluminium. For this, 
Powder Metallurgy processing has 
the great advantage of being able 
to use a master alloy and modify it 
through the addition of elemental 
powders. However, Soyama reported 
on the principal difficulties and effects 
if aluminium or titanium elemental 
powders are added in order to diminish 
or enlarge the ratio between titanium 
and aluminium in the final alloy. 

In his study, a principal improve-
ment of the sintering behaviour in 
terms of final porosity was observed 
if titanium powder was added. In 

Study
Nb 

content 
[wt%]

Porosity 
[%]

Oxygen 
[wt%] 

Carbon 
[wt%]

YS 
[MPa]

UTS 
[MPa]

εf 
[%]

Young’s 
modulus 

[MPa]

Zhao 
et al.

0 1.6 0.18 0.05 443 540 17.2 112

Zhao  
et al.

10 3.6 0.20 0.06 533 626 10.5 85

Zhao  
et al.

16 5.2 0.26 0.06 577 673 3.9 80

Bidaux 
et al.

17 6.0 0.19 0.05 640 768 5.4 84

Zhao  
et al.

22 5.8 0.23 0.06 647 747 1.8 70

Table 3 Summary of microstructural and chemical parameters and results from tensile 
tests performed on samples of the alloy system Ti-xNb

contrast, the addition of aluminium 
powder hindered the shrinkage (Fig. 9). 
Soyama explained this behaviour by the 
forming of a temporary Al3Ti layer on 
the surface, which is rather stable and 
serves as an obstacle for diffusion. On 
the other hand by applying appropriate 
sintering parameters it was possible 
in all cases to yield low porosity and a 
homogeneous microstructure.

Titanium/steel 
2-component MIM
A further technical application of MIM 
was presented by Marco Mulser from 
Fraunhofer IFAM, Bremen, Germany. 
The fabrication of a component 
consisting of a titanium and a steel 
part by 2-component MIM was the topic 
of his study. Here, one basic problem 
was the existence of a eutectic point in 
the binary Ti-Fe system leading to the 
possibility of partial melting at 1085°C 
in the interface region. Thus, the 
essential restriction for the processing 
was a rather low sintering temperature 
being not allowed to exceed 1080°C. 
Mulser prepared samples from Ti and 
Ti-6Al-4V powders combined with 316L 
and 17-4PH feedstock respectively. 
All powders were fabricated by gas 
atomisation and the binder was based 
on a wax-polymer combination. 
Sintering was performed under argon 
atmosphere for 2 hrs. Fig. 10 shows 
the interface of two sample variants, 
namely Ti + 316L and Ti-6Al-4V + 316L. 
As expected, the first sintering result 
was not sufficient, especially in the 
case of the steel powder, due to the 
low sintering temperature. However, 
the connection zone itself looks quite 
sound and a clear diffusion zone is 

‘Powder Metallurgy processing has 
the great advantage of being able 
to use a master alloy and modify it 
through the addition of elemental 

powders‘
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visible. Thus, in principal a combination 
of the two metal classes is possible. 
Parameter and process optimisation 
could lead to significant improvements 
in the future.

Outlook
Even if MIM of titanium is today finding 
some commercial success, and much 
experience has been gained during 
the last six years, it is clear that it is a 
process that is still under development. 
However, on a positive note it appears 
that, for example, the high number 
of possible binder systems has been 

reduced to a few basic components. 
Thus, a consolidation of the processing 
systems for titanium MIM has taken 
place, making it easier to make the 
first steps to use MIM for new applica-
tions. The main focus of research 
today is clearly on biomedical applica-
tions, with materials with properties 
similar to bone under development. 
Today the MIM of standard alloys 
such as Ti-6Al-4V clearly works on a 
commercial scale and a significant 
improvement in applications, customer 
acceptance and knowledge can be 

observed compared to the situation in 
Ghent in 2006.

However, the following question 
should be considered: What about 
the more technical applications in the 
automobile sector and aerospace? 
They were noticeably absent from 
presentations at Euro PM2012 when 
reviewing the MIM of titanium. One 
reason might be the price, as often 
stated, but maybe it is also a ques-
tion of mechanical properties and 
reliability. Peter Vervoort pointed out 
the problems and we might perhaps 
see a breakdown in communications 
between industry and research. 

In the experience of the author of 
this report, industry tends to work 
on its own, perhaps afraid of losing 
confidential information. On the other 
hand, researchers have usually to be 
guided by topics which are covered by 
public funding programmes in order to 
finance their work. It would perhaps be 
helpful for them to get clear specifica-
tions from the industry, for example as 
to what the essential properties of MIM 
parts are. Perhaps new alloys, adapted 
to the specific processes and require-
ments of MIM, have to be developed 

‘Today the MIM of standard alloys 
such as Ti-6Al-4V clearly works on 

a commercial scale and a significant 
improvement in applications, 

customer acceptance and knowledge 
can be observed....‘

to promote the further application of 
the process. It is clear that to achieve 
this, closer co-operation and improved 
communication between industry and 
the research community is necessary.
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Email: thomas.ebel@hzg.de
www.hzg.de

Fig. 10 Interface region of two component specimens made by MIM. Left: Ti and 316L; right: Ti-6Al-4V and 316L. The titanium part is 
the lower one (Courtesy Marco Mulser)
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Philips Lighting: The evolution 
of PIM HID lighting components 
and the potential for transparent 
alumina products

The town of Uden is situated on 
the edge of the Eindhoven-Tilburg-
Hertogenbosch industrial triangle in 
the Netherlands. Philips Lighting’s 
factory is located away from the 
region’s main industrial areas, hiding 
its sensitive technology from public 
interest and from the interest of 
competitors. Industry in this area has 
only recently developed and most facto-
ries are small to medium enterprises. 
Philips founded the Uden plant in 1953 
with the specific aim of producing 
elements for lighting applications. 
Today the plant employs a highly skilled 
workforce of around 300 people. 

Powder Injection Moulding (PIM) 
technology was introduced some 
ten years ago and the first injection 
moulding machine was installed in 
2005. The company developed its 
binder system and compounding 
technology in-house. In the start-up 
phase, German injection moulding 
machine manufacturer Arburg GmbH 
+ Co KG provided Philips with compre-
hensive support in the development of 
PIM technology. 

Today Philips Lighting Uden 
produces lighting products that can 
be counted in millions per month. 
The majority of components are 

currently made by extrusion, however 
PIM processing is replacing these 
extruded components at a fast rate and 
in the coming years PIM production 
is expected to overtake extrusion as 
the primary production method. The 
drivers for this change are technical as 
well as economic and Philips claims 

to have a number of technical advan-
tages that lead to the lowest possible 
manufacturing costs compared to its 
competitors. 

The company strategy at Philips 
Lighting Uden is directed at strong 
business growth and the reduction 
of manufacturing costs. Philips is 

Philips Lighting in Uden, the Netherlands, is a major producer of ceramic 
components for high intensity lighting applications. It is a part of the lighting 
division of Koninklijke Philips Electronics N.V., commonly known as Philips, the 
Dutch multinational electronics company headquartered in Amsterdam, which 
employs 122,000 people worldwide. Philips Lighting’s Uden plant is today at the 
forefront of advanced PIM technology for lighting applications, however it has its 
sights set on the wider application of its technology. Dr Georg Schlieper reports 
on a recent visit for PIM International. 

Fig. 1 An example of HID lighting in a commercial environment (Courtesy Philips Lighting 
Uden)

CIM at Philips Lighting
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determined to strengthen and extend 
its leading position in the market for 
HID (High Intensity Discharge) light 
sources. “Safety, health and well-being 
of the workforce have a high ranking in 
our company strategy,” stated Pieter 
Schoone, Plant Manager of Philips 
Lighting. “We have a lean management 
structure in order to be able to realise 
technological innovation quickly and 
efficiently. Our target is to provide 
sustainable supplies and continuously 
improved customer service and we 
are striving to always be a competent, 
reliable and flexible partner for our 
customers.” 

One way of achieving these 
objectives was the introduction of PIM 
technology for producing polycrystal-
line alumina (PCA) products at high 
volumes with a maximum degree of 
process automation. 

Philips HID lamps
The lighting of factories, buildings, 
streets and public spaces, as well 
as the presentation of goods in retail 
shops, require special attention. It 
is not only important to use a high 

intensity of light, but different environ-
ments and different goods require a 
specific light colour. Fruit and vegeta-
bles, for example, need a different light 

colour than meat or clothing for them 
to be presented in the most attractive 
way. Likewise, in a showroom cars are 
presented in a different colour light 
than jewellery and cosmetics. Light 
attracts people and helps increase 
sales volumes. Philips Lighting 
specialises in high intensity light 
sources for these applications. Philips 
is the world’s leading manufacturer of 
the so-called HID lamps that are widely 
used in the retail business. The Uden 
plant produces the translucent ceramic 
parts which are the heart of the lamp. 
The lamps are assembled in Turnhout, 
Belgium, and two other plants in China 
and North America.

HID lamps are not only used in 
shops, streets and factories, but also in 
medicine for creating a feeling of well-
being and even healing certain types 
of illness. Light in public spaces can 
also create a comfortable atmosphere 
to enhance well-being and illuminate 

spectacular scenes. Besides providing 
the desired light, HID lamps are energy 
saving and the content of hazardous 
substances such as mercury can be 
reduced to a minimum. Importantly, 
their energy efficiency is over 100 
lumen/Watt, which easily outperforms 
LED lamps. The required light colour is 
attained by adding minute amounts of 
certain salts inside the bulb. 

A common question is why aren’t 
lamps with such outstanding proper-
ties more widely used in household 
applications? The reason is that 
many household lamps are frequently 
switched on and off and are required 
to give their expected light output 
instantaneously when switched on. 
These HID lamps, however, should 
not be switched on and off very often 
because this reduces their lifetime, and 
they need at least two minutes after 
switching on to acquire their operating 
conditions with maximum light output. 
Furthermore, they typically cannot 
be dimmed, something that many 
household applications require. 

Fig. 2 A typical Philips HID lamp (Courtesy Philips Lighting Uden)

Fig. 3 A comparison of translucent and transparent optical properties (Courtesy Philips 
Lighting Uden)

‘Besides providing the desired light, 
HID lamps are energy saving and 

the content of hazardous substances 
such as mercury can be reduced to a 

minimum.‘

CIM at Philips Lighting
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PIM’s flexibility enables 
an optimised product 
design
A member of the latest generation 
of Philips HID lamps is shown in Fig. 
2. It consists of a glass bulb which 
is held in a ceramic socket. The 
thin-walled, hollow, egg-shaped part 
with two thin tubes attached at the 
upper and lower end in the interior 
of the glass bulb is the burner, a 
high-tech component in which the 
light is generated. It is made from 
high density polycrystalline alumina 
(PCA) by Powder Injection Moulding. 
The two tubes contain the electrodes 
that lead the electrical energy to the 
inside of the part in a gas-tight fit. 
When the power is switched on, an 
electric arc forms inside the PCA 
part and generates the high intensity 
light. 

Optically, the appearance of the 
burner is opalescent, best described 
as a milky glass. This translucence is 
a result of the fact that the PCA part 
does not transmit the light directly 
like glass, which is transparent, but 
it does not absorb the light either. 
Some of the light is scattered at 
the grain boundaries of the PCA 
material, but 99% of the light is 
emitted from the surface of the part 
(Fig. 3).

The design of the PCA burner 
has changed dramatically with the 
introduction of PIM technology. 
Originally the burner was assembled 
from five individual pieces; one large 
tube formed the central part, two 
discs with a hole formed the end 
faces, and two thin tubes formed 
the power leads (Fig. 4, lower right). 
All parts were made by extrusion 
and connected by a special joining 
technique which is still applied 
today. In an intermediate step, the 
design was left unchanged and one 
bell-shaped part was assembled with 
a T-shaped part to form the closed 
burner. 

Since PIM technology allows 
much greater design freedom than 
the previous extrusion process, an 
entirely new design was developed, 
which is shown on the left of Fig. 4. 
Two identical halves are injection 
moulded and assembled with each 
another (Fig. 5). The newly designed 
burner has significantly improved 
the quality of light produced by these 
lamps.

The PIM development team 
at Philips
Philips Uden employs a medium sized 
HID ceramic development team with 
vast experience in the area of ceramic 
materials and related manufacturing 
technologies. These engineers are 
committed to further improving the 
material grades, optimising the PIM 
process and extending the degree of 
automation step by step. The technical 
development team is divided into three 
groups, each of which are dedicated 
to different fields of expertise; process 
development, product development and 
equipment engineering. 

The work of the process develop-
ment group is directed at all aspects 
of the manufacturing process such as 
compounding technology to produce 
a homogeneous feedstock that is free 
of contamination, injection moulding 
technology including special wear 
resistant coatings, debinding, assembly 
techniques and sintering. 

Close cooperation with the 
customer and the tool manufacturer is 
required for the product development 
team to deliver the best solution in 
terms of performance and cost. Its 
tasks include the definition of raw 
materials specifications, the selection 
and proper concentration of dopes, the 

Fig. 4 Design of PCA burners, former design (right) and PIM design (left) (Courtesy Philips 
Lighting Uden)

Fig. 5 Design of the injection moulded part (Courtesy Philips Lighting Uden)

CIM at Philips Lighting

mailto:nick%40inovar-communications.com?subject=


Powder Injection Moulding International     December 201242 © 2012 Inovar Communications Ltd   Vol. 6 No. 4

| contents page | news | events | advertisers’ index | email |

monitored by temperature sensors in 
each mould cavity. A modular Priamus 
control unit on each machine registers 
the temperature rise in each cavity 
separately and indicates the moment 
when the hot feedstock reaches the 
sensor. The hot nozzle temperature 
is adjusted on each gate separately 
and the feedstock viscosity, which is 
affected by the temperature, serves to 
make sure that all mould cavities are 
uniformly filled. 

As soon as the cavities have been 
sufficiently cooled down, the tooling is 
opened and the sprues are stripped off 
the parts with the opening movement 
of the mould and fall into a basket 
below the tooling. A robotic arm with 
a suitable gripping unit attached to it 
swivels in and takes the parts out of 
the cavities. It carries them to the first 
automatic inspection station where 
an optical camera checks them for 
complete mould fill and cracks. Then 
the parts are placed on trays which 
are specifically designed for each part 
geometry. 

A conveying system then takes the 
trays to the debinding process area 
where they remain for several hours. 
The debinding process is continuous, 
with a space-saving paternoster-like 
transportation system. Fresh water 
heated to approximately 50°C is 
continuously supplied and the waste 
water leaves the tank through an 
overflow. Since it is harmless to the 
environment, the waste water can be 
fed into the public waste water system 
without any further treatment. When 
the trays leave the debinding tank, they 
are dried in a drying oven.

In the next step the two halves 
are assembled. It is self-evident that 
this process, too, is fully automated. 
Since the assembly takes place 
inside a closed housing, many of the 
confidential details are left to the 
imagination. The assembly process is 
so precise that the seam is gas tight 
after sintering and hardly visible on 
the finished parts; the product is fully 
monolithic.

Fig. 6 View of the injection moulding plant (Courtesy Philips Lighting Uden)

Fig. 7 Microstructure of PCA at various sintering temperatures: left 1200°C, centre 
1600°C, right 1850°C (Courtesy Philips Lighting Uden)

‘The high level of automation allows 
the plant to be operated 24 hours a 

day, 7 days a week almost without any 
operating personnel‘

CIM at Philips Lighting

design details of new products with 
regards to corners, radii, draft angles, 
wall thickness, flow length of the 
feedstock and more. 

Equipment engineering deals with 
the architecture of the entire plant, 
process automation and the industri-
alisation of PIM technology. Automated 
production lines have been installed 
mainly on the basis of standard 
building blocks. 

PIM technology at Philips
During my visit to the production 
plant in Uden two key features stood 
out in particular, namely the special 
measures to avoid contamination of 
the raw materials and the exceptionally 
high degree of automation. PIM 
technology at Philips is world class 
in terms of control of the material 
composition and contamination of 
the raw materials is consequently 
prevented. This includes exemplary 
cleanliness in the entire plant, 
hermetically sealing doors, the use of 
kneaders with an alumina lining for 
feedstock preparation, along with many 

other details that are less obvious 
to see. The high level of automation 
allows the plant to be run 24 hours a 
day, 7 days a week almost without any 
operating personnel.

Injection moulding is done on 
Arburg machines (Fig. 6) and the 
tooling is purchased from experienced 

toolmakers that have a long-standing 
relationship with Philips Uden. Multiple 
cavities and hot runner moulds are 
standard. The number of cavities has 
been continuously increased from 
single cavities to over ten cavities 
per mould. Simultaneously, the sizes 
of runners and sprues are being 
continually reduced through the 
optimisation of the hot runner systems. 

The injection moulding process is 
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Sintering is done in two steps. 
Before going to the pre-sintering 
furnace, the parts are placed on 
ceramic trays. In the pre-sintering 
furnace, operating at a maximum 
temperature of 1400°C in air, the 
backbone binder is removed by thermal 
degradation and sufficient strength 
is attained for further handling. Then 
the parts are placed on molybdenum 
trays and transferred to the sintering 
furnace. Sintering conditions are 
1850°C in hydrogen. The high sintering 
temperature and hydrogen atmosphere 

are required to sinter the PCA material 
to a density higher than 3.98 g/cm³, 
practically full density. Only at this 
high density does the material acquire 
the desired translucent property. Fig. 
7 shows the material structure at 
different stages of the process.

The finished parts undergo another 
100% inspection with optical cameras 
and then they are packed on trays for 
shipment.

Density 3.98 g/cm³

Porosity <0.2 vol%

Vickers hardness 2370 HV

Mohs hardness 9.00

Abrasive hardness 1000

Tensile stength 300 MPa

Young’s modulus of elasticity 380 GPa

Flexural strength 400 MPa

Compressive yield strength (25°C) 3000 MPa 

Compressive yield strength (1000°C) 1900 MPa

Electrical resistivity >1014 Ohm.cm

Thermal expansion coefficient (25-1000°C) 5.5 – 8.3 μm/m.°C

Heat capacity 0.753 J/g.°C

Thermal conductivity (25°C) 35-40 W/m.K

Max. service temperature in air 1750°C

Optical property
white, light absorbing or 
translucent to almost fully 
transparent

The future of Philips 
Lighting
Today the majority of the products 
in Uden are made by extrusion, but 
as previously stated this is going to 
change rapidly. In the coming years 
the majority of products will be made 
by Powder Injection Moulding. This 
will therefore be the main business 
of the plant for several years, but it 
is anticipated that LED lamps will 
eventually replace HID because they 
allow a more flexible design of light 

sources, in particular a flat design, and 
LED lamps can be dimmed. Therefore 
Philips Lighting is already considering 
other products that can safeguard the 
future of the factory.

Whilst translucent alumina is the 
core business today, other types of 
ceramics are also within reach. The 
transparency of PCA will further be 
improved so that applications where 
transparency is required, such as 

Table 1 Properties of polycrystalline alumina (PCA)

scratch-proof watch glasses or lenses, 
are within reach. Examples of new 
products that are envisaged outside 
HID are:

• rapid prototyping components
• crucibles for thermal analysis
• scratch-proof watch glasses and 

lenses
• vials for certain medicines and 

chemicals.

The PCA material has the possibility 
to replace sapphire at less than one 
fifth of the actual cost. It is free from 
contamination, completely inert, 
scratch-proof and corrosion resistant. 
A selection of the material properties 
of high density polycrystalline alumina 
is given in Table 1. 

These properties are an attractive 
combination of extremely high hard-
ness, heat and corrosion resistance, 
high thermal conductivity and electrical 
insulation. 

In combination with the full 
potential of the design freedom of 
Powder Injection Moulding, new 
technical solutions can be developed in 
cooperation with Philips’ development 
team. High volume production and 
comprehensive process automation 
allows the company to manufacture 
products from this advanced material 
at competitive prices. 

The course is therefore set for 
Philips Lighting Uden to develop 
innovative new products that will 
benefit both industrial and consumer 
markets.

Contact
Philips Lighting
Ir Arno Brus
HID Ceramics Innovation Manager
Frontstraat 4
NL-5405 Uden
The Netherlands
Email: arno.brus@philips.com

Author
Dr Georg Schlieper
Gammatec Engineering GmbH
Mermbacher Str. 28
D-42477 Radevormwald
Germany
Email: info@gammatec.com

‘The transparency of PCA will further 
be improved so that applications where 

transparency is required, such as 
scratch-proof watch glasses or lenses, 

are within reach‘

CIM at Philips Lighting
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PM2012 World Congress: 
Special Interest Seminar reveals 
strong global growth for PIM, 
with Asia leading the way

The PM2012 Powder Metallurgy World Congress, 
jointly organised by the Japan Powder Metallurgy 
Association (JPMA) and the Japan Society of Powder 
& Powder Metallurgy (JSPPM) under the auspices 
of the Asian Powder Metallurgy Asian (APMA) was held in Yokohama, Japan, 
October 14-18. PIM International’s Nick Williams reports on a Special Interest 
Seminar that reviewed global trends in PIM markets and revealed the extent to 
which the industry is enjoying dramatic sales growth, with Asia leading the way. 

The PM2012 Special Interest Seminar 
“New Developments and Trends in 
Powder Injection Moulding” was a 
highlight for many of the PIM profes-
sionals who attended the PM2012 
World Congress. The seminar, which 
took place on the morning of October 
18, attracted more than 100 partici-
pants. Coordinated by Prof. Hideshi 
Miura (Kyushu University, Japan), Dr 
Animesh Bose (Materials Processing 
Inc., USA) and Dr Frank Petzoldt 
(Fraunhofer IFAM, Bremen, Germany), 
six reviews outlined the current status 
of PIM technology worldwide, with a 
special focus on Asia.

A Global Perspective
In the presentation Development and 
Trends in North American PIM, Dr 
Animesh Bose (presenting) and Prof 
Randall German (San Diego State 
University, USA), commenced with a 
brief overview of the global status of 
PIM technology. 

The authors reported that current 
global sales of PIM products were 
now in the range of US$1.5 billion. It 
was estimated that there are currently 
more than 450 PIM operations globally, 

with approximately 70% of companies 
focussed on metals and alloys, 20% 
focussed on CIM, 5% focussed on 
cemented carbides, and 5% of compa-
nies supplying a mix of the above. 

When considering PIM materials, 
the authors estimated that around 72% 
of feedstock used worldwide is self-
mixed. Pre-mixed feedstock sales were 

reported to be split over ten suppliers 
with sales exceeding US$50 million per 
year. The debinding technology used 
to process feedstock was estimated 
to be 50% thermal, 25% solvent, 15% 
catalytic and the balance by a variety of 
novel processing routes. The authors 
also gave an estimate of the industry’s 
global production capacity, stating 

Fig. 1 The Special Interest Seminar “New Developments and Trends in Powder Injection 
Moulding” at PM2012 Yokohama (Photo courtesy JPMA /JSPPM)
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Fig. 3 The growth of the global PIM industry. Global PIM sales 
are estimated as US$ 1.5 billion in 2012. PIM sales (metals, 
ceramics, hardmetals and composites) are shown in black, with 
MIM sales shown in red ([1]

Fig. 2 The PIM Special Interest Seminar was coordinated 
and Chaired by (from left to right) Dr Animish Bose, Dr Frank 
Petzoldt and Prof. Hideshi Miura (Photo courtesy JPMA/JSPPM)

that around 2000 injection moulding 
machines worldwide were currently 
dedicated to the processing of PIM 
materials, with an estimated 1000 
batch and continuous furnaces used for 
the sintering of PIM parts. 

The authors also estimated the 
size of a typical PIM facility as being 
1400m2, consisting of a manufacturing 
cell that contained one mixer, four 
moulding machines and two sintering 
furnaces, and generating sales in the 
region of US$6 million per year. It was 
suggested that around 13,000 people 
worldwide are today employed in the 
PIM industry.

Figures were also given for the 
typical sizes of PIM parts, with the 
authors suggesting that based on the 
number of designs in production the 
average weight is 10 g, however when 
making this estimate based on the total 
number of parts produced, the median 
is 6 g.

PIM in North America
In their review of the current status 
of PIM in North America, the authors 
estimated that there are today 
around 100 companies generating an 
estimated 21% of global PIM sales. It 
was stated that North American PIM 
companies are generally smaller than 
their counterparts in Europe and Asia, 
and that around one third of North 
American operations are captive. 

The authors reported that three 
traditionally dominant markets for 
PIM in North America, firearms, 
medical devices and dental brackets, 
continue to grow at a strong pace 
with the growth of the consumer 
firearms market in particular helping 
to generate very strong sales for US 
producers. 

A number of emerging markets 
for the technology in the US were 
identified, including: 

• Aerospace applications, initially 
non-combustion applications such 
as pumps, injectors and linkages

• Medical and dental implants, 
initially dental implants with 
porous tissue fixation capabili-
ties, and potentially MIM heart 
pacemaker bodies and MIM parts 
for knees and hips 

• Ammunition, with huge opportu-
nities for frangible, practice and 
high kill bullets, higher density 
projectiles, and green bullets for 
military and consumer products

• Materials for energy generation, 
in particular solar and nuclear 
applications, including sintered 
hollow spheres containing 
hydrogen isotopes that are 
expected to be produced in very 
high volumes

• Automotive applications, including 
heat dissipation systems for hybrid 
vehicles

• Cutting tool applications, from 
twist drill tips to chip breaker 
designs on metal cutting tools 

• Wear parts and large tungsten 
carbide products such as helical 
twist blades.

The authors suggested that despite 
deep concerns about a shortage of 
skilled workers and the low volume 
of young engineers graduating from 
universities, the future for PIM in 
North America is very bright, with 
most companies enjoying “phenom-
enal growth.” New markets and 
applications continue to emerge 
and existing markets continue to 
increase both production volumes and 
applications.
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Fig. 4 North American MIM applications based on weight of parts (Data MPIF/MIMA) [1]
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Located in 
Taiwan

Located on 
Chinese 

mainland

Combined

Moulding Machines 406 341 747

Vacuum Furnaces 109 36 145

Continuous Furnaces 12 2 14

Employees (inc 
secondary operations) - - approx. 6500

Total moulds built - - 4930

Tonnage of machines 15-400

Tons of Powder 
consumed - - 1500

Table 1 Capacities of MIM companies headquartered in Taiwan, as of August 2012 [3] 
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Fig. 6 MIM powder usage in Taiwan [3]
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MIM in Europe
In his presentation, Current Status 
and Future Perspectives of MIM 
Technology in Europe, Dr Frank 
Petzoldt, Fraunhofer IFAM, Bremen, 
Germany, stated that the market for 
MIM parts in Europe was currently 
worth in the region of US$370 million, 
with around 60 MIM companies 
in operation. Whilst there are few 
newcomers into the industry in 
Europe, Dr Petzoldt commented that 
the companies that are active are 
enjoying steady growth. This growth is 
currently estimated to be in the region 
of 13% a year, however Dr Petzoldt 
suggested that in the near future it 
was expected that this would reduce 
to 10% annually.

The MIM market in Europe 
continues to be dominated by the 
automotive industry, which accounts 
for 43% of sales (Fig. 5). In terms 
of materials usage, stainless steel 
accounts for 50% of production, 
followed by low alloyed steel at 
25%, soft magnetic materials at 5%, 
titanium at 1% and all other materials 
accounting for 19% of production. 

Dr Petzoldt noted that as well 
as benefitting from steady growth 
in MIM parts production, Europe 
was particularly strong in terms of 
PIM technology supply, with leading 
global suppliers of PIM feedstocks, 
debinding and sintering furnaces, 
and injection moulding machines 
based on the continent. It was also 
stated that Europe has a strong PIM 
R&D sector, with ongoing activities 
underway in areas such as MicroPIM 
(μPIM), two-component PIM (2C-PIM), 
PIM process simulation, and quality 
control systems based on both neural 
networks and the analysis of furnace 
atmospheres via mass spectrometry 
to understand and control chemical 
reactions during sintering.

Fig. 5 Applications for MIM parts in Europe (Data BASF) [2]

Concluding, Dr Petzoldt stated 
that the outlook for MIM in Europe 
was positive and that existing MIM 
networks, such as the EPMA’s EuroMIM 
group and the MIM Expertenkreis, 
the German language expert group, 
facilitated networking activities, 
standardisation and technology 
promotion.

MIM in Taiwan
The first of the reviews of MIM in Asia 
was the Status and Development of 
MIM in Taiwan by Prof K S Hwang, 
National Taiwan University, Taiwan. 
Prof. Hwang’s presentation was 
based on a survey of Taiwanese MIM 
producers that was undertaken in 
the first half of August 2012. Of the 
32 MIM companies in commercial 
production, 19 companies responded 
with detailed data, including seven out 
of the eight largest companies. As a 
result, the audience was presented 
with accurate and recent data that put 
into perspective the staggering growth 
that Taiwan’s MIM industry is enjoying, 
as well as the major investments in 
manufacturing capacity. The data 
was based on the MIM production of 
companies headquartered in Taiwan, 

Moulding machines 182

Vacuum furnaces 13

Continuous furnaces 3

New moulds built 823

Table 2 Major equipment purchased by 
MIM companies headquartered in Taiwan, 
August 2011 - July 2012 [3]

including a small number of companies 
that have additional MIM facilities on 
the Chinese mainland.

As can be seen in Table 1, the 
capacity of Taiwan’s MIM industry has 
increased dramatically since a survey 
that was undertaken in 2007. At that 
time there were around 200 moulding 
machines in operation, a stark contrast 
to today’s 747 machines, 341 of which 
are located in mainland China. 

The Taiwanese MIM industry today 
consumes around 1,500 tons of powder 
a year. In terms of feedstock type, it 
was reported that three out of the 
four largest companies use BASF’s 
Catamold system in addition to self-
mixed feedstocks. It was also stated 
that the majority of smaller companies 
only use feedstock mixed in-house. 

The biggest driver for the growth 
of MIM in Taiwan is the electronics 
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sector, and in particular the mobile 
phone industry. Prof Hwang stated that 
mobile phones, tablet computers and 
laptop computers accounted for more 
than 85% of sales for the four largest 
companies.

The demand for MIM products 
for these applications has resulted 
in a huge investment in capacity by 
Taiwan’s MIM producers, with more 
than 182 moulding machines added 
between August 2011 and July 2012 
(Table 2). In terms of materials usage 
stainless steel dominates with 60% 
of the market, or around 800 tons of 
powder (Fig. 6).

Despite this ongoing success there 
are concerns for the future. Prof 
Hwang stated that there was a sense 
of nervousness that the industry was 
so reliant on the electronics sector, 
commenting, “To invest or not to 
invest, that is the question”. The threat 
from competing technologies is also 
present, as is the threat of increasing 
competition from other regions.

MIM in China
Prof Yimin Li, Central South University, 
China, presented the paper A Review 
of the MIM Industry in China - 
Opportunities and Challenges. Prof Li 
started his presentation by placing the 
growth of MIM in China in the context 
of the overall growth of the Chinese 
economy. As well as being the fastest 
growing economy with an annual GPD 

PM2012 Yokohama: Global trends in PIM
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processing 
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Fig. 7 MIM applications in China [4]

growth rate of around 10%, he stated 
that China has become the world’s 
largest consumer and manufacture 
for cars. He added that Guangdong 
province has become the largest OEM 
production centre for mobile phones, 
laptops and other consumer electronic 
items. All this activity, he stated, has 
resulted in ever more opportunities for 
MIM.

Prof Li explained that with such 
opportunities has come new and 
abundant capital that is being 
invested to take advantage of MIM’s 
potential, thus new MIM operations are 
mushrooming in China. He cautioned, 
however, that the foundation of a new 
MIM company is frequently offset by 
the bankruptcy of an older one. “In 
other words, risks often coexist with 
opportunities, which are the status quo 
of MIM industry in China,” he stated. It 
was estimated that there are currently 
around 70 MIM companies in China, 
of which up to five can be regarded 
as major operations (>50 injection 
moulding machines). Table 3 presents 
an overview of the types of MIM 
companies that exist in China, along 
with feedstock sources.

In recent years, Prof Li reported that 
the MIM industry in China has enjoyed 
an average annual growth rate of 15% 
and that total MIM sales had reached 
about 1.2 - 1.5 billion RMB (US$200-
230 million) by 2011. He stated that 
at present MIM in China primarily 
focuses on end-user applications such 

Table 3  An analysis of the types of MIM firms operating in China and feedstock types used [4]

as consumer electronics, hardware, 
automotive parts and medical devices 
(Fig. 7).

The consumer electronics sector 
offers the opportunity, and challenge, 
of very large orders. The new Apple 
iPhone connector was cited as a recent 
example and Prof Li indicated that 
the purchase of the new connector 
was running at up to five million per 
month, with other parts for the iPhone 
amounting to more than ten million per 
month. 

Prof Li commented that machining 
simply cannot achieve such production 
volumes, whilst MIM production using 
multi-cavity tooling can. “MIM is the 
only feasible way to ensure a short-
term supply of such large quantities,” 
he stated. Future growth markets were 
identified as the automotive industry 
and the medical device sector. Both, 
he stated, offer high volumes and 
stable orders but they also require 
longer certification times and high 
dimensional accuracy. 

Challenges come in the form of 
managing infrastructure investments, 
dealing with frequent design changes, 
and processing the parts after sintering 
to achieve the required tolerances 
and surface finish. A large number 
of finishing operations are needed 
for mobile phone parts, along with a 
great number of workers to check and 
guarantee the perfect appearance, 
commented Prof Li.

Prof Li explained that the growth 
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11% 

Ceramics 
11% 
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alloys 

8% 

Others including 
tungsten copper, 
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Fig. 8 MIM materials usage in Korea [5]
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Traditional Japanese musical performance at the PM2012 Opening Ceremony Mr Kazuyoshi Tsunoda, President of JPMA

The PM2012 World Congress exhibition Entertainment at the PM2012 World Congress farewell party

of MIM technology in China is 
accompanied by R&D activities that 
focus on Micro-MIM, 2C-MIM and 
process simulation. Concluding, Prof Li 
believes that Chinese MIM companies 
are recognising that they have to 
further improve their own management 
systems and technical abilities, 
however the industry is optimistic for 
the future and it is anticipated that the 
diversification of end-user markets 
means that MIM in China is about to 
move to a state of maturity.

MIM in Korea
Prof Seong Jin Park, Pohang University 
of Science and Technology (POSTECH), 
Korea, presented the paper New 
Developments and Trends in Korean 
Powder Injection Moulding. Prof 
Park stated that the Korean PIM 
industry achieved estimated sales 
of US$56 million in 2011, up from 
US$40 million in 2008. It was indicated 
that around ten companies were 
engaged in PIM production in Korea. 

The activities of a number of leading 
PIM companies were outlined including 
Bestner, CetaTech, Hansuh, Kinori and 
PIM Korea. Prof Park stated that MIM 

operations in Korea typically ranged 
from 10-70 employees, of which 40% 
were involved in manufacturing and 
20% in R&D. Korea’s PIM industry 
supplies a diverse range of applications 
and does not appear to be as reliant 
on the consumer electronics sector 
as some of its regional neighbours. 
Automotive applications, in particular 
high temperature turbocharger 
components, were identified as 
important.

Prof Park stated that R&D activities 
in Korea were also diverse, covering a 

range of materials and applications. 
These include robotic medical device 
applications, dental implants, micro-
featured dental scaler and endo tips, 
zirconia burs and drills, copper MIM 
components for air-conditioning 
applications, thermal management 
systems and a number of advanced 
materials and processes. 

Awareness of PIM technology in 
Korea was identified as a concern. Prof 
Park stated that although Korea had 
a number of multi-national industrial 
corporations such as Samsung, 

PM2012 World Congress, Yokohama

Fig. 9 Sales of MIM products in Japan (2012 and 2013 estimated, data JPMA)
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Hyundai and LG, their knowledge of 
PIM was limited. The situation is also 
affected, suggested Prof Park, by the 
lack of a systematic organisation for 
PIM. 

In order to address these issues, it 
was revealed that there is an ambition 
to establish a dedicated PIM research 
centre in Korea, which will operate 
on a not-for-profit basis and serve to 
bridge the gap between academia and 
industry. As such, work that would be 
carried out at the new centre would 
be a combination of fundamental 
and market-driven research. Prof 
Park stated that such a centre would 
seek both regional and international 
cooperation. 

MIM in Japan
Dr Yoshiyuki Kato, from the Japanese 
PM consultancy Kato Professional 
Engineer Office, presented a review of 
The Status of Recent MIM Activity & 
Standardisation in Japan.

Dr Kato stated that since MIM was 
first introduced to Japan 30 years 
ago, the industry has grown to more 
than 30 active MIM companies, with 
the country’s technical experience 
having grown significantly. Dr Kato 
stated that several Japanese MIM 
companies have expanded production 
into Taiwan, the Philippines, Thailand 
and Malaysia in order to respond to 
international market demands and 
price competition. 

Unlike most other world regions, 
Japan’s MIM industry does not have a 
characteristic end-user market, such 
as medical devices and firearms in the 
USA and the automotive industry in 
Europe. Therefore, Dr Kato explained, 
the type of parts produced and the 

markets for the parts made in Japan 
are quite varied, which has had the 
effect of introducing many divergences. 
This, he suggested, has contributed to 
the advancement of MIM technology. 
MIM in Japan is, however, dominated 
by specialty high-end parts because of 
a limited consumer market base such 
as those that can be found in Europe, 
America and China for example. A 
breakdown of MIM markets in Japan 
can be seen in Fig. 10.

Dr Kato explained that Japan’s MIM 
industry was significantly affected by 
the earthquake and tsunami of March 
11 2011. Both Epson Atmix, a key MIM 
parts and powder producer, and Iwaki 
Diecast suffered damage and had to 
temporarily close their facilities. The 
shutdown of these two large companies 
lasted several months, and as a result, 
the sales of the whole Japanese MIM 
industry for 2011 decreased. Dr Kato 
stated that the outlook for 2012 and 
2013 was for steady growth.

In order to improve the acceptance 
and awareness of MIM technology, 
work on standards has been a focus 
of the MIM Committee of the Japan 
Powder Metallurgy Association (JPMA) 
since 2008. Dr Kato stated that this 
work continues today with the younger 
generation of the MIM industry and 
efforts are being made to achieve the 
standardisation of MIM Ti and Ti alloys. 
MIM companies in Japan, he stated, 
have had much success making MIM 
Ti and Ti alloy components with low 
carbon and oxygen levels, meeting 
ASTM standards (<0.20 oxygen and 
<0.08 carbon).

Concluding, Dr Kato stated that 
it is characteristic of the majority of 
Japanese MIM companies to exploit 
their unique backgrounds. This has 

resulted in advances in the technology 
and its applications to positively 
broaden and increase the market for 
MIM.
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Micro-nano powders open 
up new route to full density 
ferrous PIM components 
with fine microstructure 
Research supported by the Korea 
Council for Industrial Science on the 
development of new cost effective 
manufacturing technology for Micro 
Functional Precision Components 
by Powder Injection Moulding (PIM) 
using a mixture of iron-based nano 
and micron sized powders, has been 
yielding some interesting and impor-
tant results. The research is being done 
at the Department of Metallurgy and 
Materials Science at Hanyang Univer-
sity, Korea, with a research group led 
by Professor Jai-Sung Lee using Fe 
nanopowder agglomerates produced by 
hydrogen reduction of ball milled iron 
oxide and subsequent wet milling. Wet 
milling was done in alcohol in order 
to control the agglomerate sizes and 
size distribution of the Fe nanopowder, 
which was later admixed with fine 
micron size iron powder. 

The researchers found that almost 
full density compacts could be 
produced by debinding and activated 

PM2012 World Congress: 
PIM focuses on novel and 
new materials for advanced 
applications

The PM2012 Powder Metallurgy World Congress, 
jointly organised by the Japan Powder Metallurgy 
Association (JPMA) and Japan Society of Powder 
& Powder Metallurgy (JSPPM) under the auspices 
of the Asian Powder Metallurgy Association (APMA) was held in Yokohama, 
Japan, October 14-18. The Congress featured a number of technical 
sessions devoted to PIM, and Bernard Williams reviews some of the papers 
featuring novel and new materials and their potential applications.

sintering of an injection moulded nano-
micro powder mix even at low tempera-
tures. In a presentation by Woo-Kyung 
You and his colleagues at Hanyang 
University at PM2012 Yokohama they 
described the development of a ferrous 
PIM feedstock having high packing 
density and low viscosity. The high 
packing density is said to be achieved 
by rearrangement of nano iron powder 
(D50=100 nm) agglomerates into the 
interstices of the spherical carbonyl 
Fe powder (BASF 98.3%, D50=4 μm) 
during milling, allowing a maximum 
powder loading in the feedstock of 
about 71% with a nano powder content 

in the mix of 25%. The PIM feedstock 
was produced using a binder composed 
of paraffin wax and stearic acid in 
a twin screw mixer at 70°C using a 
relatively low torque even under high 
powder loading of about 70%. This was 
attributed to the ‘roller bearing effect’ 
of nano powders acting as a lubricant 
during mixing. The resulting feedstock 
showed homogeneous distribution of 
the nano powders among the micron 
powders. 

Due to the use of the low viscosity 
wax binder and nano powder combina-
tion, the feedstock could be injection 
moulded under both low temperature 

Fig. 1 (a) Double gear component produced using micro-nano powder mixture feedstock 
(b) SEM of corresponding microstructure of the double PIM gear [1]
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(70°C) and low pressure (4 MPa) condi-
tions to produce the complex double 
gear component shown in Fig. 1. The 
moulded part showed a sound surface, 
uniform shape, and no defects such as 
cracks or pores. 

Debinding of the injection moulded 
gears was done at up to 500°C for 5 hrs 
and it was found that the mixed binder 
of paraffin wax and stearic acid started 
to be removed by thermal decomposi-
tion at 250°C and stopped at 490°C. 
The debinding process was carried out 
using a multi-step programme based 
on thermogravimetrical analysis of the 
feedstock and melt wicking debinding 
using fine Al2O3 powder. Fig. 2 (a) shows 
the SEM of a debound PIM part with 
the microstructure of an Fe micron PM 
compact sample given for comparison 
in Fig. 2b. Both samples have nearly 
the same green density values: 65.2 

± 0.5% theoretical density for the PIM 
pieces and 64.9 ± 0.5% the theoretical 
density for the PM compact.

The authors found that the micro-
nano powder debound samples 
consist of a micro powder skeleton 

structure strongly interconnected by 
nano powder bridges that were already 
considerably sintered even during 
debinding, whilst the Fe micro powder 
sample shows locally sintered micro 
powders and large interconnected 
pores. The green strength of the PIM 
micro-nano powder sample (8.96 ± 
1.0 MPa) was, therefore, found to be 
much higher than that of the micro 
powder PM sample (1.29 ±0.5 MPa). 

The authors also found that the 
Fe nanopowder agglomerates played 
an important role in activating the 
sintering process by enhancing 
densification whilst at the same time 

suppressing grain growth in isothermal 
sintering up to 1250°C in H2 for 3 hrs. 
As is shown in Fig. 3 the PIM micro-
nano powder component initially 
underwent gradual densification and 
there was then a rapid increase in 
sintered density from 73% theoretical 
density to 90% theoretical density 
in the temperature range of 800 to 
900°C. The densification process 
finally reached near full density of 96% 
theoretical density after subsequent 
sintering at 1250°C. 

The nanopowder agglomerates 
existing at grain boundaries or 
interstitial spaces between micro 
powders was found to strongly pull 
the micro powders together resulting 
in increased particle contact during 
the initial stage of sintering below 
800°C. In the intermediate stage of 
sintering micro-nano powders were 
found to contribute to grain boundary 
diffusion to promote the sharp rise in 
densification seen in the temperature 
range of 800 to 900°C (Fig. 3). The 
authors stated that nano powders 
effectively pin the migrating grain 
boundaries to provide high diffusion 
paths for pore elimination, a factor not 
found in the micro powder PM sintered 
specimens. Above 900°C densification 
proceeds slowly in both the PIM and 
micro powder samples which is mainly 
attributed to grain growth accompanied 
by slight further densification.

The average grain size of micro-
nano PIM and micro powder PM 
samples was measured to be about 
10 μm and 80°μm respectively, after 
final sintering at 1250°C for 3 hrs. 
This indicated that the grain growth in 
PIM could be effectively controlled by 
the addition of the nanoagglomerate 
powders located in grain boundaries of 
the micro powder grains.

The authors concluded that the use 
of cost-effective micro-nano powder 
mixtures has helped to develop a new 
sintering process for producing micro 
PIM parts with unique microstructural 
features. Also, the addition of nanoag-
glomerated iron powders was found to 
improve the surface roughness of the 
PIM parts by the nano powder filling in 
cavities among the micro powders. 

A related paper entitled ‘Low 
temperature Powder Injection 
Moulding of iron micro-nano powder 
mixture’ by Woo-Kyung You et. al has 
been published in Powder Tech-
nology 228 (2012) 199-205.

Fig. 2 SEM micrographs of the debound PIM parts using (a) Fe micro-nano powder and  
(b) Fe micro powder [1]

Fig. 3 Variation of relative density with increasing temperature during sintering [1]

‘the use of cost-effective micro-nano 
powder mixtures has helped to 

develop a new sintering process for 
producing micro PIM parts with unique 

microstructural features‘
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Properties of MIM Ni- and 
Fe-based superalloys
There is an ongoing demand to 
raise the operating temperature 
of superalloys, especially for the 
aerospace and automotive sectors, 
along with developing cost effective 
production routes for complex near-net 
shape components. Burghardt Klöden 
and his colleagues at Fraunhofer IFAM 
in Dresden, Germany, in cooperation 
with leading German MIM producer 
Schunk Sintermetalltechnik GmbH, 
have teamed up to study the high 
temperature properties of two groups 
of promising superalloys produced 
by MIM. These include precipitation 
strengthened Ni-base alloys based 
on U720 and IN713C, which offer a 
combination of high temperature 
strength and corrosion resistance, 
and an oxide dispersion strengthened 
(ODS) high temperature alloy based 
on commercial water atomised FeCrAl 
powder with a target composition 
similar to PM2000, which is known 
for its outstanding creep resistance at 
elevated temperatures.

The Ni-based alloys (U720 and 
IN713C) contain significantly more Al, 
up to 6 wt%, than previously used MIM 
materials and were, therefore, able 
to form γ’ precipitates which lead to 
increased tensile and creep strength 
at high temperatures. Processing the 
FeCrAl powder mixed with 0.5 wt% Y2O3 
dispersoid presented other challenges 
for use in MIM, namely: 

(a) the dispersoids have to be 
inserted into the matrix powder by 
high-energy milling and the milled 
powder has to be suitable for 
processing by MIM

(b) achieving a high enough density 
in the ODS alloys by pressureless 
sintering to allow the sintered 
material to be HIPed. 

MIM samples of the three mate-
rials were produced by Schunk and 
were mechanically tested at room 
and elevated temperatures at IFAM. 
Udimet720 had been subjected to an 
additional heat treatment in order to 
adapt the morphology and the size 
of the precipitates, whilst Inconel 
713 was used in the ‘sintered+HIP’ 
condition without heat treatment. The 
samples were additionally analysed 
for impurities (carbon, oxygen, and 
nitrogen), SEM microstructures, and 
SEM-EDX for composition and element 
distribution. 

The researchers were aware that 
standard debinding procedures in MIM 
processing lead to very high levels of 
impurities, especially of carbon and 
oxygen, which have a detrimental 
effect on high temperature proper-
ties. However, they found that with 
the optimisation by FTIR, all process 
related impurities can be brought back 
to the level of the starting powder in 
the thermal debinding step. Decreased 
impurity levels led to a considerable 
increase in yield strength for the latest 
test series (IN731C) at temperatures 
exceeding 800°C as shown in Fig. 4. 
Increases in HT yield strength were 
also found for U720 where decreased 
levels of impurities as well as refined 
processing gave improvements in MIM 
properties to make them sufficiently 
competitive with alternative processing 
routes (Fig. 5). 

The optimisation of the debinding 
process by FTIR of the ODS-FeCrAl 
also helped reduce the impurities of 
this Fe-base superalloy. The ODS-
FeCrAl alloy powder was milled for 
25 hrs in batches of 0.7 to 0.8 kg to 
reduce the particle size suitable for 
MIM. Whilst the resulting powder 
particle shape (elliptical with rounded 
edges as shown in Fig. 6) is not ideal 

for MIM, by slightly increasing the 
binder contents MIM samples could be 
produced successfully. Impurity content 
of the ODS FECrAl alloy (FTIR) was C = 
0.089%, N = 0.047%, and O = 0.66%. 

The authors reported that as this 
particular alloy is still in its early 
development stages, only few proper-
ties have so far been measured. First 
the samples were debound by the FTIR 
method parameters and then sintered 
in high vacuum at 1330°C for 3 hrs. 
The sintered density achieved was 92% 
which is still below the threshold value 
of about 94% where further densifica-
tion by HIP is feasible. The next goal 
will be to reach this level of sintered 
density.

Fig. 4 High temperature yield strength for IN713 using different production routes [2]

Fig. 5 High temperature yield strength of U720 [2]

Fig. 6 ODS-FeCrAl powder morphology 
after milling [2]

mailto:nick%40inovar-communications.com?subject=


Powder Injection Moulding International     December 201254 © 2012 Inovar Communications Ltd   Vol. 6 No. 4

| contents page | news | events | advertisers’ index | email |PM2012 Yokohama: Materials and applications

Fatigue properties of MIM 
Rene95 superalloys
The presentation at PM2012, Yoko-
hama, by Shunsuke Morinaka and 
colleagues from the Kyushu University, 
Japan, expanded on the room and high 
temperature tensile strength proper-
ties of MIM Rene95 samples which had 
been presented at the PowderMet2012 
Conference held in Nashville earlier 
this year and reported on in PIM 

International (Vol.6, No.3, September 
2012, 60-61). The authors have stated 
that whilst the MIM of Rene95 was able 
to achieve complex shapes such as 
blades used in gas turbine engines, the 
tensile strength properties achieved at 
a sintered density of 99% theoretical 
density was still lower than convention-
ally HIP processed Rene95. The latest 
research results therefore focused on 
evaluating not only static properties 
of MIM components but also dynamic 

properties of as-sintered and heat 
treated specimens. Fracture surfaces 
of sintered Rene95 specimens were 
also analysed.

The Rene 95 alloyed powder used 
in the research had a mean particle 
size of 14 μm and was produced by 
Carpenter Powder Products using gas 
atomisation. The powder was mixed 
with binder made up of paraffin wax, 
carnuba wax, atactic polypropylene, 
and stearic acid. Powder loading 
in the feedstock was 65 vol%. After 
injection moulding, the paraffin wax 
was removed by solvent debinding in 
heptane, and the remaining binder was 
removed by thermal debinding in a 
nitrogen atmosphere at reduced pres-
sure at 600°C for 2 hr. Supersolidus 
liquid phase sintering (SLPS) was said 
to advance sintering rapidly in vacuum 
at 1200 to 1235°C for 3 to 6 hrs at a 
heating rate of 240°C/hr to reach 99% 
theoretical density. Heat treatment 
involved solution treatment in argon 
and ageing in vacuum.

The authors found that the grain 
size coarsened with higher sintering 
temperatures, with sintered specimens 
including coarse grains over 100 μm 
when sintered at 1235°C for 6 hrs 
(Fig. 7). It was also found that three 
types of γ’ phases were precipitated in 
the matrix γ phase. One was said to be 
along the prior particle boundary (PPB) 
the size of which was around 2 μm, and 
others were in the matrix. These had 
two sizes, around 0.5 μm and around 
50 nm of γ’ phases.

S-N curves of as-sintered and heat 
treated specimens are shown in Fig. 8. 
Maximum fatigue endurance limit 
was said to be affected by the coarse 
grains in the MIM Rene95 samples and 
properties were found to be inferior to 
HIPed Rene95 samples. However, the 
high temperature tensile strength of 
the heat treated Rene95 specimens 
showed values close to the HIPed 
materials. 

The authors also presented infor-
mation on crack initiation and fracture 
surfaces in the sintered Rene95. They 
found two types of cracks, straight 
and curved as shown in Fig. 9. These 
cracks were generated from the 
surface of the bottom part of (b) where 
a cleavage fracture could be observed. 
This cleavage is said to be caused by 
the coarse grains in the microstructure 
over 100 μm in diameter.

Fig. 7 EBSD images showing grain coarsening in the MIM Rene95 microstructures [3]

Fig. 8 S-N fatigue curves for as-sintered and heat treated MIM Rene95 specimens [3]

Fig. 9 Images of cracks and fracture surface of as-sintered MIM Rene95 [3]
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W-Cu/stainless steel 
bi-material parts by 
2C-MIM
W-Cu alloys produced by Powder 
Metallurgy (PM) are widely used in 
electrical contacts, welding electrodes 
and thermal management devices 
such as heat sinks because of their 
excellent mechanical properties, low 
thermal expansion and high electrical 
and thermal conductivity. W–Cu parts 
are usually produced by infiltration 
of a pressed and sintered porous 
tungsten preform with liquid copper or 
liquid-phase sintering of W–Cu powder 
compacts. The parts are machined to 
the final dimensions. 

It has already been shown that 
W-Cu alloys also can be successfully 
produced by MIM. Now researchers 
at the Fraunhofer Institute - IFAM 
in Bremen, Germany, have gone a 
step further to investigate whether 
it is possible to produce an interface 
between Metal Injection Moulded W 
and 316L stainless steel by joining 
during co-sintering of the two injection 
moulded materials and then infiltrating 
the porous sintered W part with Cu. 
Such a material combination would 
result in a functionally graded part 
bringing together the high electrical 
and thermal conductivity of W-Cu with 
a ductile and rather cheap stainless 
steel substrate for electrical and 
thermal management applications.

Marco Mulser and his colleagues 
at IFAM reported at PM2012 on the 
initial results of a feasibility study to 
combine W-Cu with a 316L stainless 
steel by co-sintering. The authors first 
produced separate MIM samples of W 
and 316L stainless steel to evaluate 
co-sintering of the two materials, and 
followed this with the second step of 
Cu infiltration after sinter-joining. The 
W powder used had a particle size of 
about 4 μm with a powder loading in 
the wax-polymer binder feedstock of 
42 vol%. For infiltration tests another 
tungsten powder (HC 400, supplier H.C. 
Starck) was utilised that consisted of 
coarser particles The same binder was 
used for the pre-alloyed spherical 316L 
powder produced by Sandvik Osprey 
which was supplied in two size fractions 
with d50 values of 5 μm and 27 μm. 
Powder loading of the 316L powder in 
the feedstock was 60 vol%. Injection 
moulding parameters were adapted 
to the viscosity of each feedstock 
which was injected at a temperature of 
100-110°C. 

After solvent debinding in hexane 
for 18 hrs at room temperature, the 
tungsten samples were placed on 
top of the stainless steel samples 
as shown in Fig. 10. This was then 
followed by thermal debinding at 600°C 
for 1 hr and pre-sintering the combined 
materials at a sintering temperature 
of 1100°C for 120 min to leave enough 
porosity in the W compact for infiltra-
tion with Cu.

Sinterdilatometry was used to 
analyse and compare the sintering 
shrinkage of the two feedstocks 
containing the 5 μm and 27 μm 316L 
stainless steel powders and the W 
powders. The authors found that the 
sintering starting temperature and the 
shrinkage rate for the 316L (27 μm) fits 
much better to the tungsten feedstock 
than the finer (5 μm) 316L powder. 
However, even the 27 μm 316L powder 
shows a mismatch compared to the 
tungsten feedstock, which resulted not 
only in deformation of the co-sintered 

MIM sample (Fig. 11), but also in final 
shrinkage leads to small separations 
between the joined materials. In addi-
tion, whilst in the next step there was 
Cu infiltration all through the porous 
W part of the co-sintered sample there 
was no further Cu infiltration into the 
316L part even though it has numerous 
pores. 

The authors reported that the 
mismatch in sintering shrinkage 

between W and 316L could be further 
adjusted by using other particle 
distributions of both materials. They 
also believed that because the porosity 
of the W limits the amount of copper 
that can be infiltrated, porosity of the 
tungsten could be adjusted by the 
powder particle size and the tempera-
ture for pre-sintering the W. The 
next step in this study will, therefore, 
be to produce comparable W / 316L 
parts by 2C-MIM and to optimise the 
subsequent Cu infiltration to define the 
desired tungsten to copper ratios.

Fig. 10 Sinter joining of tungsten/316L stainless steel samples (left: before sintering; 
right: after sintering) [4]

Fig. 11 (a) Image of the sinter joined W and 316L stainless steel (27 μm) showing shape 
distortion and (b) micrograph of the sinter joined interface [4]

‘Such a material combination would 
result in a functionally graded part 

bringing together the high electrical 
and thermal conductivity of W-Cu with a 
ductile and rather cheap stainless steel 

substrate for electrical and thermal 
management applications‘

a) b)
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New W-Cu composite 
powder used to produce 
complex MIM shapes
Yu Yang and his colleagues at Xiamen 
Honglu Tungsten & Molybdenum 
Industries Ltd and at the China 
National R&D Centre for Tungsten 
Technology, both located in Xiamen, 
presented a paper at PM2012 on the 
development and production of a new 
ultrafine W-Cu composite powder with 
Cu contents ranging from 10 to 25 wt%. 
The W-Cu powders are produced 
directly from tungsten and copper 
salts by a thermo-chemical process. 
The authors reported that the particle 
size of the powder is approximately in 
the range of 400 to 800 nm, but that 
the W-Cu nano particles are highly 
agglomerated with a homogeneous 

distribution of W and Cu in the 
agglomerates. The physical properties 
of the composite powder are shown in 
Table 1.

The ultrafine W-Cu powder was 
mixed with a wax-polymer binder to 

produce the MIM feedstock with a 
powder loading of 45 vol%. Small injec-
tion moulded discs (20 mm diameter 
and 4 mm thick) were produced which 
first underwent solvent debinding 

followed by thermal debinding and 
sintering in the temperature range 
1220 to1450°C depending on the Cu 
content. Sintered densities with the 
optimised sintering profile reached 
99% theoretical density for the W-10Cu 

and W-25Cu alloys and nearly 98% 
theoretical density for the other two 
W-Cu materials. Grain growth in the 
range of 1 to 3 μm was evident for W 
particles and depended on sintering 
temperature. Liquid phase sintering 
was said to ensure homogeneous 
distribution of the Cu.

The authors reported that the MIM 
W-10Cu alloy was investigated in 
greater detail, and properties of the 
MIM material were compared with the 
W-10Cu alloy produced by conventional 
Cu infiltration of sintered W. Both the 
MIM and the Cu infiltrated material 
had final densities of 99% theoretical 
density. From the SEM images obtained 
for the two materials it was found 
that the MIM material produced using 
ultrafine W-Cu powders had a more 
homogeneous microstructure, which 
is important for the thermal proper-
ties needed for example in heat sink 
applications (Fig. 12). 

The thermal conductivity and 
coefficient of thermal expansion (CTE) 
of the W-10Cu MIM part in this study 
is close to the reported ones, 209-220 
W/mK and 6.7 x 10-6/K (Table 2). Other 
properties shown in the table include 
hardness as well as Cu, C, and O 
contents. The authors stated that they 
are confident the new W-Cu composite 
powder is suitable for the production of 
complex MIM shapes used in thermal 
management applications.

Properties W-10Cu W-15Cu W-20Cu W-25Cu

Particle 
size

D10 (µm) 1.54 1.52 2.32 1.60

D50 (µm) 3.78 3.92 4.82 4.35

D90 (µm) 18.93 7.33 9.82 12.08

Specific surface area 
(mm2/g)

0.72 0.89 0.99 0.92

Apparent density (g/cm3) 1.75 1.64 1.37 1.22

Tap density (g/cm3) 3.48 2.91 2.50 2.21

FSSS (µm) 0.98 0.43 0.71 0.89

Theoretical density (g/cm3) 17.28 16.42 15.64 14.93

MIM Cu Infiltration

Density (g/cm3) 17.1 17.1

Thermal conductivity at 
25°C (W/mK)

215 180

CTE at 100°C (10-6/K) 6.7 7.0

Hardness (HRB) 108 103

Cu contents (wt.%) 9.25 9.19

C contents (wt.%) 0.0017 0.0008

O contents (wt.%) 0.0080 0.0009

Table 1 Physical properties of W-Cu ultrafine composite powders [5]

Fig. 12 SEM images of sintered W-10Cu parts produced by MIM (a, b), and Cu infiltration of W (c, d) [5]

Table 2 Comparison of material properties of W-10Cu produced by MIM and Cu infiltration [5]

‘the new W-Cu composite powder 
is suitable for the production of 

complex MIM shapes used in thermal 
management applications‘

PM2012 Yokohama: Materials and applications
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Process Porosity 
(%)

Open 
pore 

ratio (%)

Mean 
pore size 

(µm)

Pore size distribution
<1.0 µm

(%)
1.0-2.2 
µm (%)

>2.2 µm
(%)

DP 24.68 98.2 1.6 32 49.7 18.3
MIM 24.64 99.7 1.8 2.4 93.9 3.7

MIM used to fabricate 
tungsten-base electrodes
In a further tungsten-related MIM 
application, J. Song and colleagues 
(Xiamen Honglu Tungsten & Molyb-
denum Industries Ltd and the China 
National R&D Centre for Tungsten 
Technology, both located in Xiamen) 
reported at PM2012 on the use of 
Metal Injection Moulding to produce 
porous tungsten parts which function 
as skeletons for barium-impregnated 
dispenser cathodes used in electronics 
and lamps, and thoriated-tungsten/
tungsten combined electrodes. 
Thoriated-tungsten is often used as 
cathode material for high intensity 
discharge (HID) lamps because of the 
high working temperature (>2000°C) 
and low electronic emission function. 
The objective in this research was 
develop a material which would allow 
the thorium contents in the electrodes 
in HID lamps to be reduced because of 
the radiation effect of thorium.

The conventional route for producing 
the porous tungsten preforms for 
barium impregnated cathodes involves 
preparing the tungsten powder with 
an appropriate particle size distribu-
tion, cold isostatic pressing (CIP) 
the W powder to the desired shape 
followed by high temperature sintering. 
However, because the CIP process is 
restricted to relatively simple shapes it 
means that post-sintering machining 
must be carried out to obtain a more 
complex shape. MIM on the other hand 
is able to produce both complex near 
net shapes and controlled porosity. 

The authors used two types of 
in-house manufactured tungsten 
powder for the research, having 
particle sizes of 6 μm and 0.4 μm. Rod 
milling was used to treat the powder 
in order to increase flowability. The W 
powder was mixed with a wax-polymer 
binder system at a solids loading of 
56 vol% for the 6 μm powder size and 
49 vol% for the 0.4 μm powder. An 
injection moulding temperature of 160 
to 170°C was used and the moulding 
pressure was in the range 80 to 120 
MPa depending on the moulds used for 
the different components. 

For the thoriated-tungsten/tungsten 
combined electrodes, a thoriated-
tungsten rod produced by hot working 
(swaging) and grinding, was inserted 
into the mould cavity with the pure tung-
sten feedstock then injection moulded 
around the insert. The design of the 
combined thoriated-tungsten/tungsten 

electrodes is shown in Fig. 13a, and 
Fig. 13b shows the finished electrodes 
used in HID lamps. The over-moulded 
electrode was then processed first by 
solvent debinding (in heptane at 37°C for 
12 hrs) and then thermal debinding in 
hydrogen. The thoriated-tungsten/tung-
sten combined electrodes were sintered 
at 2100°C for 5 hrs in pure hydrogen to 
a density of around 95%. Good metal-
lurgical bonding was obtained at the 
interface of the insert and overmoulded 
tungsten during high temperature 
sintering. The authors state that the use 
of insert injection moulding has allowed 
a new type of electrode to be developed, 

which has the same function as the 
pure thoriated-tungsten electrode but 
where the thorium content has been 
substantially reduced.

The porous MIM tungsten skeletons 
for barium impregnated cathodes were 
sintered at 1800°C for 90 mins. High 
temperature sintered W skeleton has 
very high strength combined with good 
anti electron bombardment ability. 
Impregnation with barium salt provides 
superior electron emission properties. 
Applications for the barium impreg-
nated tungsten cathodes include 
flashlights, laser pumped lamps, and 
vacuum tubes. 

Fig. 13 Design of MIM thoriated-tungsten/tungsten combined electrodes for HID lamps [6]

Fig. 14 Metal injection moulded thoriated-tungsten/tungsten combined electrodes for HID 
lamps [6]

Fig. 15 Examples of W-Ba cathodes made by MIM at Xiamen Honglu Tungsten & 
Molybdenum Ltd. [6]

Table 3 Characteristics of the porosity of pressed/sintered and MIM preforms used for 
barium impregnation tungsten cathodes [6]

PM2012 Yokohama: Materials and applications
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PIM process used to 
evaluate W-Re alloy for 
rocket nozzle throat
In a paper presented at PM2012 by 
Dong Yong Park and colleages at 
POSTECH, Hanbat National University, 
CetaTech Inc., and the Agency for 
Defense Development in Korea, the 
authors compared the conventional 
route of direct die compaction and 
cold isostatic pressing (CIP) with 
Powder Injection Moulding (PIM) for the 
production of a high strength rocket 
nozzle throat using W-25Re powders. 
The addition of 25 wt% Re to tungsten 
is said to significantly improve tensile 
strength properties, plasticity, weld-
ability, etc., and the authors sought to 
develop an optimum route to produce 
the non-eroding rocket nozzle throats 
using this alloy. The W-25Re powders 
are produced by a reduction process 
developed by CetaTech Inc. The particle 
size of this powder was measured to 
be D10, D50 and D90 are 3.22 μm, 9.74 μm 
and 18.35 μm, respectively. W has been 
coated on the surface of Re particles 
because of the different reduction 

temperatures between W and Re. The 
W-25Re powder has a carbon content 
of 0.024 wt%.

The authors stated that two 
manufacturing routes were studied 
(Table 4). The first involves die pressing 
(DP) to produce compacts which were 
further cold isostatically pressed (CIP) 
to increase green density. The CIPed 
samples were pre-sintered in a H2 

atmosphere at 1550°C and final pres-
sureless sintering took place at 2400°C 
also in H2. The sintered samples were 
finally hot isostatically pressed (HIPed) 
to obtain full density. The Powder Injec-
tion Moulding route involved preparing 
a feedstock by mixing the W-25Re 
powder and wax-polymer based 
binder system with optimum solid 
loading. Debinding and sintering of the 
injection moulded parts was done with 
the help of modelling and simulation 
technology, followed by HIP to attain 
full density and to enhance mechanical 
properties. 

Despite the fact that the relative 
density of pressed and sintered 
samples was higher than the sintered 
PIM samples, the final HIPed density 

was higher for the PIM 
material (Table 5). 

After sintering and 
HIPping, the flexural 
strength of the samples 
was measured by a 
4-point bending test 
at room temperature 
with the results given in 
Fig. 16. All specimens 
were prepared by 
PIM, because it was 
difficult to produce a 
specimen through the 
conventional PM route. 

Sample 
number

Solid 
loading Shaping Solvent 

debinding
Thermal 

debinding
Pre-

sinteirng
Presure-

less 
sintering

HIP

#1 -
DP & 
CIP

- -
1550°C 

H2

2400°C
H2

2300°C
Ar

#2 50 PIM
n-Hexane

50°C, 
50 h

900°C,
1 h, H2

Sample number Shaping method
Relative density

After sintering After HIPing

#1 DP & CIP 95% 98%

#2 PIM 91% 99%

Table 4 Manufacturing routes for two different methods to consolidate W-25Re powder [7]

Table 5 Relative densities of PIM and P/M samples [7]

Fig. 16 Results of 4-point bending tests [7]

Bending strength of around 1450 MPa 
was reported which is almost the same 
as the reference value of ultimate 
tensile strength, 1448 MPa.
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Advances in the Metal 
Injection Moulding of 
Mg-Ca alloys for biomedical 
applications

Magnesium-Calcium alloys are attracting interest for use in biomedical 
applications thanks to the material’s biodegradability and its mechanical 
properties that closely match cortical bone. MIM processing additionally 
offers the ability to produce structures with both dense and porous 
areas. Martin Wolff and co-authors review the complete production 
cycle for MIM Mg-Ca alloys and present initial mechanical properties for 
sintered specimens. 

As well as the renaissance of magne-
sium as a lightweight construction 
material, increasing interest in the 
use of the material for orthopaedic 
applications has been recently 
observed. The critical advantage of Mg 
is its biodegradability. After a patient’s 
injuries have healed, additional surgery 
for the removal of an implant could be 
avoided. Thus, both inconvenience and 
risk for the patient, as well as costs, 
can be reduced significantly. Standard 
implant materials such as titanium or 
stainless steel still suffer from stress 
shielding problems, causing bone 
desorption and implant loosening. On 
the other hand, degradable polymers, 
such as polyglycolic acid (PGA) or 
polylactide acid (PLA), are less suitable 
for load bearing applications due to 
their inferior mechanical properties. 
In contrast, novel Mg-Ca alloys show 
material properties matching those of 
cortical bone and are able to degrade 
fully into non toxic elements essential 
for the human body. 

Metal Injection Moulding (MIM) 
enables the economic near net shape 
mass production of small and complex 
shaped parts such as biodegrad-
able implants. Moreover, the MIM 
processing route enables the estab-
lishment of both nearly dense as well 

as porous structures, helpful for tissue 
in-growth into the degrading implant 
(osseointegration).

The entire MIM processing chain 
of Mg based alloys, especially the 
sintering of MIM green parts, is 
however not yet reported in literature. 
The aim of this study is therefore 
to introduce magnesium into the 
complete MIM processing chain.

The successful sintering of MIM X1 
(Mg-0.9Ca) tensile test specimens, as 
well as some more complex implant 
prototypes with a linear shrinkage 
of 11.8% and moderate mechanical 
properties, is demonstrated.

Mg-Ca alloys for 
biomedical applications
Recent research has highlighted 
Mg-Ca alloys as excellent biodegrad-
able materials for future orthopaedic 
and traumatology applications [1, 
2]. The new material degrades 
completely, shows mechanical 
properties matching those of cortical 
bone and essentially consists of the 
non-toxic elements Mg and Ca, which 
are required in the human body. 
Moreover, the corrosion products 
generated during biodegradation 
stimulate the regeneration of bone 

Fig. 1 Schematic illustration of the entire time-temperature-pressure course
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tissue (osteoconductivity) [3]. In order 
to develop a Mg-based alloy with 
suitable corrosion resistance, stability 
and biocompatibility, tailoring of the 
base material with non-cytotoxic 
elements such as calcium has to be 
performed [4]. 

Biodegradable implants are often 
small and complex in shape. Metal 
injection moulding enables the 
economic generation of such parts, 
as well as enabling the generation 
of both nearly dense or porous 
structures that are beneficial for 
cell ingrowth into the degrading 
implant [4]. Furthermore, the porous 
structure could be infiltrated and 
therefore used as a drug delivery 
system.

The Powder Metallurgical (PM) 
processing of magnesium is highly 
influenced by its strong affinity to 
oxygen and the fact that the Mg-matrix 
shows negligible solubility for oxygen 
atoms. Hence, oxygen uptake from 
the surrounding atmosphere leads to 
the formation of a thermodynamically 
stable MgO-layer on the surface 
of the powder particles. This oxide 
layer drastically inhibits the diffusion 
processes which are essential for 
sintering and densification. In order 
to overcome this challenge, several 
approaches have been taken in recent 
years [5-7]. For example, by adding 
calcium in terms of Mg-Ca-master 
alloy powders (MAP), an improved 
sintering density has been achieved 
by the formation of a transient liquid 
phase.

This study completes the most 
promising PM-sintering results 
of Mg-0.9Ca into the entire MIM 
processing-route by the application of 
an appropriate binder system. Organic 
polymer binder, paraffin wax (PW) and 
stearic acid (SA) are mixed with the 
magnesium powder components to 
enable the shaping of the part via the 
injection moulding process.

Recent studies on rheology and 
optimum powder loadings of Mg-based 
feedstocks have been undertaken, 
giving a good overview of feedstock 
preparation [8]. Defect-free green 
parts are the key issue for optimal 
material properties of the finished 
sintered parts. Optimal powder loading 
and injection parameters are therefore 
essential for this processing route. 
However, references concerning the 
successful sintering of Mg based MIM 
green parts are to-date very difficult to 
find. Hence, this study is focussed on 
the completion of the MIM processing 
chain of Mg based alloys, particularly in 
terms of the sintering step. Due to the 
fact that the organic polymer binder 
system acts as an additional source 
for the uptake of oxygen and carbon, 
several investigations have recently 
been performed in order to find a 
suitable polymer binder [9].

Advances in the MIM of Mg-Ca alloys

Fig. 2 Mg X1 Micro tensile test specimen, 
produced by spark erosion

Fig. 3 Crucible configuration 

Fig. 4 (a) Microstructure and residual porosity Px of a Lupolen V2920K containing specimen after sintering. (b) Microstructure and 
residual porosity Px of binder free reference specimen after sintering. (c) Microstructure and residual porosity Px of a Polypropylene-
co-1-butene - copolymer containing specimen after sintering. (d) Microstructure and residual porosity Px of binder free reference 
specimen after sintering

Px=18.7%Px=27.5%

Px=13.6% Px=12.6%

(a)

(c) (d)

(b)
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Processing route
Pure Mg powder (d50=21μm, SFM-SA, 
Switzerland), was used as base mate-
rial, Mg-7Ca powder (d50=43μm, ZfW 
Clausthal, Germany) served as Master 
Alloy Powder (MAP). Both powders 
were gas atomised and thus spherical 
in shape. To avoid oxygen pick up, all 
powder and specimen handling took 
place under argon atmosphere in a 
glove box system (MBraun, Germany). 
In this glove box system, an Mg-0.9Ca 
powder blend (X1) was produced via 
mixing pure Mg base material powder 
with Ca-rich Mg-7Ca MAP. In order 
to avoid any mechanical alloying or 
agglomeration of the components, 
cyclohexane was added as a milling 
agent. 

After drying in vacuum, two paraffin 
wax components, stearic acid and 
a polymer component were added 
in different amounts to produce the 
feedstock in a planetary mixer (Thinky 
ARE-250, Japan). In order to adjust 
for good rheological behaviour and 
mouldability, the powder loading and 
polymer content was varied. Detailed 
compositions are shown later in this 
report. Injection moulding and param-
eter studies took place on a conven-
tional industrial Arburg Allrounder 
320S machine. On this machine, 
dog bone tensile test specimens as 
well as first implant prototypes were 
produced.

After moulding of the green parts, 
the organic binder was removed 
from the part via solvent and thermal 
debinding. The specimens were then 
densified by conventional sintering in 
a hot wall sintering furnace. Solvent 
debinding of the green parts took 
place in hexane at 45°C for 10 to 
30 hrs in a conventional debinding 
device (Lömi EBA50/2006, Germany). 
After solvent debinding and drying, 

the debound green parts were put into 
the sinter crucible. Thermal debinding 
and sintering were done in a hot wall 
furnace (Xerion XRetort, Germany). 
Thermal debinding took place under 
protective argon gas flow at 5 to 
20 mbar. Sintering was carried out at 
630°C for 64 h also under protective 
atmosphere at ambient pressure. 
Fig. 1 shows the complete time-
temperature-pressure diagram of the 
process.

 Tensile and compression tests 
of sintered MIM X1 specimens were 
carried out on a Schenck Trebel 
RM100. Compression tests were 

performed on the cylindrical areas of 
the tensile test specimens. As a refer-
ence, cylindrical binder free compres-
sion test specimens with a diameter 
of 8 mm and 18 mm were produced 
by double sided axial pressing in a 
manual mode press (Enerpac RC55, 
USA) using a surface pressure of 100 
MPa. The cylindrical 8 mm specimens 
were directly used for compression 
tests. Micro tensile test specimens 
were produced by spark erosion of the 
18 mm cylinders (Fig. 2).

Residual porosity was determined 
by the Archimedes method, by 
geometrical data calculation as well as 
by optical microscopy (Olympus PGM 
3) and an additional Photoshop soft-
ware application. The microstructure 
was investigated by light microscopy 
and SEM (Zeiss DSM 962, Germany). 

Feedstock: Powder loading and 
polymer binder content
After injection moulding, all binder 
components have to be removed from 
the part. The polymer specifically can 
only be removed by thermal debinding. 
In this process step, the polymer 
chain cracks into its radical monomer 
blocks. In order to avoid any chemical 
reaction between these monomers and 
the highly affine magnesium, the main 
idea in this study is to use a minimum 
amount of polymer to enable maximum 
sintering. On the other hand, optimal 
powder loading is essential for defect-
free green parts.

The optimal minimum powder 
loading was found to be 64 vol.%. At 
powder loadings above 65 vol.%, the 
mould filling ability decreased dramati-
cally. This result is in agreement with 
other studies [8]. The polymer content 
was adjusted between 15 wt% and 
35 wt%. Adequate minimum polymer 
content was set to 18 wt% polymer. 
Hence, 80 wt% of wax components 
and 2 wt% of stearic acid was used to 
complete the binder system. In order 
to avoid any oxygen reaction between 
the degrading polymer and Mg, a 
polypropylen-co-1-butene copolymer 
(PPco1PB) possessing an oxygen free 
molecule chain was used (Fig. 4c). 

A feedstock prepared with this 
polymer showed the best sintering 
results in comparison to other polymer 
components such as, for example, 
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‘Biodegradable implants are 
often small and complex in shape. 
Metal injection moulding enables 
the economic generation of such 

complicated shaped parts‘

Fig. 5 (a) Thermal debinding of standard component Lupolen V2920K (b) Thermal debinding of novel copolymer PPco1PB 

(a) (b)
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Polybutadiene, Polypropylene or 
Polyethylene [9] or the standard 
component for MIM of titanium at 
the Helmholtz-Zentrum Geesthacht, 
Lupolen V2920K – Ethylenevinylacetate. 
Figs. 4a-d clearly show the sintering 
result of a Lupolen V2920K containing 
specimen (Fig. 4a) in comparison to a 
PPco1PB containing specimen (Fig. 
4c). In addition, the question of if there 
is any negative influence of the binder 
containing specimen on neighboured 
specimens was answered by placing a 
binder free reference specimen next to 
the binder containing specimen (Fig. 3).

As a result, the following microstruc-
tures and porosities could be observed 
(Figs. 4a-d). The Lupolen containing 
specimen, as well as its reference 
specimen, shows an increased porosity 
and no significant sintering (Figs. 4a-b). 
In contrast, the PPco1PB containing 
specimen as well as its binder free 
reference specimen could be sintered 
successfully (Figs. 4c-d). The residual 
porosity of 12.6% to 13.6 % was typical 
for the short sintering time of 8 h in this 
experiment. 
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Thermal debinding
Thermal debinding of the pure 
components, step by step, in a hot wall 
sintering furnace identifies the general 
difficulties in this process (Fig. 5). Due 
to the high vapour pressure of Mg, 
the material cannot be sintered under 
high vacuum conditions which would, 
of course, be advantageous in view 
of residual free thermal debinding. 
Hence, sintering has to be performed 
under ambient pressure conditions 
(see diagram in Fig. 1). The standard 
component, commonly used for the 
MIM of titanium at the Helmholtz-
Zentrum Geesthacht, cannot be 
debound residual free under these 
given conditions (see white arrow 
in Fig. 5a). In comparison, the novel 
copolymer component is desorbable 
and residual free under increased 
debinding pressure (see white arrow in 
Fig. 5b).

  
Sintering
Despite the principal problem in terms 
of thermal debinding with regard to 
PPco1PB, successful sintering of 

tensile test specimens was performed. 
Fig. 6 compares tensile test specimens 
in the green condition (left) and the as 
sintered condition (right).

A linear shrinkage of 11.8% and 
a total residual porosity of 8.4% was 
observed. The Archimedes density 
was 1.68 g/cm3 in comparison to 
the theoretical density of 1.73 g/cm3 
and therefore, closed porosity was 
2.9% and open porosity 5.5%. Table 1 
shows the results of compression and 
tensile tests of the MIM X1 parts in 
comparison to their binder free PM X1 
counter parts.

As expected the tensile strength 
was, due to the porosity, much lower 
than the compressive strength. 
Porosity is, however, not the only factor 
responsible for the high discrepancy 
between tensile and compression 
strength. Moulding defects due to 
jetting are probably also responsible 
for these results. Nevertheless, the 
aim of this study was to complete the 
process chain from the feedstock 
preparation to the sintered part. Much 
further work has to be done of course.

In addition to the tensile test 
specimen, some more complex 
biomedical implant prototypes were 
also successfully produced (Fig. 7).

 This part of the study shows the 
general suitability of magnesium 
based powders for the MIM production 
of fragile and complex shaped parts. 
The SEM images in Fig. 7 show such 
implant prototypes with their smooth 
surface roughness. The thread’s 
cutting edge has a thickness of only 
100 μm.

Conclusion and outlook
In this study the complete MIM 
processing cycle for Mg based powder, 
from the feedstock and green part 
production up to the densified sintered 
part, has been successfully performed. 
Hence the general feasibility of the 
MIM of Mg alloys is demonstrated. 
Tensile test specimens and more 
complex biomedical implant prototypes 
were produced successfully, and 
moderate mechanical properties via 
compression and tensile tests were 
also observed. 

Generally, the binder must be 100% 
removable and must not react with the 
powder. Whether this requirement is 
fulfilled, more detailed investigations, 
for example by in situ mass spectrom-
etry, are needed. A detailed parameter 
study for defect free mould filling 

Tensile tests Compression tests

MIM PM MIM PM

Ultimate strength [MPa] 112 121 242 247

Yield strength [MPa] 64 47 117 81

Elongation /  
Compressibility [%]

4 8 15 18

Young´s modulus [GPa] 17.9 19 - 18.4

Table 1 Mechanical properties of sintered MIM X1 tensile and compression test 
specimens in comparison to their binder free PM-counterparts (all parts are shown in 
the condition as sintered)

Fig. 6 Standard MIM tensile test specimens according to ISO 2740: sintered Mg X1 
specimens (right hand side) show a significant shrinkage in comparison to their green 
parts (left hand side)

90mm
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and green part production is another 
important key area of the process 
chain to be investigated. 
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Fig. 7 Implant prototypes made from Mg X1 Feedstock in the condition: green, debound and sintered, with SEM-images showing 
the implant surface in the condition as sintered with its smooth surface roughness. The thread’s cutting edge has a thickness of 
only 100 μm
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Global PIM Patents 
 

The following abstracts of PIM-related patents have been derived 
from the European Patent Organisation databases of patents from 
throughout the world. 

US2010043304  (A1)
DIAMOND TOOL AND METHOD OF 
MANUFACTURING THE SAME 
Publication date: 2010-02-25 
Inventor(s): Lee Hyun Woo et al, 
Shinhan Diamond Ind Co Ltd, Korea
Disclosed in this patent is the design 
and manufacturing method of a 
diamond tool. The diamond tool includes 
a shank and a segment coupled to 
the shank which has a compact with 
a large number of grooves. Diamond 
particles are inserted into the grooves 
and bonded to the compact. A metal 
powder injection moulding method can 
be employed to prepare the compacts. 

More than one compact can be 
stacked to form the segment, so that 
the diamond particles can be arranged 
in various patterns in the segment, 
thereby achieving simplification of the 
process, which allows cost savings and 
process automation.

TW201008604  (A)  
METHOD OF MANUFACTURING 
CERAMIC NEEDLE AND PRODUCT 
THEREOF   
Publication date: 2010-03-01
Inventor(s): LI Ming-Lie, Anor Prec 
Ceramic Ind Co Ltd, Taiwan
This patent describes a method of 
manufacturing a ceramic needle. 
The process involves the  blending, 
compounding and granulating of 
ceramic raw materials to produce a 
fine powder which is then injection 
moulded to obtain a semi-finished 
needle product. Once debound the 
semi-finished needle product is sintered 
to form the needle. 

The process allows for the production 
of a ceramic needle with lower 
manufacturing costs, reducing follow-up 
processing procedures and waste 
processing costs.

WO2010149648  (A1) 
METHOD FOR THE CONTINUOUS 
THERMAL DEBINDING OF A 
THERMOPLASTIC MOULDING 
COMPOUND 
Publication date: 2010-12-29 
Inventor(s):  Ter Maat Johan Herman 
Hendrik et al, BASF SE, Germany
The invention relates to a method for 
the continuous thermal debinding 
of a metal and/or ceramic moulded 
body produced by injection moulding, 
extruding or pressing using a 
thermoplastic compound. The patent 
describes a binding agent comprising 
of at least one polyoxymethylene 
homopolymer or copolymer. 

The debinding process comprises 
of: (a) debinding the moulded body 
in a debinding oven at a temperature 
that is 5 to 20°C, preferably 10 to 15°C, 
below the temperature of a second 

temperature stage, over a period of 4 
to 12 hours in a first temperature stage 
in an oxygen-containing atmosphere, 
(b) debinding the moulded body at a 
temperature in the range of > 160 to 
200°C over a period of 4 to 12 hours 
in an oxygen-containing atmosphere 
in a second temperature stage, and 
(c) debinding the moulded body at a 
temperature in the range of 200 to 
600°C over a period of 2 to 8 hours in a 
third temperature stage in an oxygen-
containing, or in a neutral or reducing, 
atmosphere, wherein the moulded body 
is transported through the debinding 
oven during steps (a) and (b). 

 

WO2010010993  (A1)  
METHOD OF MANUFACTURING 
[TITANIUM] POWDER INJECTION 
MOULDED BODY 
Publication date: 2010-01-28 
Inventor(s): Park Young Suk, MTIG Co 
Ltd, Korea
This patent describes a method of 
manufacturing a powder injection 
moulded component using a titanium 
hydrogen compound (TiHx). The ratio 
of hydrogen (H) to titanium (Ti) in the 
compound is greater than 0.45 and less 
than 1.98. During the debinding process 
or the sintering process, the titanium 
hydrogen compound is decomposed 
into titanium and hydrogen. The 
hydrogen reacts with oxygen, carbon, 
and nitrogen, thereby significantly 
decreasing production rates of 
impurities in the sintered product. 

In addition, during the debinding 
process less hydrogen is released 
from the titanium hydrogen compound, 
therefore the risk of explosion due to the 
generated hydrogen can be significantly 
reduced. 
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Introduction
Powder Injection Moulding (PIM) is a production process that has 
increasingly gained both technical and economical importance in 
recent decades [1, 2]. The world market is currently estimated to 
be around US$1.5 billion [3] of which Metal Injection Moulding 
(MIM) takes the major share, with Ceramic Injection Moulding 
(CIM) making up about 20%. From the metallic products, about 
half are stainless steel components, but also parts from low alloy 
steels, refractory metals and titanium alloys are in large scale 
production, although the proportions vary considerably between 
the global regions [4, 5]. Aluminium based PIM products, in 
contrast, are not yet on the market, although PIM would also be 
attractive here. It is frequently assumed that Al PIM products 
would not be competitive against die cast or pressure cast Al parts, 
but here it should be considered that PIM should be feasible also 
for Al wrought-type alloys based on Al-Cu, Al-Mg and Al-Zn-Mg 
while cast products always consist of Al-Si materials, which are 
limited with regards to both mechanical properties and secondary 
operations such as joining.   

The most specific feature of Al powder metallurgy is the presence 
of thin but very stable oxide layers covering each powder particle. 
These oxide layers prevent sintering and have to be penetrated by 
special measures. Surface oxides are quite common in PM, being 
present on virtually all metal powders that have been exposed to air 
at some time. In almost all PM materials, however, removal of these 
oxides is attained by reduction in the early stages of the sintering 
processes, hydrogen and/or carbon being the usual reducing agents 
[6, 7]. This is, however, impossible with Al oxides, both due to 
their high thermodynamic stability and the low maximum sintering 
temperatures possible, reduction of Al2O3 with hydrogen at the 

melting point of Al (660°C) would necessitate a dew point of about 
-180°C, which is completely impossible in reality. 

The first successful approach for the sintering of Al powder 
compacts was performed in the 1960s by Storchheim [8] who 
showed that admixing of Cu particles to Al powder with subsequent 
compaction resulted in local formation of transient Al-Cu melt during 
heating, the oxide layers being locally damaged during pressing and 
metallic Al-Cu contacts being generated [9, 10]. The transient liquid 
phase breaks up the oxide layers into individual fragments which are 
finally embedded within the metallic sintering contacts. 

The presence of Mg was also shown to be helpful for sintering, 
Mg being one of the few metallic elements that can reduce Al oxides; 
here it is required that Mg be added with high chemical activity, for 
example as elemental Mg or AlMg50 masteralloy but not through 
prealloying [11]. Another activating effect is the hetero-super-
solidus liquid phase sintering, in which complex prealloy powders 
are mixed with pure Al and sintered at conditions that result in 
generation of a supersolidus liquid phase in the prealloy powder 
[12, 13]. In particular Al-Si-Mg-Cu alloys are being sintered in this 
way but also Al-Zn-Mg-Cu materials are processed following this 
innovative alloying route [14]. A characteristic feature of sintering 
Al base alloys is the sintering atmospheres: numerous studies have 
shown that only nitrogen yields really positive results while Ar and 
in particular H2 are detrimental [15, 16]. This has been attributed 
to the formation of Al nitrides that enhance the sintering effects, in 
particular in the presence of Mg [17, 18]. 

All these approaches have been realised with powder compacts, 
that is bodies in which pressing has resulted in shear movement of 
the powder particles relative to one another and thus in mechanical 
damage of the oxide layers, with direct contacts between Al and 

Carbon removal as a crucial 
parameter in the Powder Injection 
Moulding of aluminium alloys
Christian Gierl1*, Herbert Danninger1, Armineh Avakemian1, Julia Synek1, Jochen Sattler1, Branislav 
Zlatkov2**, Johan ter Maat3, Alexander Arzl4, Hans-Claus Neubing5
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Manufacturing of complex-shaped precision parts by powder injection moulding (PIM) is state of the art for 
many metallic and ceramic materials but not yet for aluminium alloys, which is commonly attributed to the oxide 
layers covering the powder particles. In the present work it is shown that not only oxygen but also nitrogen and in 
particular carbon, which in PIM materials is introduced in large quantities through the binder, play a major role in 
the sintering process. Removal of as much carbon residue as possible during thermal debinding of the backbone 
component is essential for successful sintering; this can be done most advantageously by debinding in an oxygen 
atmosphere without significant oxygen pickup. Sintering in high purity nitrogen then results in pronounced 
shrinkage and strong interparticle bonding. 
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the alloy metals being generated. In the case of Powder Injection 
Moulding, however, the state at the onset of sintering is rather 
that of a bulk powder since during injection moulding the binder 
separates the powder particles, thus ensuring flowability, and the 
particle-particle contacts in the debound specimens are pointlike.  
Therefore, in this case a sort of “gravity sintering” can be expected 
to take place, which means that there is no mechanical activation of 
the sintering process and no local penetration of the oxide layers. 
Sintering thus must be activated by other mechanisms that do not 
rely on support by mechanical effects such as shear damage to the 
oxide layers.

There have been several studies on the PIM of aluminium alloys. 
Schaffer [19] sintered injection moulded bodies in an atmosphere 
that contained Mg vapour, by adding Mg to the sintering boats. 
Kato [20] describes the MIM of pure Al through thermal debinding, 
Ar being preferred compared to air. Also Al matrix composites 
have been described as being proccesable through PIM [21].

In the present work, the PIM of Al alloys was studied. The starting 
hypothesis was that it is not so much oxygen from the surface layers 
but carbon from the binder that adversely affects the sintering. This 
relationship is well known from die compacted Al base PM parts, 
sintering of insufficiently debound (in this case usually termed 
“dewaxed”) Al-Cu-Mg-Si compacts [22, 23] resulted in poor 
interparticle bonding and inferior properties. Accordingly, for the 
PIM of Al materials the thermal debinding process, which removes 
the last binder component (the “backbone”), was regarded as the 
most crucial step and was studied in particular detail, since the 
maximum temperatures applicable for backbone removal are much 
more limited for Al alloys than for other PIM materials, including 
materials that contain Al such as Ti aluminides [24]. The main 
questions were:

• Is there a pronounced sintering effect without mechanical 
deformation of the particles and mechanical damage of the 
oxide layers? 

• What is the effect of carbon residues on sintering; is it similar 
to that observed with insufficiently dewaxed Al-Cu compacts?

• Does sintering of loose Al base powder in N2 result in 
pronounced nitrogen pickup, that is in partial or complete 
nitriding? 

For the studies, test series were defined to separate the effects of 
the various interstitials.

Experimental procedures
Different powder grades supplied by Ecka Granulate GmbH were 
used for the experiments, both pure Al powders (<32 µm and 
<45 µm), Mg powder, AlMg50 master alloys and Al-Si-Mg-Cu 
sintering mix (Alumix 231) as well as the prealloy component 
of this mix. The powders were studied by thermal analysis, i.e. 
thermogravimetry and DTA, in pure Ar and N2, respectively 
(each with 99.999% purity), using a simultaneous thermoanalyser 
Netzsch STA 449. Part of the powders were then gravity sintered 
(loose powders without any binder) in stainless steel moulds in 
the same atmospheres, again high purity Ar and N2, using a tube 
furnace with a gas-tight muffle of heat resistant steel. 

From the most promising powder mix, feedstocks with different 
powder loading were produced based on a modified Catamold 
binder (BASF SE). From these feedstocks, MIM tensile test bars 
(ISO 2740) were moulded using a Battenfeld HM 600-130 injection 
moulding machine. These bars were catalytically debound in 
flowing N2 using both evaporated nitric acid HNO3 and oxalic acid 
(COOH)2 as catalysts. The catalytically debound bars were then 
thermally debound in a tube furnace, different atmospheres being 
applied. Sintering was done in another very similar tube furnace in 
high purity N2 at varying temperatures.

The sintered specimens were characterised by measuring the 
density through water displacement, the hardness, using tester 
EMCO M4U-025, and in part the tensile strength, yield strength 
and elongation on a Zwick 1474 testing machine with optical 
strain measurement. Metallographic sections were prepared 
following standard techniques, and the fracture surfaces of the 
tensile specimens were investigated in a SEM FEI Quanta 200 
with EDAX energy-dispersive analysing system. The interstitial 
contents (C, O, N) of the specimens were analysed in different 
stages of the manufacturing process using combustion analysis for 
carbon (LECO CS-230) and inert gas fusion analysis for O and N 
(LECO TC-400). 

Thermoanalytical studies of the powder systems
In Fig. 1 SEM images of the starting Al powders used are shown 
and the oxygen contents are given. Evidently the powders have a 
fairly irregular shape, that is to say they are much less spherical 
than the usual MIM powder grades and also coarser. The bulk 

Fig. 1 SEM images of plain Al powder grades 
used for the experiments

Fig. 2 DTA and TG graphs of Al-5%Mg taken in Ar and N2, respectively. Heating/cooling rate 
20 K/min (blue graph: Ar; black: N2 )

(a) < 45 µm (0.4% oxygen)                

(b) < 32 µm (0.4% oxygen) 
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Gravity sintering of binder-free systems
To study the sintering activity of the different powder mixes, moulds 
for bar-shaped specimens were machined from stainless steel blocks 
(Fig. 4a). The powders were filled into the cavities and carefully 
tapped, and the surplus was removed (Fig. 4b). Then gravity sintering 
was performed in a tube furnace as described above, with high purity 
grades of Ar and N2 again being used as atmospheres. 

The successful systems were easily recognised by pronounced 
shrinkage during sintering (Fig. 4c). Generally, sintering in Ar was 
unsuccessful, resulting in hardly any shrinkage but in pronounced 
exudation of liquid phase. The N2 atmosphere was shown to be 
more suitable; the density and porosity values obtained are plotted 
in Fig. 5. Here it stands out clearly that Al-Mg systems with 3 - 5% 
Mg yield the best sintering activity, resulting in residual porosity 
of <3%. Other alloy systems also yielded acceptable sintered 
products; generally the Al-Cu based alloys were least successful. 

The bar shaped specimens were mechanically tested, with 
Vickers hardness and Charpy impact testing being performed. The 
results are shown in Fig. 6. Not surprisingly a good agreement 
between density and mechanical properties is attained; the Al-Mg 
materials with porosity levels <3% also exhibit hardness levels >60 
HV10 and in particular impact energy values of up to 19 J/cm2, 
which must be regarded to be highly satisfactory for sintered Al 
alloys, indicating proper interparticle bonding.  

Metallographic studies showed that the exudation of melt 
observed when sintering in Ar leaves the matrix more or less 
unalloyed (Fig. 7a), with resulting high porosity and very poor 

density was determined as about 34 - 38% and the tap density 
(tapped powders being regarded as fairly representative for 
debound MIM parts) as 46 - 50%. 

The DTA studies performed on Al-x%Mg showed a shifting of the 
melt onset to lower temperatures with increasing Mg content, and at 
about 500°C a first slight endothermic peak indicates the reaction of 
Mg with the matrix, i.e. a small amount of transient liquid phase and 
formation of spinel MgAl2O4 with the oxide layers (indicated by an 
arrow in Fig. 2). This small peak was also observed with other systems 
such as Alumix 231 (Al-Cu-Mg-Si, AA 2014) and 431 (Al-Zn-
Mg-Cu, AA 7075) and occurred both in N2 and in Ar, confirming that 
it is a reaction without atmospheric constituents taking place. 

Generally the difference between the DTA runs in Ar and in N2 was 
marginal, as shown in Fig. 2. The situation is, however, completely 
different for the thermobalance results. Here, a virtually stable signal 
with very small mass changes is measured for sintering in Ar, while 
in N2 a pronounced mass gain of up to 1% is recorded, which is more 
pronounced at Mg content up to 3%Mg  than at higher Mg levels 
(Fig. 3). This corroborates the findings of Kent et al. [18] that Mg 
is necessary for a reaction between Al and nitrogen to form nitrides. 
The onset of the mass gain is in the range of 500°C, indicating 
that activating by spinel formation is required to start the nitriding 
reaction. Most of the mass gain occurs during the remaining heating 
section; when assessing the absolute data for the mass changes it has, 
however, to be considered that these DTA runs have been performed 
up to 700°C, i.e. what has reacted here is mostly liquid, but the 
nitriding reaction definitely started in the solid state. 

Fig. 3 Thermobalance signals for Al-x%Mg in N2

Fig. 4 (a) Stainless steel mould, (b) Filled and 
tapped mould, (c) Gravity sintered specimen

(b)

(c)

(a)

Fig. 5 Sintered density, theoretical (pore-free) 
density and porosity for specimens from 
different Al base systems, filled, in part also 
tapped powders, gravity sintered in N2
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interparticle bonding. Sintering in N2, in contrast, yielded fairly 
dense materials (Fig. 7b), with only a few pores that are evenly 
distributed in the case of Al-Mg, while in the case of the Al-Si-
Mg-Cu type Alumix 231 less but coarser pores emerged; here also 
the typical Si phases are visible (Fig. 7c). 

Inert gas fusion analysis was done to measure the O and N 
contents. The results are shown in Fig. 8. Here it stands out clearly 
that sintering in Ar results in generally very high oxygen levels, up 
to 3 mass%; the N level is of course extremely low. When sintering 
in nitrogen atmosphere, the oxygen level is in part very low, even 
below the oxygen content of the starting powders (0.4%), and the N 
content may exceed 0.6%. The exceptions are the Al-Cu materials 

which contain much more O; this explains the poor results obtained 
with these materials. Generally it must be stated that in particular 
the Al-Mg materials seem to be promising for further studies. 

From the results obtained so far, the following could be 
concluded:

• From the DTA studies on Al-Mg it showed that the solidus 
temperature decreases with higher Mg content; for the DTA 
signals there is virtually no difference between the Ar and N2 
atmosphere.

• The TG signals, in contrast, reveal a pronounced difference 
between the atmospheres: in Ar there is hardly any mass 
change while in N2 a marked mass gain is observed in the 

Fig. 6 Hardness and impact energy of Al base specimens, gravity sintered in N2

Fig. 7 Sections of specimens gravity sintered in different atmospheres

Fig. 8 Nitrogen and oxygen content of Al base 
specimens, gravity sintered in different atmospheres

Fig. 9 Injection moulded green parts Al-3%Mg, 
Catamold binder

Fig. 10 Al-3%Mg bar catalytically debound with 
HNO3

Fig. 11 Al-3%Mg bar catalytically debound with 
oxalic acid

(a) Al-3%Mg sintered in 
Ar; bottom: exuded melt

(b) Al-3Mg, tapped powder, 
sintered in N2

(c) Alumix 231, sintered 
in N2

(a) Blistering of the surface

(b) Layered cracking of body
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heating section above 500°C that levels off in the isothermal 
period.

• Gravity sintering in N2 results in pronounced densification and 
attractive mechanical properties in the case of Al-x%Mg and 
Alumix 231; less for Al-Cu-Systems. 

• Gravity sintering in Ar does not result in densification; there is 
a strong tendency to exudation of the liquid phase.  

• Analysis of the interstitial content showed that sintering in 
N2 results in N levels that may be >0.6% but in low oxygen 
levels; after sintering in Ar hardly any N is detected but very 
high levels of oxygen, typically >1%. 

• From the high relative density obtained after sintering in N2 it 
can be concluded that sintering is activated here also without 
any mechanical effects that penetrate the oxide layers, such as 
pressing for example. 

Injection moulded parts: catalytic debinding
From the different compositions studied, Al-3%Mg was selected as 
the most promising variant. Feedstocks with 56 and 60% powder 
loading were prepared from both Al starting powder grades. As 
stated above, a suitably modified Catamold binder was used, and 
the feedstock was moulded to standard ISO tensile test bars. The 
injection moulded bodies were externally free of defects, with a 
smooth surface (Fig. 9).

Catalytic debinding was done in a reactor in flowing N2 using 
HNO3 as catalyst and following standard procedures well established 
for feedstocks based on polyacetals. However, it showed that nitric 
acid is not suitable for these materials; it resulted in blistering of the 
surface (Fig. 10a) and in a layered cracking of the bodies (Fig. 10b). 
Therefore, oxalic acid was tried as a catalyst, and this proved to be 
successful: as shown in Fig. 11, defect-free, shiny “brown” bars were 
obtained; the only problem was that these parts are fairly fragile and 
have to be handled with care to avoid fracture. 

Injection moulded parts: thermal debinding and 
sintering
Thermal debinding, that is the removal of the “backbone” binder 
component, was regarded as the key process of aluminium PIM, 
since it was assumed that carbon, and not so much oxygen, is the 
main obstacle for successful sintering and that it should be removed 
as completely as possible. Removal of the backbone binder can 
be done through thermal decomposition in an inert atmosphere; 
this however always involves the risk of cracking and formation 
of compounds with very low volatility that cannot be removed 
at the low temperatures feasible for the sintering of Al. H2 is also 
reported to be decarburising by formation of methane CH4; the 
contribution is however small in most cases unless catalytic metals 
are present as shown by thermoanalytical studies combined with 
mass spectrometry [25, 26].

Therefore, the use of reactive atmospheres was regarded as 
more promising here. For carbon removal, the use of oxygen or 
oxygen compounds as reactive agents is common. For the sintering 
of steels, water is known to be the most strongly decarburising 
agent, but for this effect, high temperatures are usually necessary; 
furthermore, humidity is known to be very detrimental for PM 
Al [22]. For wrought steels the most common process to remove 
excess carbon from pig iron is the LD process, being the blowing 
of oxygen on the surface of the melt. In the present study, different 
atmospheres were used for thermal debinding, N2, air + N2, N2-H2 
and also pure oxygen. The latter is strongly oxidising; in the case 
of Al however the passivating effect of the oxide layers is such 

Fig. 12 Thermobalance graphs (TG / DTG) of catalytically debound 
Al-3%Mg in oxygen. Heating rate 20 K/min

Fig. 13 Interstitial content of Al-3%Mg PIM specimens, catalytically 
debound and then thermally debound in different atmospheres. 
Sintered in N2

Fig. 14 Interstitial content and impact energy of sintered Al-3%Mg 
plotted against the respective sintered density 

(b)

(a)
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that below about 500°C there is no further oxidation of Al even in 
a highly oxidising environment [27]; the question was of course if 
there would be an adverse effect of oxygen on the admixed alloy 
elements. 

In Fig. 12, a thermobalance run up to 500°C on a catalytically 
debound specimen is shown in pure oxygen. It stands out clearly 
that there is a continuous mass loss with increasing temperature; 
however there are some temperature “windows” with particularly 
pronounced mass loss, the first one being observed at 180 - 200°C 
and the second one at about 350°C. The mass signal tends to level 
off at about 470°C, i.e. below the temperature at which the reaction 
between Mg and Al/Al2O3 starts (Fig. 2). This indicates that in an 
oxygen atmosphere, complete removal of the organic binder can in 
fact be attained at temperatures that are below the threshold both for 

progressive oxidation of Al (and thus thickening of the oxide layers 
which would make sintering more difficult) and for metallurgical 
reactions between the Al matrix and Mg. Here it must be considered 
that a constant and fairly high heating rate of 20 K/min was chosen 
in the present case; slower heating and in particular rate controlled 
debinding [28] can be expected to yield still better results.  

Specimens were debound in different atmospheres and then 
sintered in high purity N2; subsequently the interstitial contents were 
analysed. The results are shown in Fig. 13.  

When comparing the results it is evident that debinding in pure N2 
results in the lowest oxygen levels; however the contents of N and 
in particular of C are on the high side. Surprisingly also the N2-air 
mixture was not too effective in removing carbon while increasing 
the oxygen content. The N2-H2 mixes yielded moderate contents of 
all interstitials; once more carbon and also nitrogen were rather on 
the high side. As was expected, debinding in oxygen yielded the 
lowest levels for carbon, but also the contents of nitrogen and oxygen 
were very low, which confirms that up to the maximum temperatures 
applied here the oxide layers present are sufficiently stable to prevent 
further oxygen pickup even in an as strongly oxidising atmosphere as 
pure O2. Furthermore, it implies that the reactivity of the Mg present 
against oxygen is also acceptably low. In any case, debinding in O2 
resulted in by far the highest density level, confirming that it is the 
carbon content, and not so much the oxygen as might be assumed, 
that determines the sintering response of the debound compacts. 

In order to assess the effect of interstitials on sintering, the sintered 
density attained was plotted against the interstitial content. The 
respective graphs are shown in Fig. 14.  Here it stands out clearly 
that there is considerable scatter of the interstitial levels for the 
materials with low to moderate density but for the highest density 
the carbon, nitrogen and oxygen levels are all relatively low. It also 
stands out clearly that the O and N contents are not at the lowest 
levels detected (there are low density specimens with markedly 
lower O and in particular N levels), but for the carbon content about 
0.1% seem to be the maximum, i.e. this low carbon content is at 
least an essential, though not a sufficient, condition for pronounced 
densification. This once more corroborates that complete removal 
of all carbon originating from the backbone is a requirement for 
successful sintering. As visible from Fig. 14b, a density of at least 
2.5 g.cm-3 is necessary for obtaining acceptable impact energy values; 
this indicates that densification and interparticle bonding are closely 
linked. In case of proper debinding and sintering, however, impact 
properties are obtained that are very well comparable to sintered steel.

Metallographic studies of the oxygen debound and then sintered 
materials revealed quite regular microstructures, as shown in Fig. 15. 
Some larger, though well rounded, pores are visible which can be 
attributed to heterogeneities in the feedstock; these experimental 
feedstock grades prepared in the laboratory are of course not as 
regular and homogeneous as industrial products. This means that 
the properties of such Al-Mg MIM materials can be expected to be 
significantly better in large-scale industrial production. 

Mechanical testing of the oxygen debound and then sintered ISO 
tensile test bars resulted in tensile strength levels that are in the range 
of about 150 MPa (Table 1), which is not spectacular but not too far 
below that of uniaxially compacted and sintered Al 2014 alloys that 
are much more highly alloyed. In any case, the interparticle bonding is 
quite sufficient despite the lack of mechanical effects such as pressing.

Fig. 15 Microstructure of Al-3Mg from feedstock with 56 vol% powder 
loading. Thermal debinding in O2 at 400°C, sintered in N2. Sintered 
density: 2.50 g.cm-3. Etched HF, 40 s

Fig. 16 Demonstration MIM part, Al-3%Mg. Catamold feedstock

C  
content

Mass%

O 
content
Mass%

N 
content
Mass%

Sintered 
density
g.cm-3

Hardness 
(head)

HV5

Hardness  
(gage section)

HV5

Tensile 
strength

MPa

Elongation
At
%

0.079 0.270 0.245 2.56 55.3 64.3 145 2.4

Table 1 Chemical and mechanical properties of Al-3%Mg tensile test bars, catalytically debound with (COOH)2, thermally debound in O2 and 
sintered in N2

(a) Injection moulded (green) parts

(b) Green (injection moulded) and sintered part
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Demonstration parts
In order to assess if not only tensile bars but also larger, more 
complex parts can be manufactured, cups as shown in Fig. 16 were 
injection moulded using the modified Catamold feedstock Al-3%Mg. 
The specimens were then catalytically debound using oxalic acid, 
thermally debound in oxygen and sintered in high purity N2. 

Here it shown that the strength of the material at sintering 
temperature is marginal (which is well known from pressed Al 
parts) [22], and that correct positioning of the cups in the sintering 
furnace is critical to avoid distortion. If this were considered, 
however, low distortion was obtained. The gas permeability of the 
bodies was studied, and they showed to be impenetrable, indicating 
that completely closed porosity had been attained, which would 
enable further densification, for example by HIP. One advantage 
of Al-Mg alloys is that they can be brazed with Al-Si fillers due 
to their higher solidus temperature; this is a definite advantage 
compared to cast Al parts. This was tested here, and in fact proper 
joints were obtained. Machinability (drilling) tests were also done 
and confirmed that the materials can be machined without any 
problems, just like their wrought counterparts, which once more 
confirms the sound interparticle bonding.  

Conclusions

• Sintering studies with Al base powder mixes of the types 
Al-x%Mg, Ecka Alumix 231 and Alumix 431 showed that 
these can be gravity sintered to high relative density, both as 
loose and tapped powders.

• The proper selection of the sintering atmosphere is essential: 
high purity N2 is very effective while Ar not only prevents 
densification but also causes exudation of the liquid phase.

• Sintering in N2 results in N pickup while keeping the oxygen 
content at low levels; in Ar however the oxygen content is 
usually high, >1%, while the N content is negligible

• A modified Catamold binder proved to be well suited for 
injection moulding of Al powder mixes. Catalytic debinding 
is preferably done using oxalic acid as a catalyst, which yields 
much better surface quality than the commonly used HNO3.

• The key to successful sintering of Al PIM specimens is 
complete removal of the backbone binder component, which 
means removal of carbon, already at moderate temperatures. 
This can be successfully done in an oxygen atmosphere; O 
pickup by the specimens is negligible here. 

• Specimens that are catalytically debound using oxalic acid 
and then thermally debound in O2 can be sintered to a high 
density with closed porosity if high purity N2 is employed as 
the sintering atmosphere. 

• Well sintered specimens contain very little carbon (<0.1%) and 
moderate amounts of N and O (<0.5%), despite debinding in 
O2 and sintering in N2. There is a clear relationship between the 
carbon content and the sintered density attained. The fairly low 
N content can be attributed to fast densification during sintering.

• With Al-3%Mg, hardness levels of >60 HV5, tensile strength 
levels of up to 150 MPa and impact energy values of up to 20 J 
were attained after proper processing, despite inhomogeneities 
in the experimental feedstock used and resulting coarse 
porosity. 

• Cup-shaped prototype specimens could be sintered with very 
low distortion if properly processed; they could be brazed and 
machined and were gas-tight. 

It can conclusively be stated that manufacturing of Al base 
precision parts by PIM is not an easy task but seems to be feasible 
in practice. 
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Processing of a low modulus  
Ti-Nb biomaterial by Metal 
Injection Moulding (MIM)  
J.-E. Bidaux, C. Closuit, M. Rodriguez-Arbaizar, D. Zufferey, E. Carreño-Morelli

Design & Materials Unit, University of Applied Sciences Western Switzerland 
Rte du Rawyl 47, CH-1950 Sion, Switzerland

Ti alloys containing β stabilising elements such as Nb, Zr and Ta are particularly promising as implant materials 
because of their excellent combination of low modulus, high strength, corrosion resistance and biocompatibility. 
A low elastic modulus is important for implants to avoid stress shielding and associated bone resorption. The 
difficulty of producing complex shapes of these alloys by conventional methods makes Metal Injection Moulding 
attractive. In this work, Ti-17Nb alloy parts with densities of 94% of theoretical density have been produced by 
metal injection moulding of a feedstock based on blended elemental powders. Scanning electron microscopy 
reveals a typical α-β Widmanstätten microstructure with a precipitated α phase layer along the grain boundaries. 
The parts exhibit an ultimate tensile strength of 768 MPa and a plastic elongation of over 5%. The modulus of 
elasticity, about 84 GPa, is more than 20% lower than that of CP Ti and Ti-6Al-4V. 

Ti-6Al-4V is still the most commonly used titanium alloy for 
biomedical applications [1,2]. However, studies have pointed out that 
the toxicity of aluminium and vanadium ions can lead to long-term 
health problems [3,4]. Moreover, the elastic modulus of Ti-6Al-4V 
(~110 GPa), although generally considered as low, remains high 
compared to that of human bone (10-40 GPa). A large elastic 
modulus mismatch gives rise to the phenomenon of stress shielding 
that can cause bone resorption and loosening of the implant [5,6]. 
Therefore considerable research is currently on-going to develop 
titanium alloys better suited to biomedical applications. 

Ti-Nb based alloys have attracted interest as a possible 
replacement for Ti-6Al-4V [7,8]. Nb is recognised as non-toxic 
and non-allergenic. In addition, niobium is a β phase stabiliser. 
The β phase has a lower modulus of elasticity compared to the α 
phase. Therefore a decrease of the elastic modulus of titanium is 
expected with increasing niobium content [9]. Values of the elastic 
modulus as low as 74 GPa combined with tensile strengths as high 
as 760 MPa have been reported for α-β Ti-Nb alloys processed by 
conventional methods [10,11]. A particularly low elastic modulus 
of 55 GPa was measured for a Ti-40Nb alloy with a fully β structure, 
however at the cost of a lower tensile strength [11].

Metal Injection Moulding (MIM) is a cost-effective near-net 
shape process for titanium alloy components [12]. In a recent 
paper, a preliminary study by the present authors has shown the 
feasibility of processing Ti-Nb alloys by MIM [13]. MIM Ti-17Nb 
parts with a tensile strength of 749 MPa and an elastic modulus of 
about 83 GPa were successfully produced. However, the plastic 
elongation was limited to 2.5%. In the present paper, new results 
showing the fabrication of MIM Ti17Nb parts with improved 
strength and plastic elongation are reported. The microstructure of 
these parts is characterised by scanning electron microscopy and 
X-ray diffractometry. 

Fig. 1 Scanning electron microscopy and particle size distribution of 
titanium (a) and niobium (b) base powders 

(a) (b)
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Experimental
Gas atomised Ti (Dv10 = 8 µm, Dv50 = 21 µm, Dv90 = 43 µm, 
TLS Technik GmbH & Co) and angular Nb (Dv10 = 25 µm, Dv50 
= 41 µm, Dv90 = 67 µm, H.C. Starck GmbH) powders (Fig. 1) 
were used. The particle size distribution was determined by laser 
diffractometry using a Malvern Mastersizer 2000 apparatus. 
The powders were mixed with a polymer binder in a Coperion 
Werner & Pfleiderer double sigma mixer to form a feedstock. The 
binder consisted of 55 wt% paraffin wax, 35 wt% low density 
polyethylene and 10 wt% stearic acid. The binder volume fraction 
was 40 vol%. Tensile test specimens (ISO 2740) were injection 
moulded using an Arburg 221K machine. Binder removal was 
accomplished by solvent debinding in heptane at 50°C for 20 hrs. 
The parts were then thermally debinded at 500°C for 2 hrs and then 
sintered at 1300°C for 4 hrs under argon in a single thermal cycle 
in a Nabertherm VHT08-16MO MIM furnace. Fig. 2 shows the 
thermal debinding and sintering cycle. Tensile strength, elongation 
and elastic modulus were measured by tensile testing using a Zwick 
1475 machine equipped with extensometers with a gauge length of 
22 mm. Test parameters were set according to standard DIN EN 
ISO 6892-1 method B. The density of sintered parts was measured 
using the Archimedes method. The samples microstructure was 
studied using a LEO 1525 scanning electron microscope equipped 
with energy dispersive X-ray analysis (EDX). X ray diffraction 
patterns were recorded using an X’pert Pro PANalytical X-ray 
diffractometer (B.V., Almelo, The Netherlands) and a CuKα source 
(λ= 1.54060 Å). The interstitial contents in both base powders and 
sintered parts were measured by conventional melt extraction using 
a LECO TCH 600 apparatus for nitrogen and oxygen and a LECO 
CS 230 for carbon.

Results and discussion
As shown in Fig. 3, after 20 hours solvent debinding at 50°C, the 
soluble components of the binder, i.e paraffin wax and stearic acid, 
are fully extracted.

Fig. 4 shows both green and sintered parts. Good shape 
preservation is observed. The average shrinkage between the green 
and sintered parts is (14.5 ± 0.3)% for the length and (13.3 ± 1.5)% 
for the diameter. The density of the sintered part is (4.62 ± 0.02)  
g/cm3 i.e. approximately 94% of the theoretical density, 4.91 g/cm3. 
To estimate the theoretical density, a rule of mixtures based on the 
densities of pure titanium, 4.51 g/cm3 [14], and pure niobium, 8.57 
g/cm3 [15], was used. 

The interstitial contents in both base powders and sintered 
MIM parts are shown in Table 1. The values for titanium powder 
(MIM powder) are within the limits of Ti grade 1. The impurity 
content of the niobium powder is lower than that of the titanium 
powder, which is consistent with its coarser particle size. In spite 
of the impurity uptake during the whole MIM process, the impurity 
content of the MIM Ti-17Nb part remains close to that specified by 
the main ASTM standards for α-β titanium alloys [16].

A scanning electron microscope image of a polished cross-
section of a MIM part is shown in Fig. 5. The microstructure 
is typically of the Widmanstätten type. The equilibrium phase 
diagram (Fig. 6) indicates that the stable phase after sintering 
is the β phase. Upon subsequent cooling to room temperature, 
precipitation of the α phase occurs; giving rise to the observed 
two phase α-β lamellar structure. The dark grey lamellae in Fig. 5 
correspond to the α phase and the light grey matrix to the β phase 
[17]. The α phase precipitates preferentially along the former β 
phase grain boundaries (α layer). The grain size is between 100 
and 300 μm. A few pores are visible. Some isolated inclusions 

Fig. 2 Thermal debinding and sintering cycle

Fig. 3 Soluble binder components extraction as a function of time at 
50°C

Fig. 4 Injection moulded and sintered MIM Ti-17Nb test specimens

Fig. 5 SEM observation of a polished cross-section of a MIM Ti-17Nb 
test specimen (secondary electrons)
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(bright grey areas) are observed along the grain boundaries. A 
scanning electron microscopy image of an inclusion is shown in 
Fig. 7. Detailed EDX composition analyses of the inclusion and 
its surrounding matrix were performed (Table 2). Whereas the 
Nb content in the matrix (A1, A2, A3 areas) matches the alloy 
nominal composition, significant Ti and C enrichment, and Nb 
depletion (B1, B2, B3 areas) are observed within the inclusion. It 
can be concluded that the inclusions are titanium carbides. These 
carbides probably result from the reaction of titanium particles 
with residual binder during processing. 

X-ray diffraction measurements confirm the scanning electron 
microscopy observations. A typical X-ray diffraction pattern of 
a polished cross-section of a MIM specimen is shown in Fig. 8. 
All visible peaks can be indexed as α or β phase. Some additional 
peaks, too small to be visible on Fig. 8, might be associated with 
the above mentioned carbides. 

Fig. 9 shows typical stress-strain curves measured by tensile 
testing. The mechanical properties are summarised in Table 
3 and compared to literature values for hot rolled α-β Ti-17Nb 
and to the ASTM standards of two currently commonly used 
materials for medical implants, CP Ti grade 2 and Ti-6Al-4V. 
As can be seen in Table 3, MIM Ti-17Nb exhibits a lower elastic 
modulus than that of hot rolled Ti-17Nb for a comparable tensile 
strength. The lower elastic modulus of MIM Ti-17Nb can be 
explained by its residual porosity (~6%) although the difference 
in texture between the two materials may also play a role [19]. 
MIM Ti-17Nb meets by far the strength requirements of Ti grade 
2, with the important additional advantage of a more than 20% 
lower elastic modulus, this without sacrificing biocompatibility. 
Compared to Ti-6Al-4V, the elastic modulus is reduced by more 
than 25%. The strength requirements are, however, in this case, 
not satisfied. Nevertheless, MIM Ti-17Nb remains promising 
because of the advantage of the better biocompatibility. Moreover, 
the possibility for further improvement of the mechanical 
strength by increasing density exists. However, this would result 
in a simultaneous increase of the elastic modulus, which is not 
desirable. Other possibilities, to be studied, are the incorporation 
of additional alloying elements such as zirconium or tantalum, or 
the use of suitable thermal treatments.

Fig. 10 shows a typical fracture surface after tensile testing. The 
fracture surface shows the characteristics of a ductile fracture. 
The fracture is transgranular with a mixture of fine and coarse 
dimples. Voids are observed at the centre of some of the large 
dimples.  

Fig. 7 SEM observation of a titanium carbide inclusion in a 
MIM Ti-17Nb test specimen (secondary electrons)

Fig. 6 Low Nb section of the Ti-Nb phase diagram [18]

Material O (wt%) N (wt%) C (wt%)

Ti powder 0.16 0.010 0.009

Nb powder 0.072 0.004 0.002

MIM Ti-17Nb part 0.19 0.05 0.05

Location C (wt%) Ti (wt%) Nb (wt%)

A1 5.9 83.6 17.6

A2 10.0 78.9 19.0

A3 10.1 84.8 15.5

B1 32.8 86.3 10.3

B2 43.5 87.6 10.5

B3 35.4 85.5 11.9

Property
MIM  

Ti-17Nb
Hot rolled 
Ti-17Nb*

CP Ti  
grade 2**

Ti-6Al-4V 
ELI***

E (GPa) 84 ± 4 90 105 114

YS (MPa) 640 ± 25 680± 5 >275 >795

UTS 
(MPa) 768 ± 22 700± 5 >345 >860

El. (%) 5.4 ± 1.3 11 >20 >10
 
* Extrapolated from literature data for hot rolled, annealed and slow cooled  
α-β Ti-Nb alloys [11]
** ASTM F67 (unalloyed titanium for surgical implants)
*** ASTM  F136 (wrought material extra low interstitial for surgical implants)

Table 1 Interstitial contents in base powders and sintered parts

Table 2 EDX composition analysis

Table 3 Mechanical properties of MIM Ti-17Nb compared to those of 
reference materials
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Conclusions
Ti-17Nb alloys with a relative density of 94% have been produced 
by Metal Injection Moulding of a feedstock based on blended 
elemental powders. A typical lamellar α-β Widmanstätten 
microstructure with intergranular α phase is observed by scanning 
electron microscopy. Some isolated titanium carbides are observed 
along the former β grain boundaries. The presence of the α and β 
phases is confirmed by X ray diffraction. The grain size is between 
100 and 300 µm. The parts exhibit an ultimate tensile strength of 
768 MPa and a plastic elongation of more than 5%. The tensile 
fracture surface shows the characteristics of a ductile fracture with 
a mixture of fine and coarse dimples. The elastic modulus, about 84 
GPa, is significantly lower than that of both CP Ti and Ti-6Al-4V. 
Further improvements of the mechanical properties are expected 
through the incorporation of additional alloying elements and by 
the use of suitable thermal treatments.
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In the present work the production of a Hadfield steel by MIM was studied. The main elements in the powder 
are: 13.4% Mn, 1.3% C, 1.0% Si and Fe to balance. A feedstock with a proprietary binder was used ( 35 % 
vol.) and samples were produced by injecting the molten feedstock at a temperature of 190°C into the die 
thermostabilised at 50°C using a pressure of 1100 bar. A first debinding step took place in water for 10h in 
order to remove part of the binder followed by thermal debinding at 600°C for 1h. Sintering was carried out in 
the range between 1250°C and 1300°C, followed by heat treatment (30 min. at 1000°C, cooling rate 5°C/s). The 
density of the different samples was measured and the microstructure was analysed to evaluate its effects on 
tensile properties. An important characteristic of this steel is the high strain hardening of the stable austenite. 
Tensile strength and elongation are comparable to those of the cast steel, even in the presence of some residual 
porosity, highlighting MIM as a good technique to produce Hadfield steel components. Optimal tensile properties 
are achieved only after heat treatment, eliminating the presence of precipitates along the grain boundaries.

Hadfield steel, also known as manganese steel, is characterised by 
a high resistance to wear and impacts. It is mostly used in parts 
subject to impact loads, for example in the fields of rock milling, 
and mining and to manufacture power shovel teeth, railroad frogs 
or mills [1]. The main alloying elements are manganese and 
carbon, about 12% and 1.2% respectively. Due to the presence 
of these elements the microstructure is a stable austenite at room 
temperature, having a high work hardenability given by the TWIP 
(Twinning Induced Plasticity) effect during plastic deformation 
[2,3]. This feature makes machinability of this steel very difficult, 
and powder metallurgy, as a net shape technology, is a powerful 
technique to produce parts without any machining to obtain the 
final geometry. The aim of this work is the study of the sintering 
process and the mechanical properties of a metal injection moulded 
Hadfield steel. If the mechanical properties reached after sintering 
are satisfying and the behaviour during sintering limits distortions 
of the parts, this alloy will be used to produce key plates for 
reinforced doors. The high strain hardening coefficient should 
guarantee a good resistance against drilling, avoiding the use of 
quenched steel and relative costs.

 The limited porosity and especially the round shape of isolated 
pores are excellent features to optimise the mechanical behaviour 
of this steel when processed by MIM. Mechanical properties were 
compared to those of cast steel. 

Experimental procedure
An atomised powder of manganese austenitic steel (13.4% Mn, 
1.3% C) was mixed with a proprietary binder to obtain the feedstock 
used to produce tensile specimens. After moulding the samples 

were partially debound in water and then the process was completed 
with thermal debinding up to 600°C, to obtain a pre-sintered state 
which makes handling of the brown samples safe. Sintering was 
carried out at two different temperatures, 1250°C and 1300°C, for 
90 minutes with furnace cooling. Some sintered samples were heat 
treated with rapid cooling in pressurised nitrogen to dissolve grain 
boundary precipitates that could impair the mechanical properties 
(solution annealing). Density was measured using the Archimede’s 

Fig. 1 Microstructure of the sample sintered at 1250°C (a), sintered 
at 1250°C and heat treated (b), sintered at 1300°C and heat treated 
(c), and detail of  the carbide platelets at the grain boundary of the as 
sintered sample

(a) (b)

(c) (d)
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principle. At the beginning the pieces were impregnated with oil 
and the percentage of open porosity resulted near zero. This means 
that porosity is fully closed. Further measurements were carried out 
without impregnation. 

The tensile properties were investigated using an Instron 
servo-hydraulic test machine with a strain rate of 1mm/min. All 
microstructures were analysed under a Leica Optical Microscope 
and a Scanning Electron Microscope (SEM) equipped with EDXS 
and micro hardness was measured using a MHT-4 instrument. 
Fracture surfaces were analysed with the SEM to investigate the 
fracture mechanism of the samples sintered in the three conditions.

Results and discussion

Density
Table 1 reports density and porosity of the investigated materials. 
The increase in the sintering temperature also increases 
densification, as was expected, whilst heat treatment does not 
change the density of the samples sintered at 1250°C.

Microstructure
In Fig.1 the etched microstructures of the three samples processed 
in the different conditions are shown. The grain size of the sample 
sintered at 1250°C (1a) does not change after heat treatment (1b), 
but the grain boundary of the as sintered sample is more deeply 
etched because of the presence of grain boundary precipitates. 
Grain size increases with the sintering temperature (1c). Fig. 
1d shows the carbide platelets at the grain boundary of the as 
sintered material, which were highlighted by colour etching. Their 
composition was investigated by EDXS, comparing the spectra 
collected from the grain core and from the grain boundary particles, 
as shown in Fig. 2.

The spectra are very similar, due to the fine size of precipitates; 
carbon and manganese peaks are slightly more intense in the grain 
boundary region, suggesting the presence of manganese carbide [4].

Mechanical properties
Fig. 3 shows the tensile stress-strain curves of the three materials 
investigated. The resulting tensile properties are listed in Table 2.

The mechanical properties are influenced by the grain boundary 
carbides. Heat treatment of the sample sintered at 1250°C increases 
yield strength due to the dissolution of the interstitial carbon into 
austenite (solution hardening) and even more ductility (400% 
increase); tensile strength increases consequently, due to the high 
strain hardenability. The tensile strength of the samples sintered at 
1300°C is lower likely because of the large grain size. In any case 
it’s possible to conclude that the tensile properties are comparable, 
if not better, than those of a cast manganese steel with the same 

1250°C 1250°C + H.T. 1300°C +H.T.

Density [g/cm3] 7.33 ± 0.03 7.30 ± 0.02 7.42 ± 0.04

Porosity [%] 4.63 ± 0.06 4.49 ± 0.77 3.38 ± 0.60

Table 1 Density and porosity of the sintered samples

Fig. 2 EDXS spectra of the metal in the core of an austenite grain (a) 
and at the grain boundary (b)

Fig. 3 Stress-strain curves of the sample sintered at 1250°C (a), sintered at 1250°C and heat treated (b), sintered at 1300°C and heat treated (c) 

Sample σy [MPa] UTS [MPa] ε[%]

1250°C 317.8 558.4  ± 47.5 12.9 ± 4.9

1250°C + H.T. 349.0 897.1 ± 10.3 51.2 ± 0.6

1300°C + H.T. 350.6 876.3 ± 23.6 47.2 ± 2.9

Cast Hadfield steel [1] 370 830 ± 70  40  ± 10

Table 2 Tensile strength, percent elongation at fracture and yield stress 
of the analysed samples and of wrought Hadfield steel

(a) (b) (c)

(a)

(b)
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composition, especially in terms of elongation and maximum 
tensile strength.

Fig. 4 shows the fracture surface of the tensile specimens. The 
fracture morphology depends on the microstructure. In the 1250°C 
as sintered sample (Fig. 4a) the fracture is completely intergranular, 
due to the high amount of carbide platelets at the grain boundaries. 
The rough morphology of the grain boundary faces is due to the crack 
propagation along the carbide platelets. After heat treatment, the 
fracture of the 1250°C sintered sample is completely transgranular 
(Fig. 4b) and the surface is characterised by dimples as usual for 
ductile fracture. In the sample sintered at 1300°C and heat treated 
(Fig. 4c, 4d) the fracture is surprisingly intergranular and this might 
justify the decrease of ductility mentioned above. The surface of 
the grain boundary faces has a mixed morphology, showing both 
dimples and the rough appearance of the as sintered sample. Since 
the microstructural analysis didn’t show any appreciable grain 
boundary precipitation, it may be hypothesised that intergranular 
fracture is promoted either by residual submicrometric carbides or 
by a segregation, whose effect is enhanced by grain growth. Work 
is in progress to interpret this unexpected fracture behaviour.

The high strain hardenability of this steel is an effect of the 
twinning of austenite. To calculate the strain hardening coefficient 
a model proposed for stable austenite was used [5,6]. The ln-ln plot 

Sample K n1 n2 R2

1250°C 1784.86846 ± 2.31100 0.32866 ± 0.00440 0.06180 ± 0.00074 0.99856

1250°C+H.T. 1447.22035 ± 4.37060 0.60990 ± 0.00155 0.069770 ± 0.00034 0.99861

1300°C+H.T. 1374.21783 ± 5.33196 0.57237 ± 0.00188 0.06180 ± 0.00040 0.99809

of true stress-true strain curves is not characterised by a straight 
line but it shows an upwards curvature, as shown in Fig. 5. The 
plastic field can be modelled using the following equation 

 
   σ=Kε(n1+n2 lnε)    (1)

where K, n1 and n2 depend on the steel; they were calculated and 
results are reported in Fig. 5 and in Table 3.

In the solution annealed samples, strain hardening coefficient 
increases with plastic strain up to 0.55, a value definitely high for 
steel. The high strain hardenability of Mn and C rich austenite is 
confirmed by the micro hardness increase measured close to the 
fracture surface, which is shown in Fig. 6, compared to the micro 
hardness of the materials. 

Micro hardness before the tensile test is similar in the three 
samples. After the test it increases due to strain hardening. The 
as sintered sample shows the smallest increase, because of the 
anticipated intergranular fracture promoted by grain boundary 
carbides. In the other samples the pronounced plastic deformation 
leads to a higher increase in the micro hardness. This behaviour 
is responsible for the high wear resistance of the steel, and its 
increased hardness enables it to better withstand mechanical loads 
and abrasion. 

Fig. 4 fracture surfaces of the sample sintered at 1250°C (a), sintered at 1250°C followed by thermal treatment (b), sintered as 1300°C followed 
by thermal treatment (c,d)

(a) (b)

(c) (d)

Table 3 K, n1 and n2 for the stable austenite as in (1)
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Conclusions
Hadfield steel can be processed by MIM up to 7.3-7.5 g/cm3 density 
by sintering at 1250-1300°C. From the results of tensile tests and the 
microstructural analysis the importance of a correct post-sintering 
heat treatment is pointed out, to achieve optimal mechanical 
properties. The as sintered microstructure contains an extensive 
grain boundary precipitation of carbides, which are dissolved by 
heat treatment. Carbon and manganese are almost completely 
dissolved in the austenite phase; this prevents intergranular fracture 
and increases the stacking fault energy promoting extensive 
twinning during deformation, responsible for the well known large 
strain hardenability. Despite the presence of a residual porosity in 
the as sintered microstructure, tensile strength and elongation are 
comparable to those of the cast products of the same composition. 
The reason for this is the great strain hardenability that limits 
the negative effect of pores (even if well rounded) on strain 
localisation. This is possible only after heat treatment. The sample 
sintered at 1300°C shows quite a large grain size that reduces the 
tensile elongation.
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Fig. 6 Microhardness of the austenite before and after the tensile test

Fig. 5 Ln-ln plot of the true stress–true strain curves and strain hardening coefficient curves of the sample sintered at 1250°C (a), sintered at 
1250°C and heat treated (b), sintered at 1300°C and heat treated (c)

(a) (b) (c)

(a) (b) (c)
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PIM International has firmly established 
itself as the key source of industry news and 
information covering all aspects of PIM. 

Our ever growing readership includes 
component producers, end-users, 
industry suppliers and researchers. As 
such, we provide an essential platform 
for any company involved in this sector to 
demonstrate its expertise to this rapidly 
growing market.

To discuss advertising opportunities contact:
Jon Craxford, Advertising Sales Director 
Tel: +44 (0) 207 1939 749
Email: jon@inovar-communications.com

The most effective way to reach the global PIM community

Subscribe to PIM International

Subscribing to PIM International ensures 
you receive every issue. 

Published quarterly, a subscription to PIM 
International includes over 280 pages of 
industry news, technology and market 
information each year!

One year subscription only £115 

One year subscription and all back issues 
of PIM International just £450

Subscribe on-line at:  
www.pim-international.com 

There’s no better way to stay informed!
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european powder
metallurgy association

EURO PM2013
CONGRESS & EXHIBITION
15 - 18 September 2013
Svenska Mässan, The Swedish Exhibition and Congress Centre, 
Gothenburg, Sweden

An all topic powder metallurgy event focusing on:

• Structural Parts PM
• Hard Materials and Diamond Tools
• Hot Isostatic Pressing
• New Materials and Applications
• Powder Injection Moulding

Abstract Submission Deadline 6th February 2013

Call for Papers and 
Exhibition Space Now Available

http://www.epma.com/
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ARBURG GmbH + Co KG
Postfach 11 09 · 72286 Lossburg/Germany
Tel.: +49 (0) 74 46 33-0
Fax: +49 (0) 74 46 33 33 65
e-mail: pim@arburg.com

Top products made from powder.� Like an aromatic coffee out of the 

 

And injectors for coffee capsules are just one of many examples. Sophisticated ceramic and metal  

http://www.arburg.com/en/gb/

