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Industry retains positive 
outlook despite the 
financial crisis 
Welcome to the December 2011 issue of PIM International. Since 
our last issue a record number of participants from around 
the world came together for the Euro PM2011 Conference and 
Exhibition, October 10-12, Barcelona. Despite the international debt 
crisis and turmoil in the financial markets, the event had an upbeat 
air, with PIM producers and suppliers reporting on good growth 
during 2011 and offering a positive outlook for the year ahead.  

What helps to support this positive mood is, in part, down to the 
potential of PIM technology to thrive in new markets, as well as to 
further strengthen its position in existing ones. MicroPIM is without 
doubt one of the most promising sub-sectors of PIM to watch. As is 
demonstrated in the second part of our MicroPIM review, the diverse 
capabilities of the process make it the most credible route for the 
manufacture of high volume, high performance metal and ceramic 
micro components (page 25). 

In this issue we also report on MIM at ITB Precisietechniek, a 
Dutch producer that has for many years been at the forefront of the 
commercial production of MIM titanium components (page 33).

The commercial development of Ti-MIM is, to a great extent, thanks 
to the availability of Ti powders specifically tailored for the MIM 
process. Canada’s AP&C Raymor is today the leader in this market 
and in this issue the company gives an insight into their powder 
production process and ambitions for the future (Page 55).

We also present three technical papers that reflect the potential of 
PIM to diversify into new markets, from the processing of barium 
titanate for microwell arrays (page 59) to Ni-Ti “shape memory 
effect” alloys (page 66) and ultrafine W-10%Cu powders (page 74). 

  
Nick Williams
Managing Director and Editor
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In this issue

Technical papers

Regular features

25 A review of the current status of MicroPIM:  
Part 2, Screw injection units, simulation and 
process variants

 In this, the second of a two part report for PIM International, 
Dr Volker Piotter (Karlsruhe Institute of Technology, 
Germany) continues his review of the current status of 
MicroPIM technology. Innovations in screw injection units, 
the simulation of MicroPIM, the various technologies 
available to enable multi-component MicroPIM, and sinter 
joining are featured. 

33 ITB Precisietechniek: MIM titanium drives 
growth at Dutch producer 
ITB Precisietechniek, based in Boxtel, The Netherlands, has 
been producing MIM components since 1996. The company 
has until recently been a relatively low-profile member of 
the international MIM community. Reflecting a new policy 
to more openly present its capabilities to the public, ITB 
recently opened its doors to Dr. Georg Schlieper who reports 
exclusively for PIM International on the company’s MIM 
activities, philosophy and views of the MIM industry.

41 MIM at Euro PM2011: The competition between 
MIM and investment casting 
Euro PM2011 offered participants a diverse range of PIM 
related technical sessions and seminars. Dr David Whittaker 
reports on a paper by Manuel Caballero (Ecrimesa/
Mimecrisa) that analysed how areas of overlap between 
these two technologies have changed in recent years. 

45 MIM at Euro PM2011: Metal Injection Moulding 
of applied functional materials 
A highlight of Euro PM2011 was a Special Interest Seminar 
dedicated to the MIM of applied functional materials. Dr 
David Whittaker reports on three papers that highlight the 
potential of MIM in areas that include PIM products with 
magnetic, thermal and biocompatible properties. 

4 Industry news

58 Global PIM patents

80 Events guide, Advertisers’ index
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50 MIM at Euro PM2011: Biomedical applications 
Reflecting the growing acceptance of MIM as a 
manufacturing route for biomedical products, a number of 
presentations at Euro PM2011 highlighted the diversity of 
MIM implant materials now available. Dr David Whittaker 
reports for PIM International on three noteworthy papers. 

55 Raymor AP&C: Leading the way with plasma 
atomised Ti spherical powders for MIM 
AP&C, a division of Canada’s Raymor Industries Inc., is 
today the market leader in the production of spherical 
titanium powders for MIM. Jens Kroeger and Frédéric Marion 
highlight technological innovations. 

 

59 Micro-PIM of Barium Titanate 
Valmikanathan Onbattuvelli, Ravi K Enneti, Sung-Bum Sohn, 
Timothy McCabe, Seong-Jin Park and Sundar Atre 

66 The effect of backbone polymer on phase 
transformation temperatures and pseudo-
elasticity of MIM NiTi alloy using a water 
soluble binder system 
Muhammad Hussain Ismail, Martin Bram, Ana Paula Cysne 
Barbosa, Manuel Köhl, Hywel A. Davies and Iain Todd  

74 MIM of W-10%Cu material with ultra fine 
composite powder 
Jiupeng Song, Meigui Qi, Xiong Zeng, Longshan Xu, Yang Yu 
and Zhigang Zhuang
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Groche Technik GmbH of Kalletal, Germany, has been 
producing equipment such as screws, cylinders, non-return 
valves and nozzles for plasticising units of injection moulding 
machines for over 40 years. 

At the Fakuma 2011 Exhibition held in Friedrichshaften 
in October the company presented its innovative long life 
screw, which it claims can prolong life in the moulding of 
feedstock containing abrasive material such as metal or 
ceramic powders.  

The carbide ‘Long-Life’ screws are given an adhesion 
resistant coating containing tungsten carbide to achieve 
a hardness of 68-71 HRC. The coating is said to facilitate 
doubling the life of the screws compared with conventional 
materials.  

“We have established statistics to show that our screws 
have reached double the lifetime compared with screws 
made from powder metallurgy materials,” said Armin 
Groche. “In addition, users can make economies with 
regards to disassembly, cleaning and installation.”

www.groche.com    

‘Long Life’ screws for Powder 
Injection Moulding

The New York State Energy Research 
and Development Authority (NYSERDA) 
has awarded a $200,000 grant to Solid 
Cell Inc., a manufacturer of solid-oxide 
fuel cells and equipment based in 
Rochester, NY, USA. The company is 
matching NYSERDA’s investment, with 
help from RocCera, a Rochester-based 
company specialising in advanced 
ceramic component manufacturing, 
and Alfred University.

 The company will use the funding to 
investigate the manufacturing of a vital, 
patent-pending fuel-cell part called 
the “interconnect” via the CIM process. 
The interconnect, which both separates 
the fuel cell chemicals and electri-
cally connects individual cells, has a 
lower cost, superior high-temperature 

Solid Cell Inc. receives grant to develop 
CIM fuel cell component

stability, and higher electrical conduc-
tivity than most current interconnect 
materials.

Solid-oxide fuel cells operate at 
very high temperatures (between 500 
and 1,000°C), which allows them to 
run on a variety of fuels other than 
pure hydrogen. The high temperature 
also has the advantage of creating 
heat, which can be used for a variety of 
heating needs.

This is NYSERDA’s second award 
to Solid Cell. The first $250,000 was 
awarded last year, and helped the 
company set up its current 5,000 ft2 
development facility at the Rochester 
Technology Park last February. The 
company now has three full-time 
employees and with this additional 

funding from NYSERDA, it will allow 
Solid Cell to double its manufacturing 
space in 2012 and hire several more 
employees in the next year.

“We are extremely proud that 
NYSERDA has selected Solid Cell for a 
second time to receive funding under 
the Environmentally Preferred Power 
Systems Technologies program,” said 
Arkady Malakhov, founder and CEO.  

According to a recent report 
from Pike Research, revenue in the 
global fuel cell industry climbed from 
approximately $260 million in 2008 to 
nearly $670 million two years later, an 
increase of more than 250%.  Looking 
ahead, Pike Research forecasts that 
growth in the industry will accelerate 
rapidly beginning in 2012, with strong 
growth anticipated over the next six 
years.  Global fuel cell revenue is 
expected to surpass $28 billion by 2017.

www.solidcell.com  

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

Submitting News
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Imagination is the only limit!
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and Metal Systems
Powder Injection Molding  
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67056 Ludwigshafen, Germany
Phone: +49 621 60 52835
E-mail: catamold@basf.com
Internet: www.basf.de/catamold
 

 
Discover the amazing possibilities of metal and ceramic components 
manufacturing using Power Injection Molding with Catamold® and BASF.

With Catamold®, conventional injection molding machines can be used to 
produce geometrically demanding components economically. You can do 
injection molding of metal and ceramic feedstock as easily as plastic. 
And this opens up new means of producing complex components that 
provide economic and technical benefi ts in sectors ranging from Automotive, 
Consumer Products, and Mechanical Engineering to Medical Products and 
Communications/Electronics.

Take advantage of the new diversity in Powder Injection Molding with Catamold®.
Get in touch with us – we’ll be glad to help you on the road to success.
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CM Furnaces, long recognized as an industrial leader in performance-proven, high
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.

Choose one of our exclusive BATCH hydrogen atmosphere Rapid Temp furnaces.
Designed for both debinding and sintering, these new furnaces assure economical,
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:
info@cmfurnaces.com

Web Site:
http://www.cmfurnaces.com

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

Tel: 973-338-6500    Fax: 973-338-1625
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Global precision components producer 
Indo-US MIM Tec (Bangalore, India and 
Princeton, N.J., USA), has announced 
that its board of directors has unani-
mously approved a plan to separate its 
medical device contract manufacturing 
services from the company in a trans-
action that will result in an independent 
and highly focused company, Indo-Med.

John Gaspervich, until recently 
President of Indo-MIM, has been 
named president of Indo-Med and has 
established corporate offices in San 
Francisco with large scale manufac-
turing systems in Bangalore, India.

“With his years of experience 
helping to build Indo-MIM into the 
global leader it has become today, 
I am confident in John's abilities 
to grow Indo-Med into an equally 
successful organisation,” said Krishna 
Chivukula, Indo-MIM chairman and 
CEO. “Our roots in making high quality 
components for critical applications 
in aerospace, defense and automo-

Indo-US MIM Tec announces plan to 
form new medical device contract 
manufacturing firm, Indo-Med

tive industries and our exceptional 
engineering teams – combined with a 
new focus on harmonising our services 
for medical device and life science 
companies – will position us for 
success in this growing and dynamic 
space.”

“I am excited to take the lead of 
Indo-Med and promote its mission of 
becoming the partner of choice for 
medical device manufacturing,” said 
Gaspervich. “We are truly excited about 
the opportunity to better serve the 
medical device industry. As a step on 
our path in doing so we look forward 
to exploring potential acquisitions and 
partnering candidates to complement 
our new company and its strategic 
directives.”  

For the last three years Gaspervich 
has lived in Bangalore, India, as Presi-
dent of Indo-US MIM Tec (Indo-MIM) 
and focused on growing the company 
into a global leader in MIM technology. 

www.indo-mim.com  

Erasteel takes 
majority share in 
Metallied
Erasteel has announced that it has 
taken over the majority share in the 
Spanish metal powder supplier, Metal-
lied Powder Solutions S.A.

Metallied, based in Irun, Spain, was 
created in 2007 and is a spin-off of 
CEIT based in San Sebastian, Spain, 
a R&D centre with strong expertise in 
material science. Metallied specialises 
in small batches of tailor made fine 
powders, available in a wide range of 
alloys thanks to its state-of-the-art 
and innovative powder atomisation 
equipment.

Erasteel, a wholly owned subsidiary 
of Eramet, is the world leading producer 
of gas-atomised metal powders, such 
as high speed steels, stainless steels 
and other specialty alloys for high 
performance tooling and mechanical 
component markets, with industrial 
facilities in Sweden, France, UK as well 
as in North America and Asia.

www.erasteel.com     
www.metallied.com  
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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

Post-sinter HIP for stronger PIM parts. 
Now more cost-effective than ever!

For full details on the benefits of Avure’s 
new quick-cycle HIPs, go to

www.avure.com/pim

Compact models for up to 25 kg (55 lbs.) per cycle

High-capacity units for up to 250 kg (500 lbs.) per cycle 
(if required, larger models can process thousands of 
pounds per cycle)

• 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

URC reduces cycle times by up 
to 70%, dramatically cutting the 
per-unit costs of HIPping PIM 
parts. Two, even three cycles can 
be completed in a single 8-hour 
shift. Parts have improved tensile 
strength, hardness, and corrosion 
resistance, with minimal grain 
growth and distortion.
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Courtesy of Bodycote

Yuelong Superfine Metal Powders 
(YSM), a leading Chinese producer 
of carbonyl iron (CIP) and stainless 
steel powders, has appointed PMCtec 
GmbH (PMCtec) as their distributor 
for Europe.

PMCtec (Precision Material 
Chemicals & Technology) was 
founded in 1999 by Wolfgang Rau 
as a trading house. PMCtec is 
now part of a group of companies 
trading, producing and refining 
metal powders, ferrous as well as 
non-ferrous.

PMCtec offers customised metal 
powders, metal powder blends and 
additives for different areas of Powder 
Metallurgy such as structural parts, 
MIM, bearings, friction, welding, 
thermal spraying and many other 
industries and processes. PMCtec's 
Thale plant runs a state of the art 
laboratory.

The cooperation between YSM and 
PMCtec extends PMCtec's range of 
metal powders into the area of fine 

Yuelong Superfine Metal Powders 
names PMCtec as European distributor

and superfine metal powders for MIM 
and PM applications. YSM’s selection 
was greatly influenced by PMCtec’s 
market-access in Europe as well as 
it's knowhow in PM, it's technical 
capabilties and support as well as 
warehousing availability at different 
locations in Germany.

YSM was founded in 2001, initially 
as a producer of carbonyl iron 
powders (CIP) and during the past 
eight years has become one of the 
major global producers of CIP. At the 
same time, YSM has expanded its 
product range to include a series of 
stainless steel and high alloy metal 
powders for use in both MIM and 
conventional Powder Metallurgy (PM) 
applications.

For further information please 
contact: Gregor Nitsch, email 
g.nitsch@pmctec.com

www.pmctec.com 
www.yuelongpowder.com   

AirlessTM debinding 
of PIM components
Serec Corp. of North Kingstown, Rhode 
Island, USA, has been offering AirlessTM 
vacuum solvent cleaning systems for 
efficient cleaning of metals such as 
castings, polished bearing surfaces, and 
honeycombe shapes for over a decade. 

The company states that its process 
is also suitable for solvent debinding of 
PIM components because in its closed-
loop AirlessTM process no air or mois-
ture comes into contact with the solvent 
which needs to be debound. Air (99.97%) 
is removed from the Serec system 
using a vacuum of one torr or less. 
The company states that without the 
presence of air (moisture) in the system, 
full control of the temperatures and 
pressures can be attained in debinding 
because only the pure solvent is present 
during processing. This compares with 
PIM companies performing their solvent 
debinding operations in Open Top Vapor 
Degreasers (OTVD’s) which can lead to 
problems in meeting emissions targets 
for most chlorinated solvents. 

www.serec-corp.com  
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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.

401 Industrial Drive
Carmel 
IN 46032
USA

Phone: +1 317 843 1499
Fax: +1 317 843 9359
www.advancedmetalworking.com 
info@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®

‘Atomisation for 
Metal Powders’ 
2012 course dates 
announced
Atomisation for Metal Powders, a two 
day course organised by Perdac Ltd 
and Atomising Systems Ltd, will take 
place 1-2 March 2012 in Manchester, 
UK. This, the seventh course in the 
series, will once again 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 environ-
ments, and will also act as a concise 
introduction to those relatively new to 
the field.

Organisers state that previous 
courses have received very positive 
feedback from the registrants who 
appreciated the close focus on metal 
powders, the intensive nature of the 
course over just two days, and the 
up to the minute knowledge that was 
provided on current practice and 
developments. 

Although the background of 
essential theory is not ignored, the 
course is very much practically 
orientated and with the importance of 
economics, safety and maintenance 
being emphasised.

The course flyer and full informa-
tion can be obtained at:  

www.perdac.com   

EPMA 2011 Distinguished Service Awards 
presented in Barcelona 
EPMA President Ingo Cremer 
presented the association’s Distin-
guished Service Awards for 2011 at 
the Euro PM2011 Conference and 
Exhibition, October 10-12, Barcelona, 
Spain. The recipients were Dr Olle 
Grinder, founder of PM Technology, 
Sweden, and Professor Francisco 
Castro of CEIT, San Sebastian, Spain. 
The two men are both very well known 
in the global PM community and 
between them have amassed over 350 
technical reports and papers.

Dr Grinder studied at the Royal 
Institute of Technology before moving 
to the Axel Johnson Institute for 
Industrial Research, and then in 1977 
to the Swedish Institute for Metals 
Research (now Swerea KIMAB) in 
Stockholm. Since 1986, he has been 
employed as a lecturer at the Royal 

Institute of Technology, but has 
worked primarily in his own business, 
PM Technology, on business develop-
ment and consultation to companies 
internationally. He is also a founding 
member of “Global PM Consultants”.

Professor Castro, originally from 
Mexico, studied for his Doctorate at 
Sheffield University and has worked 
at CEIT since 1985, where as head 
of the ‘Consolidation of Metallic and 
Ceramic Powders Area’ he has built 
up a research group of 36 people, one 
of the largest PM groups in Europe. 
He has supervised 23 PhD theses, one 
of which merited the Schunk Prize for 
Outstanding Developments in Powder 
Metallurgy. Professor Castro also 
teaches Materials Science at Tecnun, 
the School of Engineering at the 
University of Navarra, Spain   

Dr Olle Grinder (left) receiving the EPMA 
distinguished service award from Ingo 
Cremer (right) (Photo courtesy EPMA)

Prof. Francisco “Paco” Castro (left) receiving 
the EPMA distinguished service award from 
Ingo Cremer (right) (Photo courtesy EPMA)
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View of the PIM pilot plant at CTCV’s New Materials and Applications 
Department (NMA)

Example of recent demonstration parts: compressor turbine blades 
for a turbojet engine

The Technology Centre for Ceramics and Glass Industries 
(CTCV), in Coimbra, Portugal, operates a PIM pilot plant for 
the execution of applied research and demonstration projects. 
The New Materials and Applications Department (NMA), 
the unit responsible for these activities, is equipped with 
the state of the art equipment from feedstock compounding 
to sintering, materials development and product 
characterization.

Hélio Jorge, Project Manager & Materials Researcher at 
CTCV, told PIM International,  “Local mature powder tech-
nology players, experienced tooling workshops and mate-
rials expertise at national universities inspired the setup 
of this PIM research facility in the late 1990’s. NMA has 
recently started demonstration activities in fine ceramics 
(alumina, zirconia and ZTA) and stainless steels, producing 
small series of shaping tools and automotive parts. Binder 
systems and metal and ceramic feedstock development has 
also been a core activity, together with phosphate-based 
ceramic powders for translucent and electrical applications. 
One of the present developments is focused on titanium 
injection moulding, for biomedical and aeronautic applica-
tions, whereas CP-Ti and Ti6Al4V process development 
having reached so far final properties according to ASTM 
B348 standard for Grade 2 and 5.”

Operating under private contract or public programs, NMA 
manages and implements projects for companies running or 
aiming to introduce PIM technology. Detailed information on 
core activities, resources, a project portfolio and contacts is 
available on the NMA website.

www.ctcv.pt/nma_eng.html   

CTCV’s PIM laboratory 
looks to support technology 
development in Portugal

Dec 2011 front section.indd   11 12/5/2011   10:35:54 AM



Powder Injection Moulding International     December 201112 Vol. 5 No. 4

Industry News

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

TAV Medical Ltd based in Schlomi, 
Israel, has introduced a new line of 
zirconia ceramic dental abutments, 
which the company now produces by 
ceramic injection moulding as opposed 
to the CNC machining previously 
used.  TAV reports that using zirconia 
has helped to increase the strength of 
the abutments by achieving a higher 
sintered density in the CIM process 
as well as improving dimensional 
accuracy of the abutment compared 
with the CNC material. 

The company stated that the 
CIM process allows greater design 
freedom, such as allowing undercuts 
and angle holes to be incorporated 
into the zirconia part, which would be 
difficult to achieve with machining, 
and the required dimensions and 
surface quality were more controllable 
and consistent with CIM. Additionally, 
machining zirconia tended to generate 
micro cracking in the abutment body 
which increased the risk of breakage.

TAV Medical abutments are said to 
be designed to the common 2.41 mm 
internal hex, and they can be modified 

TAV Medical introduces PIM ceramic 
abutment to dental range

for any type of implant geometry to 
ensure a perfect fit. The company 
also produces Ti6Al4V Grade 23 MIM 
abutments and MIM stainless steel 
prosthetics at its 5000 m2 facility that 
includes ISO 8 clean rooms.

www.tavmedical.co.il  

Zirconia ceramic dental abutments 
produced by TAV Medical Ltd based in 
Schlomi, Israel 

Updated brochure 
from Expert Group
 
The German MIM-Expert Group has 
updated its 8-page brochure on MIM, 
which highlights the possibilities 
and advantages of the process and 
its products in relation to alternative 
manufacturing processes. 

The brochure is available as a free 
PDF download and offers information on 
processing steps and tolerances achieved 
in MIM production as well as giving the 
chemical and mechanical properties.

www.mim-experten.de   

EPMA sintering 
course planned
 
The EPMA has announced that it 
is organising a two day intensive 
short course on “Sintering – Theory 
and Practice”. The course will take 
place in Helsingborg, Sweden, from 
March 19–20 2012 and will cover the 
fundamentals of sintering, as well as 
focusing on sintering for mass produc-
tion.  A full programme will soon be 
published on the EPMA’s website.

www.epma.com/shortcourse  
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SINTERFLEX™ is a new and patented C-potential control 
technology developed jointly by Linde and Höganäs AB. The 
comprehensive solution focuses on two areas: a new furnace 
atmosphere to bring and keep carbon inside the sintering zone, 
and a measurement and monitoring system – with a newly 
designed oxygen probe – to control this atmosphere. As the 
system controls the gas composition, particularly the carbon 
enrichment, a healthy C-potential can be maintained, thus 
achieving a decarburisation-free sintering production. 

Benefits
	Scrap reduction/cost savings in 

sintering
	Improved component performance
	Potential to replace post-treatment 

(case hardening) by sinter hardening
	A carbon-neutral atmosphere avoids 

surface decarburisation
	Even carburising conditions can be 

generated
	Active control of process parameters 

eliminates oxidation and thus provides 
predictable mechanical properties

	Traceability through an optional data 
storage device

	High-quality sintering of high-
performance powders

A dream come true.
SINTERFLEX™ – carbon control 
in PM & MIM sintering

Linde AG 
Linde Gas Headquarters, 
Seitnerstrasse 70, 
82049 Pullach, Germany

Phone: +49 89 31001-5680
Fax: +49 89 31001-5315
Email: heat-treatment@linde-gas.com www.linde-gas.com

Fig. 1  A CIM connector featuring 64 octagonal micro holes on a 
surface of 2 x 2 mm

Fig. 2  Detail of the connector surface. The actual size of each of 
the 64 octagons is 125 µm

125 µm

For more than fifteen years Formatec Technical Ceramics 
bv, based in the town of Goirle, The Netherlands, has 
developed and manufactured a wide range of Ceramic 
Injection Moulded (CIM) products to meet customer 
requirements. The company has indicated that it is now 
experiencing a growing demand for MicroCIM components. 

Michiel de Bruijcker, Formatec’s Managing Director, 
told PIM International, “Recently a clear market trend has 
been noticed towards MicroCIM technology. In response, 
Formatec is dedicated to supplying MicroCIM parts to the 
market and has planned a clear strategy over the coming 
years to meet anticipated requirements.”

An example of the successful realisation of a MicroCIM 
project is a CIM connector for the telecommunications 
industry (Fig. 1). This part features 64 octagonal micro 
holes on a surface of 2 x 2 mm. The actual size of each 
octagon size is 125 µm (Fig. 2). At the same time the cross 
section of the hole is tapered in order to guide the micro 
fibre through the hole. 

Formatec states that tool design and development 
was done in close cooperation with the tool manufac-
turer ART-SMS, based in Tilburg. The mould insert was 
manufactured using high precision EDM wire processing. 
The actual component is produced from Yttria-stabilised 
Zirconium Oxide with a particle powder size of around 
0.35 µm, processed with a special selected binder system. 
Injection moulding was performed on an Arburg injection 
moulding machine. 

“It is our intention that, in line with our planned 
strategy, Formatec will demonstrate even smaller products 
and more complex shapes in the years to come,” stated de 
Bruijcker.

www.formatec.nl  

Formatec reports growth 
in demand for MicroCIM 
components
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ATW appoints Tracy MacNeal
 

ATW Companies Inc., the parent 
company of California based 
MIM producer Parmatech Inc., 
has appointed Tracy MacNeal as 
Corporate Director of Business 
Development. MacNeal will be 
responsible for coordinating and 
managing the strategic direction 
of the entire organisation through 
sales and marketing efforts. 

MacNeal, states ATW, has 
demonstrated entrepreneurial 
business insight, gained through 15 years working with 
successful startups and Fortune 500 clients in a range of 
industries, including medical devices. She is a chemical 
engineer with an MBA from Duke University. Most recently, 
MacNeal served as Partner and Vice President of Business 
Development for Praxis Technology. 

“I am excited to bring Tracy MacNeal on board to serve as 
the voice of the market throughout our entire organisation, 
playing a role of paramount importance in developing strate-
gies in operational and engineering areas, in addition to sales 
and marketing,” said Peter Frost, ATW President and CEO. 

www.parmatech.com  |  www.atwcompanies.com   

Industry News

Materials Technology

for the 21st Century

Phoenix Scientific Industries

PSI Ltd, Apex Business Park, Hailsham, BN27 3JU, UK

 +44 (0)1323 449001   +44 (0)1323 449002  

 info@psiltd.co.uk    www.psiltd.co.uk

Your Partner in Powder Technology

PSI are specialist engineers for innovative 

materials processing.

ATOMISERS

Our advanced atomisation systems maximise 

yield of MIM powder using close coupled, hot 

gas atomisation.

Turnkey systems

In house powder trials

Superalloys

Novel titanium compositions

Clean,  ceramic  f ree,  mel t ing  

technology.

POWDER CLASSIFIERS

PSI powder classification units give accurate 

control over powder size and can be operated 

in inert atmospheres.

New president at Metal 
Powder Industries Federation 
The Metal Powder Industries Federation (MPIF) has 
announced that Matthew Bulger, President & General 
Manager, NetShape Technologies-MIM, Solon, Ohio, USA, 
has been elected MPIF president. The federation also 
announced that Bruce Dionne, General Manager, Megamet 
Solid Metals Inc., Earth City, Mo., USA, has been elected 
president of the Metal Injection Molding Association (MIMA).

Bulger succeeds Michael E. Lutheran of Royal Metal 
Powders, Inc. He joined Hawk Corporation in 2001 to run its 
metal injection moulding (MIM) operation which was sold 
in 2007 and became NetShape Technologies-MIM. Prior to 
this tenure he served as a materials engineer and quality 
manager for FloMet, Deland, Florida, USA.

 Active in the powder metallurgy (PM) industry, Bulger 
has presented numerous papers at MPIF conferences, is a 
member of the MPIF’s Technical Board, and most recently 
served as president of MIMA. He has a BS in physics from 
Carnegie Mellon University and an MS in materials science 
from Rensselaer Polytechnic Institute. 

Before joining Megamet in 2005, Dionne was a field 
service engineer with Nooter Eriksen, Inc. He has served 
on the MIMA Board of Directors and was co-chair of the 
MIM2011 Conference sponsored by MIMA. He has a BS in 
geological engineering from the University of Missouri–Rolla, 
and an MBA from Fontbonne University.

 The MPIF is a “not-for-profit association” formed by the 
PM industry to advance the interests of the metal powder 
producing and consuming industries. It is a federation of six 
trade associations that are concerned with some aspect of 
powder metallurgy, metal powders, or particulate materials. 

www.mpif.org    
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To submit news to PIM International please contact Nick 
Williams:  nick@inovar-communications.com

Submitting News

Dens3000, a German-based company set up in 2006 following 
research at the IWK materials technology and plastics 
processing institute at Kaiserslautern University, and the 
Regensburg and Homburg (Saar) university hospitals, is 
using a patented injection moulding process to produce 
millions of artificial teeth, which are said to closely resemble 
human teeth in shape and structure. According to the patents 
covering the artificial tooth design, the core material can be 
thermoplastic filled with siliceous glass, quartz and hydroxyla-
patite as well as injection mouldable polymer-bound ceramic 
powders.

The teeth are injection moulded at Dens3000 on four 
electric-drive 150-tonne clamping force Arburg Allrounder 
520A machines, each equipped with two size 70 injection units. 
The company is said to have a production capacity of 20 million 

teeth per year.  Dens3000 has 
also set up a production site 
in China, which has a starting 
capacity of around 40 million 
teeth per year. Start-up was 
scheduled for October 2011.  

Plastic materials are 
also making inroads in 
dental implants substituting 
titanium and cobalt-chro-
mium metals. The material 
provides high implant 
elasticity and a similar 
flexing behaviour as bone, 
making the implants more 

comfortable for the patient.  
www.dens3000.com   

Polymer bound ceramic 
dentures

Artificial teeth injection moulded 
using polymer-bound ceramic 
powders by Dens3000

New MIM player in Germany
A new metal injection moulding (MIM) facility has been 
established at plastic moulder Kadecki u. Fischer GbR based 
in Gardelegen, in the state of Saxony-Anhalt, Germany.  The 
town is just 30 km east of Wolfsburg, the home of the VW car 
producer. 

Stefan Kadecki told PIM International that the company 
is developing a number of complex shaped MIM components 
which will go into production early in 2012. Kadecki u. 
Fischer already has a range of plastic moulding machines 
ranging from 25 ton to 500 ton capacity, and offers multi-
component plastic moulding and a clean room environment. 
For more information contact Stephan Kadecki, email 
stephan.kadecki@kuf-spritzgusstechnik.de   

www.kuf-spritzgusstechnik.de   
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GKN plc, the global engineering 
group quoted as the world’s largest 
manufacturer of sintered compo-
nents, has announced changes to 
its executive board in anticipation of 
the retirement of its current Chief 
Executive, Sir Kevin Smith, at the end 
of this year.

As of 1 October 2011, Nigel Stein, 
who has already been announced as 
succeeding Smith as Chief Executive 
of the company from 1 January 2012, 
became Chief Executive Designate and 
relinquished his responsibilities as 
Chief Executive Automotive. GKN stated 
that Smith will progressively hand over 
Group Chief Executive responsibilities 
to Stein.

Responsibility for GKN's Automo-
tive business was at the same time 
handed over to Andrew Reynolds 
Smith, who is currently responsible for 
Powder Metallurgy and Land Systems. 
Reynolds Smith will continue to be 
responsible for Powder Metallurgy, 
with Land Systems being headed by 
Marcus Bryson, who will also continue 
to be responsible for the Aerospace 
division.

Sir Kevin Smith stated, "I am 
pleased to announce the above 
changes which will provide the execu-
tive leadership for the next stage of the 
Company's development."

www.gkn.com   

Leadership 
changes at GKN

Research study provides new insights 
regarding shape loss during polymer 
burnout process
A study has been carried out by Ravi 
K Enneti, Seong Jin Park, Randall M 
German and Sundar V Atre to under-
stand the evolution of shape loss during 
the polymer burnout process. This is 
the first reported study in the field of 
PM dealing with in-situ observation of 
shape loss during polymer burnout for 
both the die compaction and injection 
moulding processes.

The experiments were carried out on 
thin beams compacted from admixed 
powders of gas atomised 316L stainless 
steel and 1 wt.% ethylene vinyl acetate 
(EVA). The results showed shape loss 
to occur primarily due to viscous creep 
during the softening of the polymer. A 
recovery of shape loss was observed on 
burnout of EVA.

The injection moulded samples 
were made from gas atomised 316L 
stainless steel and a polymer mix of 60 
wt. % paraffin wax, 32 wt. % polypro-
pylene and 8 wt. % polyethylene. It 
was reported that shape loss occurred 
primarily during the softening of the 
polymers. The recovery of shape loss 
was found to be absent during polymer 
burnout.

The recovery in shape loss was 
attributed to the burnout characteristic 
of EVA. During the first stage burnout, 
EVA degrades to form acetic acid and 
polyethylene co-polyacetylene. The 
polyethylene co-polyacetylene forms 

with a carbon-carbon double bond. 
The phase change due to the formation 
of polyethylene co-polyacetylene was 
attributed to the recovery of distor-
tion during the first stage of polymer 
burnout. The recovery of shape loss 
was found to be absent in the case of 
injection moulded samples, in which 
the burnout of the polymers occurred 
without the formation of double bond 
product.

 The research study shows that the 
shape loss during burnout depends 
on the degradation behaviour of the 
polymer. The shape loss during polymer 
burnout can be minimised by selecting 
polymers that degrade by yielding 
carbon-carbon double bond products.

The research has been carried 
out with the support of the National 
Science Foundation under the grant 
DMI-0200554: Protocol Development for 
Net Shape Powder Metal Part Produc-
tion via Cold Compaction.

The complete details of the findings 
from the research study were recently 
published in the International Journal of 
Powder Metallurgy and can be found at 
the following reference: Ravi K Enneti, 
Seong Jin Park, Randall M German and 
Sundar V Atre, “In situ observation of 
shape loss during polymer burnout in 
powder metal processing” International 
Journal of Powder Metallurgy, Vol.47, 
Issue 3, pp.45-54, 2011.  
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raymor.com
Contact: Bruno Beauchamp
bbeauchamp@raymor.com

3765, La Verendrye, Boisbriand (Quebec)  J7H 1R8 CANADA
 Tel.: 450 434-1004 • Fax: 450 434-1200

World Best Titanium and
Titanium Alloy Powders

• Very pure

• Few satellites

• Very low oxygen

• Tailored distributions

• Exceptional flowability

Plasma Atomization Process

Raymor Nanotech producer of high quality
Single-Wall Carbon Nanotubes (C-SWNT) 

• Highly graphitized C-SWNT

• Large production capacity

• C-SWNT deposit without  
   any multi-wall nanotubes
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Smith Metal Products, the metal and ceramic injection 
moulding division of Plastic Products Company, Inc., broke 
ground recently in Center City, Minnesota, USA, for a new state 
of the art 60,000 ft2 manufacturing facility. Smith supplies 
a wide variety of industries and applications including long 
term implant devices, surgical devices, electronics, military, 
aerospace, firearms and everyday consumer products.

Smith currently supplies customers around the globe from 
their manufacturing facility in Lindstrom, Minnesota. In addi-
tion, the company maintains a Sales and Engineering office 
on the West Coast. The new facility will relocate the company 
three miles from their current location to a new industrial 
park. The new site will allow for future expansion. 

Lori Bjork, General Manager of Smith remarked that the 
new facility is needed to meet future growth targets and 
support our customer base, “We are fortunate to be one of the 
manufacturing companies in the US who has continued to grow 
in this challenging economy.” Bjork attributed their success 
to the company’s dedication to provide customers with value 
and solutions oriented product manufacturing. “American 
manufacturers cannot ignore foreign competition. We have to 
do what we have always done best; lead as the world’s innova-
tors creating value for the customer by offering advanced 
engineering solutions to complex problems.”  

Mike Brown, Director of Sales & Marketing remarked, “One 
of our company’s guiding principles is to be as socially and 
environmentally conscious as possible. Producing products 
near point of use not only decreases the environmental 
footprint, it creates opportunities for highly skilled jobs here 
in the US. To maintain our competitiveness we rely heavily on 
automated systems rather than low skilled manual labour.  
We consider it one of our greatest achievements when we can 
work with a customer to discontinue manufacturing compo-
nents overseas. By leveraging our talented and innovative 
engineering specialists, we have been able to either prevent 
projects from going overseas or return projects to the US.  We 
don’t just look at a project from the component level. We look 
for novel ways to reduce costs beginning with raw materials 
through to the end consumer.” 

Brown continued, “Having similar minded partners like 
BASF Corporation, who supplies the majority of Smith’s raw 
materials, is essential to the overall success of our projects.  
BASF is a trusted partner providing high quality materials and 
technical support, complementing Smith’s proven moulding 
expertise.

www.mimparts.com  

Smith Metal Products breaks 
ground on new manufacturing 
facility

Smith employees, general contractor, and county officials gather to 
celebrate the groundbreaking of their new 60,000 ft2 facility
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Mixing for Metal Injection Moulding?

• Winkworth Laboratory/Production Z (Sigma) blade 
   mixers - proven in Metal Injection Moulding 
• Used by Researchers and in Production - worldwide
• Complete process control and monitoring
• Easy Clean – just 5 minutes – batch to batch
• Designed and Made in England

For more information about Winkworth Sigma Z Mixers

Call Sales on: +44 (0)118 988 3551

 E: info@mixer.co.uk 

W: www.mixer.co.uk

Laboratory/
Production Z Blade 

Mixers

New MZ 7 

Sigma Mixer

Erasteel, a world leader in the production of high speed 
steel via the powder metallurgy process, has opened a new 
gas atomising tower at its Söderfors plant in Sweden.

The new facility, named DurinTM, will allow the company 
to extend its product range to new steel grades, such as 
stainless steel, nickel and cobalt alloys, and to reach new, 
fast growing markets.

This new equipment represents an investment of around 
€20 million by Erasteel, a wholly owned subsidiary of 
Eramet. The plant’s capacity after this investment will reach 
14,000 tons per year.

Patrick Buffet, Chairman and CEO of the Eramet Group, 
who was presiding over the inauguration, stated, “This 
investment in a very innovative technology opens new 
opportunities for Erasteel. Eramet benefits from its new 
technologies to bring to the market new, high performance 
solutions in the form of gas atomised powders of highly 
alloyed steels. Sweden holds key competencies in the 
field of powder metallurgy. This new investment shows 
our commitment to serve in the long term fast growing 
markets, like tooling, energy and in particular oil and gas.”

In 2011, Eramet Alloys is commissioning four stra-
tegic facilities (powder metallurgy in Sweden, titanium, 
aluminium and nickel alloys in France) for a total capital 
expenditure of around €120 million. 

www.eramet.com  
www.erasteel.com   
   

Erasteel opens new gas 
atomising tower in Sweden

Powder Metallurgy forum at 
Ceramitec 2012 
The organisers of Ceramitec 2012, taking place at the 
New Munich Trade Fair Centre from May 22-25 2012, have 
announced that the event will once again include a focus 
on Powder Metallurgy.

Information on the current status of PM and on 
the outlook for the future of new technologies in this 
segment of industry will be presented by Germany´s 
Fachverband Pulvermetallurgie (FPM). A special Powder 
Metallurgy forum, entitled "PM today and tomorrow", will 
take place on May 22, 2012, and will be chaired by Prof. 
em. Dr.-Ing. Paul Beiss and organised by Hans Kolaska 
of FPM. 

Experts from research and industry will give short 
lectures, each of around 15 minutes in duration, 
addressing topical issues in PM production, as well as 
setting out the opportunities for the future of key tech-
niques in powder metallurgy. An open discussion with the 
audience is then planned following each lecture. 

Techniques such as the hot isostatic pressing (HIP) 
of PM parts, microwave debinding of hard metals, rapid 
sintering of large-area components, PVC and CVD 
coatings on hard metals, and Metal Injection Moulding 
technology will also be presented. Lectures will be in 
German and simultaneous interpreting into English will 
be provided.

www.ceramitec.de     
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•  broad range of materials
•  large and small quantities
•  standard and specific 

developed feedstock
•  application of                    

non standard alloys
•  equipment for MIM and 

CIM available
•  Austrian enterprise

PIM without limits

experiencing

10 years 
of 

Pim Technology

pimtec GmbH    
office@pim-technologies.com  ·   www.pim-technologies.com  

“International Powder 
Metallurgy Directory” 15th 
Edition 2012-2013 announced
The latest 15th edition of the International Powder Metal-
lurgy Directory (IPMD), an essential reference publication 
for those involved in the global PM industry, is scheduled 
to be published in March 2012. The International Powder 
Metallurgy Directory is published by Inovar Communica-
tions Ltd, publishers of the ipmd.net e-newsletter and 
Powder Injection Moulding International.

The International Powder Metallurgy Directory will 
contain details of nearly 5000 companies involved in PM 
and hundreds of companies involved in PIM. It will also 
feature more than 150 pages of Powder Metallurgy market 
and technology information.

 The 15th edition IPMD directory is the most compre-
hensive guide available to companies involved in the PM 
industry, listing not only industry suppliers but also all 
known parts and product producers. Approximately 200 
product codes are used to identify each company’s specific 
area of activity. 

The new edition includes the revised and updated 
'Powder Metallurgy: A Global Market Review', presenting 
key statistical data highlighting the current state of the 
PM industry. It will also feature an analysis of the global 
PIM industry. For further information, including a special 
pre-publication offer, visit the publication’s website. 

www.ipmd.net   

Dates announced for 18th 
Plansee seminar
Plansee SE has announced dates for the 18th Plansee 
Seminar, which will take place at the company’s headquar-
ters in Reutte, Austria, from 3-7 June 2013.

Since its beginnings in 1952, the Plansee Seminar has 
been regarded as a global forum for the technical and 
scientific PM community to exchange ideas and keep up-to-
date with the latest innovations and market trends. The 
organisers state that all aspects of the science, technology, 
testing and application of Refractory Metals and Hard 
Materials will be addressed in keynote lectures and/or by 
oral and poster presentations, specifically:  

•	 PM processing technologies including all steps 
from concept to the finished product 

•	 The full range of applications, from electronics, 
power engineering to medical technology etc. 

•	 Applications of Hard Materials with focus on cutting 
tools and wear parts which benefit from improved 
materials and coating systems 

•	 Recent developments in material analysis and 
testing methods 

•	 Advanced methods of modelling material proper-
ties, material synthesis and component design.

Organisers state that a “Call for Papers” will be 
distributed in April 2012. More information is available on 
the event website.

www.plansee-seminar.com   
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MIM Debind and Sinter Furnaces
for Metal and Ceramic Injection Molded Materials

Over 6000 units built since 1954
Over 80 different styles of batch and continuous furnaces
from 1 cu cm to 28 cu m. Custom sizes available. 
Testing available in our Applied Technology Center
furnaces to 2800°C
Worldwide Field Service and Spare Parts available
for all furnace makes and models.

•

•

•

Competence
 Versatility
 Innovative

•

•

•

•

Metal or graphite hot
zones
Sizes from 0.3–12 cu ft.
Pressures from 10-6 torr–
750 torr
Operates in Vac, Ar, N2,
and H2
All binders and feedstocks

•

www.centorr.com/pi 

Centorr Vacuum Industries, Inc.
55 Northeastern Blvd., Nashua NH • Toll free: 800-962-8631

Ph: 603-595-7233 • Fax: 603-595-9220 • E-mail: sales@centorr.com

Details at

ColorYZe™

ColorYZe™ is a range of pigmented yttria 
stabilized zirconia (ZrO2) that brings new 
opportunities to the field of advanced 
ceramics:
  • creating unique & original colored ceramics
  • leveraging the high performances of ZrO2 
    based ceramics

ColorYZe™ is available in the form of:
  • powders for injection moulding
  • granules with binders for pressing

Saint-Gobain ZirPro also manufactures 
unpigmented zirconia powders and granules.  

 

Imagine with Colors ! as!

Comprehensive ZrO2 Palette for Colored Ceramics

www.zirpro.com

2012 Powder Metallurgy 
World Congress: Call for 
Papers deadline extended
Organisers of the PM2012 Powder Metallurgy World 
Congress and Exhibition have extended the deadline for 
anyone wishing to submit an abstract for inclusion in 
the conference programme. The new deadline is 31st 
December 2011, and more information can be found on 
the PM2012 website.

Scheduled for the October 14-18 2012 in Yokohama, 
Japan, the World Congress will be the largest gathering 
of the Powder Metallurgy community in 2012.

All submitted papers will be reviewed and allocated 
to oral or poster sessions by the Technical Programme 
Committee, based on authors' choices. The acceptance 
notification will be e-mailed to the authors by the end of 
February 2012.

www.pm2012.jp  

The Engineering and Services Group of the Energy 
Research Centre (ECN) in the Netherlands has developed 
an extreme thermo-shock proof tungsten based material, 
which is converted into complex shaped components 
used for nuclear fusion applications by powder injection 
moulding (PIM). 

ECN uses a special yttria doped tungsten powder 
to achieve the required property characteristics under 
extreme heat load conditions. Testing of the PIM 
tungsten-yttria components at an absorbed capacity of 
1.13 GW/m2 during 1000 cycles of 1 ms did not lead to any 
cracking, contrary to conventional materials. Particularly 
the ductility, the fatigue resistance and the hardness of 
the material have been optimised. 

The good properties of the PIM material are due 
to its homogenous and fine microstructure that is 
similar in three dimensions, contrary to the directional 
dependence of conventional materials. The material 
therefore shows no signs of recrystallisation between 
1200 and 1440°C, but remains stable well above 
2000°C. 

The unique characteristics of the obtained material 
are largely determined by the use of the PIM technology 
which ECN believes is highly suited for a wide range of 
new doping alloy applications.

The PIM process offers unlimited freedom of shaping, 
which eliminates the need for finish machining. For tung-
sten this is highly relevant, both for cost and performance 
reasons.

For more information contact Jan Opschoor, email  
opschoor@ecn.nl

www.ecn.nl   

PIM tungsten components 
suited to extreme heat 
conditions in nuclear fusion 
plants
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NEW APPROACH
in

liquid debinding    thermal debinding    sintering

gas pressure sintering    combined processing

laboratory heat treatment

and other equipment

NEW APPROACH – STEPS TO YOUR VISIONS

Anlagenbau GmbH

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

The Metal Powder Industries Federa-
tion (MPIF) has announced the opening 
of registration for MIM2012, an 
international conference on injection 
moulding of metals, ceramics, and 
carbides, to be held March 19–21, 
2012, at the Sheraton San Diego Hotel 
& Marina, San Diego, California. The 
conference, sponsored by the Metal 
Injection Molding Association, a trade 
association of the MPIF, and its affiliate 
APMI International, also offers an 
optional one-day tutorial on powder 
injection moulding (PIM).

With a focus on “designing MIM 
parts and materials for performance 
and value”, the event will feature over 
20 presentations including a review 
of powders for the MIM industry; 
new binder systems, evaluations of 
numerous MIM materials, magnetic 
applications, two-component injection 
moulding, and hot isostatic pressing 
(HIP) of MIM components. A “history 
of metal powder injection moulding” 

will also be presented, along with 
numerous case studies.  

This conference is targeted at 
engineers, product designers, manu-
facturers, consumers, researchers, 
lecturers and students who have an 
interest in the application of injection 
moulding of metals, ceramics, and 
carbides. 

An optional Powder Injection 
Molding Tutorial, conducted by Prof. 
Randall German, will provide an over-
view of the PIM industry, comprised of 
MIM (metal injection moulding), CIM 
(ceramic injection moulding), and CCIM 
(cemented carbide injection molding), 
and a basis for determining options, 
uses, properties, applications, and 
opportunities for cost-effective PIM 
manufacturing.  

The MIM2012 technical programme 
chairmen are Bruce Dionne, General 
Manager, Megamet Solid Metals, Inc. 
and Toby Tingskog, Sandvik Osprey Ltd. 

www.mimaweb.org/mim2012  

MIM2012 Conference on Injection 
Molding of Metals, Ceramics and 
Carbides 

The Sheraton San Diego Hotel & Marina, 
San Diego, California, venue for the 
MIM2012 conference

MIMA’s annual conference is the largest 
event dedicated to metal and ceramic 
injection moulding. The MIM2011 event 
attracted more than 130 industry profes-
sionals (Photo courtesy MPIF)
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System solutions from one single source

www.erowa.com info@erowa.com

Are you saving time?

You can find out more about the EROWA quick 
change tooling system for dies and die-plates on  
www.erowa.com

We are: with the PM Tooling System for flexible
and quick resetting!

Ceram Accepted as Member 
of the UK MoD’s MAST STC
Ceram, the materials technology consultancy that focuses 
on innovation, sustainability and quality, has announced 
that it has been accepted into the Materials and Structures 
Science and Technology Centre (MAST STC) that is run by 
Dstl on behalf of the UK’s Ministry of Defence (MoD). 

The MAST STC research programme aims to develop 
novel structural and functional materials to deliver solu-
tions to defence challenges in both the medium- and the 
long-term.

Ceram states that its materials experts have worked on 
many projects for the defence sector, particularly in the area 
of developing light-weight yet toughened ceramics.  

As a member of MAST STC, the team has already been 
able to submit collaborative bids with BAE Systems and 
other companies, as well as on their own behalf, through the 
Centre for Defence Enterprise (CDE), part of Dstl.

Commenting on the announcement, John Cotton, 
Business Development Manager, Aerospace and Defence at 
Ceram, said:

“We are delighted to have been accepted as members 
of MAST STC. This association not only allows us to access 
potential funding for materials projects, it also allows us to 
work more closely with companies in the defence sector to 
help them develop new materials, applications, products and 
technologies.”

www.ceram.com   

The European Powder Metallurgy Association (EPMA) has 
issued a “Call for Papers” for the Euro PM2012 Congress 
& Exhibition. The annual Euro PM Congress will be held 
in Basel, Switzerland, from 16-19 September 2012. The 
Technical Programme will centre on the key sectors of 
“Hard Materials & Diamond Tooling”, “Powder Injection 
Moulding”, “Hot Isostatic Pressing” and, for the first 
time at a Euro PM event, “PM Applications and New 
Processes”. 

The event, states the EPMA, will “provide an ideal 
opportunity for authors to both present their work, to 
exchange ideas on recent industry developments and 
technologies, and also 
to meet and network 
with colleagues and 
fellow researchers 
from throughout the 
PM world.”

Authors are invited 
to submit papers to the 
programme through 
the Euro PM2012 
website. Please note 
that the deadline for 
submitting an abstract 
is 3 February 2012.

www.epma.com  

Euro PM2012 Basel: Call for 
Papers issued

Congress Center Basel, venue for the 
Euro PM2012 Congress and Exhibition
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MicroPIM Review

A review of the current status of 
MicroPIM: Part 2, Screw injection 
units, simulation and process 
variants

In this, the second of a two part report for PIM International, 
Dr Volker Piotter (Karlsruhe Institute of Technology, Germany) 
continues his review of the current status of MicroPIM technology. 
Innovations in screw injection units, the simulation of MicroPIM, the 
various technologies available to enable multi-component MicroPIM, 
and sinter joining are featured. 

the expertise
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The ever growing number of micro-sized 
components manufactured from metal 
or ceramic materials are a testament 
to the fact that MicroPIM is a robust 
and vibrant emerging technology. This 
growth can be seen in all steps of the 
process chain, from ongoing technical 
innovations to new process variants, 
product designs and applications.

As an example, new approaches for 
producing mould inserts are gaining 
significant attention, with momentum 
coming in particular from additive 
or rapid prototyping methods [1, 2]. 
Other attempts at progressing mould 
inserts are targeted towards generating 
modular systems to assemble individual 
mould segments with standardised 
connecting joints, thus achieving a high 
flexibility in mould insert design [3]. The 
development of mould designs using 
sacrificial cores is also an interesting 
area of development [4].  

A review of current progress 
relating to MicroPIM could extend far 
and wide, however in this concluding 
review a specific focus will be on novel 
screw injection units, the simulation 
of MicroPIM and multicomponent 
MicroPIM.  

Screw injection units for 
MicroPIM
For an understanding of the most 
suitable machinery for MicroPIM it is 
important to distinguish between micro 
sized and microstructured parts. 

In case of the latter, defined as 
parts with overall dimensions in the 

mm or cm range but with microsized 
structures on the surface, the shaping 
process in general can be accom-
plished using standard plastic injection 
moulding equipment which, of course, 
has to be modified in several areas. 
The main differences in powder injec-
tion moulding are the relatively high 
injection pressures (up to 200 MPa), 

Fig. 1 An example of a CIM component with microfeatures. This CIM connector features 
64 octagonal micro holes on a surface measuring 2 x 2 mm, inset pictures shows detail 
of the connector surface. The actual size of each of the 64 octagons is 125 µm (Courtesy 
Formatec)

125 µm
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enhanced temperature parameters 
due to the different thermomechanical 
properties of PIM feedstocks, utilisa-
tion of wear resistant injection units, 
and the use of screws with an opti-
mised geometry. 

To prevent effects such as plugging 
or blocking, compression ratios of 
approximately 1 : 1.5 or even lower are 
recommended. Further, barrel lengths 

have to be kept shorter and should not 
exceed 18 times the screw diameter.

A higher wear resistivity for the 
sections that are in contact with 
the abrasive feedstock is strongly 
recommended. This can be achieved 
by surface hardening the steels, by 
using hard coated inline layers, or even 
by engineering the whole injection 
unit as a hardmetal construction. 

With regard to the latter, better wear 
protection leads to less contamination 
of the feedstock, which is of particular 
interest if high material purity of the 
sintered parts is required. 

In the case of micro sized parts, 
specifically parts with extremely small 
volumes, machinery must be able to 
run low shot weights to ensure that 
the feedstock remains in the hot zone 
of the injection unit for as little time 
as possible. This requirement can 
be extremely effectively achieved by 
plunger injection units or, to be exact, 
combinations of pre-plastification 
screws with injection plungers. Such 
systems have been described in part 
one of this article (see PIM Interna-
tional, Vol. 5 No. 3 September 2011). 
Therefore, in this article the “tradi-
tional” systems using reciprocating 
screws will be our focus.

The first step to achieve lower shot 
weights is simply to reduce the screw 
diameters. Obviously, this measure is 
limited as the load bearing core of the 
screw can only be weakened down to 
a certain point. Adding the necessary 
spiral depths, the minimal screw 
diameters are currently in the range 
of 14-15 mm. For the general screw 
design, the same rules as given above 
for microstructured parts should be 
considered. Some machine producers 
offer special units with screws of 12 
mm diameter, including Arburg and Dr. 
Boy [5]. However, these injection units 
usually require special granules with 
mean diameters of a maximum of 2 
mm or lower.

With this is in mind, a novel approach 
from Arburg deserves attention (Fig. 2). 
In this system, two screws are coupled 
in row [6, 7]. The first screw with a diam-
eter of 15 or 18 mm acts as an extruder 
and accomplishes feeding, plastification 
and homogenisation of the feedstock. 
The second reciprocating screw has a 
conveying and, primarily, an injection 
function. As this is not filled with solid 
granules but already molten feedstock, 
the spiral depth can be kept low thus 
the whole screw diameter reaches only 
8 mm (Fig. 4). 

This configuration allows for 
minimal shot volumes of 0.05 cm3 
which relates to the range of pre-
plastification/plunger systems. This 
unit also guarantees an unrestricted 
first-in first-out principle and minimal 
residence times. In experiments, 
remarkable shot weight consistencies 
could be reached with metal as well as 
ceramic feedstocks: using Catamold 

Fig. 3 The micro-injection module from Arburg combines an 8 mm injection screw with a 
second screw for melting the material (Courtesy Arburg)

Fig. 4 The Arburg micro-injection module as presented on an electric Allrounder
270 A during the 2011 Arburg “Technology Days” (Courtesy Arburg)

Fig. 2 Configuration of the double-screw micro injection moulding unit offered by Arburg 
(Courtesy Arburg)
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TZP-C a standard deviation of ±0.07% 
and maximum spread of 0.37% was 
measured for the shot to shot variation. 
The corresponding values for a metal 
feedstock (Embemould 17-4 PH S 16) 
were ±0.19% and 0.95% (Figs. 5 and 6).   

Simulation of MicroPIM
At a first glance, the basic rules 
for part design and processing for 
MicroPIM are the same as for macro-
scopic powder injection moulding. This 
cursory point of view, however, ignores 
decisive differences not only caused 
by the small dimensions, but also the 
precise and expensive methods for tool 
making. 

Concerning the latter, it has to 
be mentioned that since it is virtu-
ally impossible to rework or modify 
fragile microstructured moulding 
tools, computer simulation of each 
fabrication step would be exception-
ally useful to avoid serious errors 
occurring as early as the design 
phase. Programmes such as Autodesk 
Moldflow®, SigmaSoft®, Moldex3D®, 
PIMsolver®, and SIMUFLOW® are now 
used more and more for macroscopic 
PIM. For practical application in 
smallest dimensions, however, some 
specific issues relating to micro 
replication have to be considered:

•	due to the larger surface-to-volume 
ratio heat losses are of higher 
influence

•	for the same reason all surface 
related effects become more 
relevant

•	usually above-average shear rate 
levels

•	interactions between cavity size 
and powder particle diameters can 
no longer be neglected

•	sometimes abrupt changes of 
cavity sizes

•	micro injection moulding features 
such as variothermal temperisation 
need to be considered. 

As further critical points, commer-
cial simulation programs have weak-
nesses which limit their applicability 
for PIM in all component size ranges. 
Due to the single-phase material 

models, PIM-specific phenomena such 
as powder/binder separation cannot be 
simulated unless additional features 
are implemented. Further, powder 
properties such as higher inertia 
cannot be considered sufficiently 
and typical PIM effects such as the 
irregular formation of strands and 
folds, wall friction, and yield stresses 
often cannot be assessed correctly. 

When reading this some may 
conclude that commercial software 
programmes are completely unusable 
for PIM, and especially MicroPIM, 
applications. A remarkable example 
that this is not the case is described 
in [8, 9]. Thanks to only a few well 
considered modifications, significant 
progress in predicting PIM related 
phenomena has been achieved. The 
main point concerns the applied 
material model. Usually, the well-
known Cross WLF model is used which 
shows a significant shear-thinning 
behaviour at higher shear rates. On 

the other hand at low shear rates a 
nearly newtonian plateau is indicated, 
which hardly corresponds to the real 
flow capabilities of PIM feedstocks. 
Therefore, the Cross WLF model had 
been extended by a Herschel-Bulkley 
term which is characterised by a 
significant viscosity increase at very 
low shear rates, i.e. approximated yield 
stress effects. This enhancement also 
resulted in a different flowfront profile 

(plug flow) which is shown in Fig. 7.  
 The new material model leads 

to distinct progress in predicting the 
flow behaviour of PIM-feedstocks as 
demonstrated by Fig. 8.

Despite all apparent progress, the 
question of whether single-phase 
material models are sufficient for 
PIM simulation is still unresolved. 
Approaching this problem from the 
other side, a number of research 
centres have also initiated studies 
which may also lead to the desired 
goal. 

Some of these profound approaches 
for simulating MicroPIM most broadly 
are currently under development at 
the University of Besancon, France. 
Detailed descriptions can be found in 
[10, 11].

Targeting nearly the same objec-
tives, i.e. development of PIM-specific 
simulation software, novel approaches 
are currently under investigation by 
researchers at Freiburg University, 

Fig. 5  Shot to shot consistency for ZrO2, Catamold TZP-C ceramic 
feedstock (Courtesy Arburg)

‘The new material model 
leads to distinct progress in 

predicting the flow behaviour of 
PIM-feedstocks’

Fig. 6 Shot to shot consistency for 17-4PH, Embemould S 16 steel 
feedstock (Courtesy Arburg)
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IMTEK, Germany. The scientists there 
developed a new material model based 
on the so-called Smoothed Particle 
Hydrodynamics (SPH) method [12]. 
To adapt and upgrade this method 
for MicroPIM two new features, an 

inherent yield stress and shear-
induced powder segregation, had to be 
implemented. 

To take into account yield stress 
phenomena, a bi-viscosity approach 
had been developed [13]. Addition-
ally, for simulation of shear induced 
powder/binder separation, physical 
particle migration had to be consid-

ered. After such modifications to the 
SPH-model a correct assessment 
of powder particle distribution in 
MicroPIM parts could be achieved as 
verified by CT-measurements using 
synchrotron radiation [14, 15].

Multi-component 
MicroPIM
Two-component MicroPIM
The unique attractiveness of this 
technology lies in the possibility to 
combine two or more materials with 
different, sometimes contradictory, 
properties. Furthermore, the saving of 

assembly steps significantly increases 
economic efficiency [16, 17].

To reach these goals, however, 
a few technical challenges have to 
be solved. Not only do the different 
materials have to be joined during 
injection, but more importantly the 
composite product has to be preserved 
during debinding and sintering. To 
accomplish the latter, sintering 
temperatures and shrinkage rates 
have to be carefully adjusted. For this 
purpose, powder loading, powder 
particle size and sintering profiles are 
the most important factors. If done 
correctly, fixed or movable bonds can 
be generated. An early treatise of 
2C-MIM for fixed bonds can be found 
in [18] whereas movable combinations 
are described in [19].  

Due to the advantages offered, 
2C-PIM is already under advanced 
development for micro applications. 
Impressive examples can be found 
describing, for example, the two-
component PIM of ceramic heating 
elements [20] or for combinations of 
alumina and zirconia, both as fixed or 
movable bonds [21]. 

Concerning 2C-MicroMIM, the 
Fraunhofer Institute IFAM in Bremen, 
Germany, has carried out intensive 
research for many years. Current 
investigations focus on the formation 
of weld lines in micro test specimens, 
the determination of parameter influ-
ence, and the possibility of merging 
area predictions by simulation [22].  

MicroPIM combined with Inmould 
Labelling
As well as the “conventional” 
processing of 2C-PIM parts, i.e. the 
merging of two or more melt flows, 
other variants can be utilised to obtain 
multi-material devices. One alternative 
is the so-called inmould labelling PIM 
process (IML-MicroPIM), performed 
by inserting a foil or film in the tool, 
pressing it on the abutting face of the 
microstructured insert, closing the 
tool, and injecting feedstock from the 
back. The foils can be filled with metal 
or ceramic powders and manufactured 
by, for example, slip casting, foil 
casting, or even rolling processes. 
Additionally, before mounting in the 
injection moulding tool, the foils can 
be imprinted, punched, embossed or 
subjected to other preliminary treat-
ments. Using these options, colour or 
relief patterns can be applied on the 
surface of the PIM body. 

A further important advantage is 

Fig. 7 Shear rate and velocity flow profiles uisng a simple Cross WLF model (upper) and 
with Herschel-Bulkley extension (lower) (Courtesy Sigmasoft Engineering)

Fig. 8 Comparison of mould filling simulated using the simple Cross WLF model (split-
ting of flowfront, above), using the Cross WLF+Herschel-Bulkley extension (feedstock 
fills corner before turning left, below), and a real moulded sample (right) (Courtesy 
Sigmasoft Engineering)  

‘Due to the offered advantages 
2C-PIM is already under advanced 

development for micro applications’
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the opportunity to blend in submicron 
or even nanopowders without the 
usual drawbacks such as a significant 
increase in viscosity. 

Comparable to 2C-MicroPIM, the 
major challenge associated with 
IML-MicroPIM is in the development of 
an adequate sintering process, which 
has to achieve the correct sintering 
of both materials as well as a strong  
joint between them [23]. To find the 
most suitable combination of powder 
types, mean particle diameters, 
powder filling ratios, and the sintering 
parameters themselves are all 
variable. IML-MicroPIM has already 
been investigated for macroscopic PIM 
products and R&D activities for adap-
tation to micro systems technology are 
currently underway (Figs. 9 and 10).

Sinter joining
Using this method, material compos-
ites are obtained by joining green 
parts after cooling and demoulding 
but before debinding. At this stage of 
the process, two or more green parts 
are assembled, debound and, finally, 
sintered to form a fixed bond. As the 
green bodies can be assembled in 
various different and, if required, alter-

Fig. 10 Microscopic view on the interface 
between former tape (upper section) 
and feedstock (lower section). The upper 
section shows a slight porosity but no 
failures are visible at the boundary line

nating ways this method is of superior 
geometric flexibility. Additionally, 
devices with undercuts or even hollow 
parts can be realised. If assembly of 
green bodies is carried out automati-
cally by the use of modular computer-
assisted robots, a high economic 
efficiency is reached despite the fact 
that an additional mounting unit is 
necessary. The process sequence 
with a focus on micro applications is 
described in [24, 25].

Different to multi-component injec-
tion moulding, the parts are assem-
bled in a relatively cold state, so sinter 
joining may be complicated especially 
if different powders or materials are 
applied. It is often, therefore, useful 
to equip the primary components with 
auxiliary joining elements that ensure 
locking. Furthermore, the green parts 
that have to become bonded may be 
weighted during sintering to obtain 
strong joints. 

Summary and Outlook
As indicated by the two parts of this 
review of MicroPIM, micro powder 
injection moulding represents a 
constantly advancing technology, from 
both the economical and technical 
point of view. Nevertheless, there is 
still room for improvements. Dimen-
sional elaborateness and surface 
quality are significantly determined by 
the grain sizes of the primary powder 
particles. Further improvement of 
the microPIM process requires finer 
powders, in particular as far as metal 
materials are concerned. In the case 
of ceramic feedstocks, this implies 
the tendency towards ultrafine or 
even nanoscale particles. 

Concerning not only micro powder 
injection moulding, a promoted 
development and use of simula-
tion tools can be expected. By new 
approaches like extended or even 
completely new generated material 
models and software tools, most 
micro- and powder-specific aspects 
shall be considered to an overall 
sufficient extent.

The different variants of micro 
two-component injection moulding 
with resins merging only in a micro-
scale area represent a promising 
technology. The aim is not only to save 
assembly costs but, furthermore, to 
achieve quite new product capabilities 
by combining materials with different, 
sometimes even contradictory, 
properties. 

EcoPower
55 — 300 t

35 — 300 t

all-electric. compact.
clean.

MicroPower
5 — 15 t

economical. flexible.
high quality.

HM ServoPower

energy-efficient. compact.
low noise level.

www.wittmann-group.com
world of innovation

Headquarters:
Wittmann Battenfeld GmbH

Wiener Neustädter Straße 81|A-2542 Kottingbrunn
Tel.: +43 (0) 2252 404-0|Fax.: +43 (0) 2252 404-1062

info@wittmann-group.com 

Energy saving machine
series for PIM process

Figs. 9 Laboratory sample of an insert for 
embossing tools made by IML-MicroPIM 
using different kinds of ZrO2-powders for 
tape and PIM-Feedstock, top-to-bottom 
distance of the grooves approx. 390µm
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ITB Precisietechniek:  
MIM titanium drives growth at 
Dutch MIM producer 

ITB Precisietechniek, based in Boxtel, The Netherlands, has been producing 
MIM components since 1996. The company has until recently been a 
relatively low-profile member of the international MIM community. Reflecting 
a new policy to more openly present its capabilities to the public, ITB recently 
opened its doors to Dr. Georg Schlieper who reports exclusively for PIM 
International on the company’s MIM activities, philosophy and views of the 
MIM industry. 

The Netherlands is not particularly well 
known for its metalworking industry. 
Better known are Dutch products such 
as flowers and vegetables which are 
grown and exported in large quanti-
ties, and of course the famous Dutch 
cheese. Great parts of the densely 
populated flat country are devoted to 
intensive agriculture. The Netherlands 
is also known as a country with many 
tourist attractions from sandy beaches 
to art museums and picturesque 
cities. In the south of The Netherlands, 
however, in the triangle between 
the cities of Eindhoven, Tilburg and 
Hertogenbosch is the country’s most 
important industrial area. Comprising 
a total population of just two million 
people, this area is home to key global 
corporations such as Philips and DAF 
Trucks in Eindhoven and Van Doorne’s 
Transmissie in Tilburg (VDT, now a part 
of the Bosch Group), the manufacturer 
of continuously variable transmissions 
(CVT) that are frequently used in Asian 
cars. 

The small town of Boxtel lies 
between these industrial centres, 
right in the hearth of the so called 
“high-tech triangle”. Besides the giant 
corporations, there are numerous 
small and medium sized enterprises 

supplying a wide spectrum of industrial 
products. One of these is ITB Precisi-
etechniek, a family owned company 
founded in 1966. ITB started with the 
manufacture of high precision moulds 
and dies for the local stamping and 
plastic injection moulding industries, 
hence the name ITB which stands for 
”International Tools Boxtel”.

As more and more customers 
asked to have their tools tested before 
delivery, ITB started a small scale 

production unit for plastic injection 
moulding and stamping. With the 
growing experience in small scale 
production and success in toolmaking, 
the owners decided, in 1972, to them-
selves start a sheet metal stamping 
and plastic injection moulding business 
for large volume orders. 

From the beginning, a strong 
driving force was the nearby subsidiary 
of Bosch Power Tools, which was 
determined to outsource the produc-
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tion of plastic components. Still today 
a significant volume of plastic parts 
used in Bosch power tools are made 
by ITB. A further milestone in the 
company’s history was the decision to 
offer the production of sub-assemblies 
in 1985. In 1992, Transito, a subsidiary 
company in the Czech Republic, was 

founded with the intention to save costs 
for labour intensive processes such as 
assembly. 

Additional acquisitions were Verho-
even in 2001, specialising in product 
design and development, and ITB 
Plastmolding in 2002, a processor of 
clean room polymer parts. In 2005 DIM 
Mexico, another subsidiary company, 
was founded to facilitate access to the 
North American market.

The introduction of MIM
In 1996 the German armaments 
producer Rheinmetall AG, which had 
been manufacturing mainly firearm 

components and ammunition by 
metal injection moulding at NWM de 
Kruithoorn in Hertogenbosch, decided 
that MIM was no longer a core busi-
ness. The manufacture of penetrators 
was transferred to Germany and the 
MIM facilities, along with the tech-
nology and the non-military business 

of NWM de Kruithoorn, were sold to 
ITB. This move enabled ITB to transfer 
smoothly to the production of MIM 
parts. Historically there was a close 
link to the defence industry, but ITB 
decided not to focus on this market. 
Marketing activities were concentrated 
towards mechanical engineering, the 
medical sector and the automotive 
industry. By 1997 the production of 
titanium MIM parts had also started. 

The headquarters of ITB in Boxtel 
has some 100 employees, 25 of which 
work in MIM parts production. The 
MIM business unit is managed by 
two engineers, Peter Vervoort, who is 
responsible for technology, marketing 

and new business development, and  
, Production Manager for MIM and 
stamping. Sales and purchasing is 
done by the respective central depart-
ments of ITB. 

Peter Vervoort joined the company 
only recently after working for 16 years 
in Germany for the well known furnace 
manufacturers Cremer Thermoprozes-
sanlagen GmbH and ELINO Industrie 
Ofenbau GmbH, both located in Düren. 
An experienced powder metallur-
gist, Vervoort received his master’s 
degree in materials engineering from 
the University of Delft. There he had 
already worked in the field of powder 
metallurgy. He spent some time as a 
trainee at ABB in Baden, Switzerland, 
where he acquainted himself with the 
MIM technology and its possibilities 
for high temperature applications. His 
master’s thesis, studying the Osprey 
Spray Forming Process, was the first 
winner of the EPMA Thesis Competition 
in 1994. 

Today plastic injection moulding is 
the core business of ITB, and MIM is 
a second strong and growing division. 
Stamping is a supporting technology 
since almost all stamped components 
are assembled with plastic parts. While 
tool design and tool making are still 
a foundation of the entire business, 
product development carried out by 
ITB’s subsidiary Verhoeven is beginning 
to play a key role. ITB is committed to 
supplying not just individual compo-
nents to its customers, but complete 
solutions.

The advantages of a 
flexible workforce
The workforce of ITB includes approxi-
mately 80% women. “We offer our 
employees maximum in flexibility to 
organise their working hours,” stated 
Martens. “The majority of our staff 
work in day shift only and many work 
only part-time. This helps working 
women to arrange their family lives. 
In return we experience a high degree 
of motivation from our staff. We also 
employ temporary workers to cope 
with high volume incoming orders. We 
observe these workers very care-
fully and if they integrate well into 
our team, we offer them permanent 
employment.” 

Vervoort added, “Our employees 
often have a migrational background. 
They reflect the Dutch population, 
of which 25% is made up of first or 

‘Still today a significant volume 
of plastic parts used in Bosch 
power tools are made by ITB’

CASE STuDy: Press Block
The press block shown below and 
used to mount electronics connec-
tors demonstrates very effectively the 
cost advantages of MIM manufac-
turing. The part is made from 100Cr6 
tool steel, is heat treated to 60-62 

HRC and weighs 6g. The previous 
conventional design was machined 
from bar stock and the square holes 
had to be EDM machined. The MIM 
part is produced at an average of 40 
times more affordable.

Press block for mounting connector, weight 6 g (Courtesy ITB)
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second generation immigrants. These 
various national mentalities are a 
fertile ground for the quality conscious-
ness of our staff. Our workers can 
learn a lot from each other if they are 
interested in the performance of their 
company. It is our, the management’s, 
challenge to make them interested. 
The basis is, of course, the common 
Dutch language. All our employees 
speak Dutch to a high level. Further, 
we have a low hierarchy. Our quality 
circles are attended by all employees, 
including the managers. We work 
with Kaizen continuous improvement 
circles. Our MIM business unit is like 
a family and we address and solve 
our conflicts in an open and trusting 
atmosphere.”

ITB has experienced that recruiting 
technical personnel is getting more 
and more difficult. In general, the 
majority of young people turn towards 
servicing jobs like banking, hotels, 
social services, and the like. The few 
students who are attracted by technical 
jobs mainly go to the aerospace and 
automotive industries. Small and 
medium enterprises, suggests the 
team at ITB, have to come up with new 
ideas to make young people interested 
in their enterprise.

“This year three of our workers were 
sent to university to obtain a bachelor’s 
degree in engineering with financial 
support from ITB,” stated Martens. 
ITB has special programmes, in close 
cooperation with vocational schools, to 
train young people three to four days 
a week in the factory and one or two 
days in school. Each year, four to five 
training places are offered. During 
their training, which lasts for three 
years, these apprentices get to know all 
departments of the company very well. 
At the same time the management 
and the whole team can see during 
the training period how these young 
people behave and whether they are 
suitable to be taken on in permanent 
employment. This method of training 
young personnel in the factory is much 
more efficient than hiring people on the 
job market.

MIM production at ITB
The work area of the MIM division 
occupies a floor space of roughly 
1000m2. A view of the injection 
moulding workshop is shown in Fig. 
2. Five injection moulding machines 
with clamping forces ranging from 
250 to 1000 kN are usually active 

Fig. 2 View of ITB’s injection moulding workshop (Courtesy ITB)

Fig. 3 Robotic arm placing green MIM parts on a tray (Courtesy ITB)

Fig. 4 Manual treatment of green parts (Courtesy ITB)
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producing MIM parts, but in times of 
higher demand ITB can easily extend 
its moulding capacity by dedicating 
equipment in the plastics department 
to MIM. All machines were manufac-
tured and supplied by Arburg, and the 
active support and close cooperation 
with the supplier is appreciated by 
Martien Martens. He is convinced that 
Arburg, with its long experience in 
MIM technology, provides durable and 
reliable equipment. 

MIM technology at ITB is based on 
BASF’s Catamold feedstock system. 
It is the philosophy of the company 
to use readymade feedstock rather 
than mixing and kneading their own 
compositions. Because of the relatively 
high cost of feedstock, recycling sprues 
and runners is mandatory. Titanium 
feedstock needs particular care in 
order to prevent cross-contamination. 
“Constant processing conditions are 
essential for a high product quality,” 
Martens explained. “This includes 
consistent feedstock quality. Injection 
moulding of high quality parts is not 
just the proper tool design. There are 
a lot of other parameters that can 
be modified to optimise the results 
of injection moulding. “We even have 
techniques to minimise discoloura-
tions, the signs of binder segregation 
near the injection points of green parts, 
which are liable to occur with Catamold 
feedstock,” commented Vervoort.

Quality checking and 
processing of green parts
The majority of injection moulding 
machines are equipped with an 
impressive amount of automation and 
run 24 hours a day, seven days a week. 
Robotic arms remove sprues, runners 
and parts from the mould. Parts are 
then automatically separated from 
the runners and placed on the carrier 
plates for debinding and sintering 
(Fig. 3). Sprues and runners are 
immediately ground to granules and 
recycled. Quality control associated 
with the injection moulding process is 
primarily done, except for monitoring 
of injection moulding parameters, by 
optical camera inspection of the mould 
after each shot and by checking the 
weight and critical dimensions of the 
compacts at regular intervals.

The high green strength of the 
compacts allows machining operations 
in the green state (Fig. 4). This option is 
intelligently utilised at ITB not just for 

Fig. 5 Stack of molybdenum trays with ceramic platelets and green parts (Courtesy ITB)

Fig. 6 Batch type sintering furnaces at ITB (Courtesy ITB)

Fig. 7 Continuous MIM furnace at ITB (Courtesy ITB)
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shaping parts, but also for the improve-
ment of the material quality in areas 
where flaws may occur due to binder 
being squeezed out of the feedstock. 
Peter Vervoort explained, “We do not 
always try to make purely net shape 
parts. Depending on the size and quan-
tities required, we may simplify the 
tooling and machine certain features. 
Our minimum quantities are as low as 
1000 parts per year and range up to 
several million parts.” 

There is a clear product flow in the 
factory. Green compacts are not usually 
stored for more than 48 hours before 
being transferred to the debinding and 
sintering processes. The inevitable 
buffer stock between processing steps 
is an integral part of the production 
line.

Sintering
The trays used for debinding and 
sintering are manufactured from 
molybdenum. Thin alumina platelets lie 
on the metal to prevent direct contact 
between the parts and the trays (Fig. 
5). Stacks built from the trays, with 
alumina rings used as spacers, are 
transferred to a Cremer furnace for 
catalytic debinding. The debinding 
furnace is still the same as was used 
by NWM de Kruithoorn. It looks back 
on many years of service, but is still 
working very well. The debinding cycle 
can last between three and ten hours, 
depending on the wall thickness of the 
parts.

After the debinding process the 
stacks of trays are placed in the 
sintering furnace. It is essential to 

use the same trays for debinding and 
sintering and not to touch the fragile 
brown parts, states ITB. The company 
has two batch type furnaces for 
vacuum or atmosphere sintering and 
one continuous sintering furnace. The 
decision as to which furnace is used 
depends on material and cost factors. 

The batch furnaces are mainly used 
for sintering titanium, tool steel parts 
and low volume production. They are 
equipped with wax traps in the exhaust 
system and need no other cleaning 
than cleaning the wax traps (Fig. 6). 

“Over the years we have been able 
to almost double our furnace capacity 
by optimising the sintering cycles,” 
Vervoort proudly points out. Among 

other optimisations, forced cooling is 
applied to reduce the duration of the 
sintering cycle.

Stainless steel and low alloy steel 
parts are debound and sintered in 
high volumes in the continuous Elino 
furnace (Fig. 7). This furnace has four 
zones, namely catalytic debinding, 

thermal residual debinding, high 
temperature sintering and cooling. 
The zones are arranged in a U shape 
so that the floor space required is 
relatively small and the furnace can be 
loaded and unloaded from the same 
side. 

The entire factory, including the 
sintering furnaces, is fully air condi-
tioned and the temperature is kept 

‘We do not always try to make purely net 
shape parts. Depending on the size and 
quantities required, we may simplify the 

tooling and machine certain features’

Fig. 8 Selection of MIM parts made by ITB (Courtesy ITB) Fig. 9 Endoscopic instrument assembled with 3 titanium MIM parts; 
the biggest part is 100 mm in length after sintering (Courtesy ITB)

Fig. 10 Two CIM parts inserted in a MIM part (Courtesy ITB)
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constant at 20°C. The reason is the 
requirement of the high precision tool 
manufacturing department which is 
located in the same building. There-
fore, ITB has probably the coolest 
sintering department in the world and 

working at the sintering furnaces is 
just as comfortable as any other work 
at ITB. 

Various secondary operations are 
performed after sintering such as 
sizing or grinding of critical tolerances 
and surface treatment like sand 
blasting. Special know-how has been 

Catamold ® DIN Type

FN02 Fe-2% Ni

42CrMo4 1.1723 42CrMo4

100Cr6 1.3505 100Cr6

316L 1.4404 X2CrNiMo17.13.2

17-4PH 1.4542 X5CrNiCuNb17.4

Titanium Grade 4 (pure)

accumulated in high gloss polishing 
the surfaces of MIM parts, in partic-
ular for mobile phones and consumer 
goods. Heat treatment, electroplating 
and anodising are outsourced to 
specialised companies.

Markets and applications

ITB serves several markets with 
a wide variety of products and 
materials. With almost 15 years 
of experience in the production of 
titanium parts, roughly one third of 
ITB’s output is titanium parts for 

medical applications. These range 
from dental implants to medical 
instruments of complex shape and 
considerable size. Fig. 9 shows three 
MIM parts made of titanium grade 
4. Together they are assembled in 
an endoscopic device. Parts sizes 
are up to 100 mm as sintered. ITB 
provides different sets of grips 
manufactured in various tools. 
All parts are delivered ready to 
assemble. Surface qualities range 
from smooth ground to polished. 
Laser engraving can be included on 
demand. 

Further applications are in the 
automotive industry, mechanical 
engineering, consumer electronics 
and other consumer goods. The 
standard materials offered are 
FN02, 42CrMo4, 100Cr6, 316L, 
17-4PH, and Ti grade 4 (Table 
1). High temperature resistant 
superalloys are ready for produc-
tion. Vervoort stated, “We also work 
on combining metal and ceramic 
injection moulding (CIM), which is 
not very common in PIM (Fig. 10). 
For CIM we have an experienced 
partner, Formatec, just 15 minutes 
away. They make high quality 
ceramic parts for watch cases, 
mobile phones and the automotive 
industry.” 

The wide variety of products goes 
along with a wide range of compo-
nent sizes. The smallest titanium 
part weighs just 0.2 g (Fig. 11) and 
the smallest stainless steel part 0.4 
g. This can be regarded as micro-
MIM, although ITB is not explicitly 
a micro-MIM company. The largest 
components produced are more than 
100 mm in length and weigh 100 g.

Approximately 95% of ITB’s 
production is exported to OEM 
manufacturers throughout Europe. 
The annual turnover of the 
company’s MIM parts operation 
varies between €2-5 million. This 
wide range in sales volume is due 
to the fact that titanium parts are 
much higher in value than parts 
from ferrous alloys. The turnover is 
therefore substantially determined 
by the sales of titanium parts. 
When the demand of titanium parts 
is less, the turnover is also less, 
although the production capacities 
may be well utilised. Like the entire 
industry, ITB also suffered from the 
economic crisis in 2009, but today 
the production is back to the level 
before the crisis.

‘Special know-how has been 
accumulated in high gloss polishing the 
surfaces of MIM parts, in particular for 
mobile phones and consumer goods’

Fig. 11 Smallest titanium MIM part of ITB; weight 0.2 g, wall thickness 0.3 mm, holes 
0.5 mm (Courtesy ITB)

Table 1 Standard MIM materials of ITB

Company visit: ITB Precisietechniek
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Quality testing and 
environmental 
management
A well equipped materials testing lab 
is at the disposal of ITB’s MIM depart-
ment. Metallography, density measure-
ment, hardness and microhardness 
testing are all available in-house. The 
lab is also equipped with high precision 
3D measurement capability. This is 
used for measuring mould dimen-
sions, the dimensions of a complete 
pilot series, and for regular quality 
assurance purposes measuring critical 
dimension of parts with tight toler-
ances. The integrity of green compacts 
is occasionally checked by computer 
tomography, but this technology is not 
available in-house. These services are 
purchased from specialised labora-
tories, including the nearby Philips 
High-tech Campus, which offers a wide 
selection of materials testing facilities. 

ITB has installed quality and 
environmental management systems 
according to ISO/TS 16949, ISO 9001, 
and ISO 14001. 

Selling the advantages of 
MIM technology
Historically, marketing activities have 
been restricted to established contacts 
within ITB’s customer base. It was 
therefore generally unknown that 
ITB has significant experience in the 
production of titanium MIM parts. 

“We receive a lot of inquiries where 
we have to convince our customers 
that taking away some material is an 
advantage for MIM,” stated Vervoort. 
“Our customers are used to EDM 
machined, milled, turned or ground 
parts, all processes that take away 
material and the more machining that 
is required, the higher the cost. So they 
tend to leave all the material on the 
part that does not interfere with the 
function. We have to teach them that 
MIM material is very expensive and that 
MIM parts should be designed with as 
little material as possible.”

“It is not always simply material 
properties or costs that are the 
deciding factors as to whether a part 
is manufactured by MIM, “ Vervoort 
explained. “We had an example where 
we discussed with a European designer 
that his part could be produced by MIM, 
but he refused to switch to MIM. We 
found that the same application was a 
MIM part in the U.S. Some design engi-

CASE STuDy: Hydraulic 
Connector
A hydraulic connector for an 
actuator weighing approximately 
2.5 grams (different versions are in 
production) with dimensions 17 x 
21 mm is shown below. The mate-
rial is 316L stainless steel, offering 
excellent corrosion resistance. The 
previous design was composed of 
several components (inset image) 
including a bent tube. The MIM 
part saves up to 50% on costs and 
at the same time it is smaller, 
thereby allowing for a more 
compact design. 

Challenges in the design of the 
MIM part were detailed as follows: 

•	 to assure the pressure 
tightness that is essential 

for the application by avoiding 
weld lines and internal defects. 
Computer simulation was a 
great help for this (Fig. 13) 

•	 to adapt the design so that 
simple flat ceramic supports 
could be used instead of 
specially shaped ceramics, 

•	 to avoid mould parting lines on 
the clamping area in order to 
assure a tight fit to the hydraulic 
tubing 

•	 to assure a free fluid passage 
through the internal hole.  

A four cavity mould enables 
maximum cost efficiency (see lower 
image).

Hydraulic connector 17x21 mm, weight 2.5 g, conventional design in lower right 
corner (Courtesy ITB)

MIM tooling with four cavities (Courtesy ITB)
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to a MIM part. Nevertheless, there is 
still a huge deficit in knowledge about 
MIM technology with design engineers. 
The only exception is the automotive 
industry where MIM is already widely 
accepted. Fortunately the ITB group has 
its own design office in Verhoeven, so 
when a customer is less experienced, 
we can offer adequate support from 
the start.” Martens added, “We also try 
to establish the knowledge about MIM 
design at our universities.”

Tooling, that’s the name of 
the game 
Tool development at ITB is based on 
intensive studies of mould filling and 
the temperature distribution inside 
the tooling. Multi cavity toolings are 
standard; the largest multi cavity tooling 

manufactured so far had 32 cavities. 
A 16-cavity tool was demonstrated 
in action. Lost-core technology is 
available and long experience is on 
hand with hot runner moulds. ITB’s 
plastics department applies two and 
three component injection moulding 
technology and ITB is keenly waiting 
for a suitable application to transfer 
this technology to a MIM part. Moulding 
plastic parts around metallic inserts, 
usually stamped parts, is frequently 
applied.

ITB can supply full component 
design including strength analysis and 
analysis of the stresses imposed on 
a part in a particular application. The 
key asset, however, that ITB claims to 
possess is its know-how and capaci-
ties for tool design and manufacture 
(Fig. 12). The number of active MIM 
tools is 76 and roughly 250 MIM 
tools have been manufactured so far. 
Customers have the option to either 
buy the tooling, then it is their property 
and they can take it back when the 
part runs out, or it is ITB’s property 
and stays on-site. The large tool 
shop is furnished with spark erosion 
equipment and precision machining 
centres. Moldflow and Sigma software 
is applied for the computer simulation 
of the injection moulding process (Fig. 
13). This helps to optimise the design 
of the mould cavities, gate position, 
cooling channels, and much more. 
“The tooling, that’s the name of the 
game”, stated Vervoort. 

Contact 
Peter Vervoort
ITB Precisietechniek
Ladonkseweg 1 
5281 RN Boxtel
Netherlands
Tel: +31 411 661200
www.itb.nl
email: pvervoort@itb.nl

Author
Dr Georg Schlieper
Ingenieurbüro Gammatec
Mermbacher Str. 28
D-42477 Radevormwald, Germany
Tel: +49 (0)2195 6889274
e-mail: info@gammatec.com
www.gammatec.com
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neers still have fear to introduce MIM 
applications because they have little or 
no experience with the technology.”

“Another limiting factor is that 
design engineers are not always 
familiar with functional materials such 
as hard and soft magnets, electrically 
and thermally conductive materials 
and so on. From our assemblies 
with carbon brushes we are used to 
designing with functional materials. We 
see a high potential for the application 
of MIM functional materials, particu-
larly in small electric motor drive 
units.”

“We experience a clear cross-fertili-
sation between plastic parts and MIM,” 
continued Vervoort. “Our customers 
for plastic parts contact us whenever 
a component fails in the application 
and often we recommend switching 

Fig. 12 View of ITB’s toolmaking shop 

Fig. 13 Computer simulated mold fill study with Sigma software (Courtesy ITB)
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MIM at Euro PM2011: 
The competition between Metal 
Injection Moulding and Investment 
Casting

The Euro PM2011 Conference, held in Barcelona, Spain, from 9-12 
October 2011, offered participants a diverse range of PIM related 
technical sessions and seminars. Dr David Whittaker reports for PIM 
International on a paper by Manuel Caballero of Spanish investment 
castings and MIM producer Ecrimesa/Mimecrisa that analysed how 
areas of overlap between these two competing technologies have 
changed in recent years. 

If the question were posed, “Which 
other manufacturing technology 
provides the main competition to Metal 
Injection Moulding (MIM)?”, a popular 
response would be “The smaller sized 
investment castings”.

A company, ideally placed to 
comment on this competition, is the 
Ecrimesa Group of Spain, in that the 
company has been involved in the 
production of investment castings 
since 1964 and subsequently estab-
lished its MIM production subsidiary 
(Mimecrisa) in 1994.

Based on his group’s experiences, 

Manuel Cabellero, Technical Director, 
Ecrimesa/Mimecrisa provided an 
analysis of this competition in a paper 
at the Euro PM2011 conference, 
organised by the European Powder 
Metallurgy Association (EPMA) and 
held in Barcelona, 9-12 October, 2011.

To date, the group has developed 
over 6500 investment cast parts and 
over 1400 MIM parts.

The investment casting industry 
first became aware of the possibility 
for competition from MIM during the 
1980’s, for the production of small 
parts, avoiding the need for machining 

operations, such as drilling of holes 
and generating grooves, and providing 
superior fine details. At that time, 
however, there were doubts over the 
mechanical property levels and distor-
tion control associated with MIM.

As MIM technology matured in the 
1990s, a few investment casting (IC) 
groups, including ECRIMESA, moved to 
establish their own MIM capability.

Since then, the production of most 
simple (mainly automotive) investment 
cast parts has been transferred to the 
Far East, leaving the European industry 
to concentrate on more complex, 

Weight	distribution Proportion	of	IC	parts
in	weight	ranges

Fig. 1 Weight distribution of investment cast parts in a typical 
2011 production month at ECRIMESA. From a presentation by 
Manual Caballero at Euro PM2011 (Courtesy EPMA)

Fig. 2 Proportion of investment cast parts in each weight range in a 
typical 2011 production month that were developed after 2004. From a 
presentation by Manual Caballero at Euro PM2011 (Courtesy EPMA)
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Typical batch sizes for MIM are, not 
surprisingly, higher than the equivalent 
numbers for investment casting. Batch 
sizes at Ecrimesa/Mimecrisa were 
quoted as 500-200,000 parts/month 
for MIM and 10-30,000 parts/month for 
investment castings.

Parts weighing less than 20 g are 
now quoted as MIM applications in 90% 
of cases, on the basis that material and 
energy efficiency are generally much 
lower with investment casting, where 
runner systems can represent as much 
as 80-90% of total weight.

The remaining 10% of applications 
in this weight range have not been 
substituted by MIM for one or more of 
the following reasons:

•	The required material is not avail-
able as a MIM feedstock and the 
design criteria cannot be changed.

•	Very small batch sizes do not allow 
MIM tooling costs to be amortised.

•	The particular design features 
would introduce high probabilities 
of distortion or cracking in MIM 
processing.

•	Certain conservative customers 
remain committed to mature 
production technologies.

Figs. 4 and 5 show examples of 
parts weighing less than 5 g where 
there are compelling reasons for 
choosing MIM over investment casting. 
The 42CrMo4 firearm part (Fig. 4) has 
no allowance for a gate for casting and 
the soft magnetic FeSi3 part (Fig. 5) 
has very thin walls at 0.3 mm.

For parts weighing over 100 g, on 
the other hand, the reverse situation 
applies, with 90% of such applications 
quoted as investment castings and only 
10% as MIM parts. The predominance 
of investment casting over MIM in this 
weight/size range arises from issues 
such as:

•	The high cost of the fine powders 
required for MIM

•	The large thicknesses of part 
sections

•	High aspect ratios that would 
generate high distortions in MIM 
processing

•	The design provides no flat surface 
for sintering

Fig. 6 shows examples of applica-
tions in this range that have remained 
as investment castings.

MIM is making some ingress in 
parts over 100 g, based on:

Fig. 3 Example of a large investment 
casting that has successfully won business 
in competition with sand castings. From a 
presentation by Manual Caballero at Euro 
PM2011 (Courtesy EPMA)

Fig. 4 42CrMo4 firearm component 
made by MIM. From a presentation 
by Manual Caballero at Euro PM2011 
(Courtesy EPMA)

Fig. 5 Soft magnetic FeSi3 part made 
by MIM. From a presentation by Manual 
Caballero at Euro PM2011 (Courtesy 
EPMA)

Fig. 6 Examples of investment cast-
ings weighing over 100 grams. From a 
presentation by Manual Caballero at Euro 
PM2011 (Courtesy EPMA)

high quality parts. This trend has 
contributed to the growing interest in 
substitution by MIM in smaller parts.

In the Ecrimesa Group’s current 
production, the median weight of MIM 
parts is around 10 g, compared with 

a median weight of around 200 g for 
investment cast parts.

Interestingly, these median weight 
figures have hardly altered since the 
author provided a similar analysis at 
the PM98 World Congress in Granada. 
However, what has changed is the size 
dispersion of applications. In the 1998 
analysis, the largest MIM part weighed 
less than 100 g, whereas the current 
largest MIM part weighs 400 g. 

Investment castings, on the other 
hand, have moved toward larger, more 

complex parts with combinations 
of thin and thick walls with tighter 
tolerance requirements. Fig. 1 shows 
the weight distribution of investment 
cast parts during a typical monthly 
production in 2011. Only around a 

third of these parts were in production 
at the time of the 1998 analysis. The 
trend towards larger investment cast 
products is well demonstrated in Fig. 2, 
which analyses a typical 2011 monthly 
production in terms of the proportion 
of parts in each weight class that were 
developed after 2004. In the larger size 
ranges, investment casting has won 
business from sand castings on the 
basis of superior quality levels (surface 
finish, dimensional accuracy or metal-
lurgical integrity) (Fig. 3).

‘In the 1998 analysis, the largest 
MIM part weighed less than 100 g, 

whereas the current largest MIM part 
weighs 400 g’

Dec 2011 front section.indd   42 12/5/2011   10:37:34 AM

December 2011    Powder Injection Moulding International 43Vol. 5 No. 4

MIM at Euro PM2011

Euro PM2011 Barcelona 
attracts the largest PM 
audience of the year
Some 900 participants from nearly 50 countries 
received a warm Spanish welcome to the EPMA’s  
Euro PM2011 Conference and Exhibition, which took 
place from October 10-12  in Barcelona, Spain. 
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•	Improving levels of knowledge on 
process control for MIM

•	Improving quality of MIM feed-
stocks, particularly in terms of melt 
flow

•	Development of closed loop injec-
tion moulding machines.

The major area of overlap and 
competition between the two produc-
tion technologies, however, occurs 
with parts weighing between 20 and 
100 g. Examples of applications in this 
“borderline” weight range are shown in 
Fig. 7 (investment cast parts) and Fig. 8 
(MIM parts).

In this size range, where investment 
casting wins the competition, this is 
generally associated with:

•	A more comprehensive range of 
available material grades, with 
higher achievable mechanical 
properties after heat treatment

•	Lower tooling costs for medium 
sized production batches
•	 Difficulties in sintering the shape 

without distortion.

On the other hand, MIM captures 
applications because:
•	 It is a faster and more readily 

controlled process

Fig. 8 MIM parts in the weight range 
20-100 grams. From a presentation 
by Manual Caballero at Euro PM2011 
(Courtesy EPMA)

Fig. 7 Investment cast parts in the weight 
range 20-100 grams. From a presentation 
by Manual Caballero at Euro PM2011 
(Courtesy EPMA) Fig. 9 Tool system comprising several MIM 

parts in an investment cast housing. From 
a presentation by Manual Caballero at 
Euro PM2011 (Courtesy EPMA)

Fig. 10 Aluminium investment cast slide 
with MIM steel parts. From a presentation 
by Manual Caballero at Euro PM2011 
(Courtesy EPMA)

‘The major area of overlap and 
competition between the two 

production technologies, however, 
occurs with parts weighing between 

20 and 100 g’

•	It is the cost effective option, on 
the basis of material and energy 
efficiency

•	Parts are produced closer to 
finished form and finishing 
operations by hand are reduced or 
eliminated

•	More design details are achievable 
e.g. embossed letters, blind holes, 
slides, thinner walls

•	Superior tolerance control for 
smaller dimensions

•	Less space required for the 
injection point as compared with 
investment casting gates

•	Better filling behaviour than with 
investment casting.

Finally, examples were cited where 
investment casting and MIM can be 
combined in certain applications, in 
order to address customers’ needs. 
Fig. 9 shows a tool system that 
comprises several medium-sized MIM 
parts in an investment cast housing. 
Fig. 10 shows an aluminium investment 
cast slide with MIM steel parts.

Author
Dr David Whittaker
DW Associates
231 Coalway Road
Wolverhampton, 
WV3 7NG, UK 
Tel: +44 1902 338498 
Email: david-dwa@blueyonder.co.uk
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MIM at Euro PM2011: 
Metal Injection Moulding of 
applied functional materials

A highlight of the Euro PM2011 Conference, Barcelona, Spain, 
9-12 October 2011, was a Special Interest Seminar dedicated to 
the Metal Injection Moulding of applied functional materials.  
Dr David Whittaker reports for PIM International on three papers 
that highlight the potential of MIM in areas other than standard 
structural component production. These include PIM products 
with magnetic, thermal and biocompatible properties. 

Metal Injection Moulding (MIM) is now 
a well-established technology for the 
processing of a range of structural 
materials, but there is also a growing 
number of applications where the 
material involved is also performing 
a function other than merely a 
mechanical or geometrical one.

A Special Interest Seminar “Metal 
Injection Moulding of Applied Func-
tional Materials”, chaired by Frank 
Petzoldt (Fraunhofer – IFAM) and 
Bruno Vicenzi (Mimitalia srl) and held 
at the Euro PM 2011 Conference in 
Barcelona on 12 October 2011, provided 
an insight into a number of emerging 
applications of this type.

Emerging Markets for MIM:  
Functional materials for new cooling 
applications
Magnetic materials play a vital role in 
the energy sector and a paper from 
Cristiano S. Teixeira, Universidade 
Federal de Santa Caterina, Brazil, 
highlighted two such materials that are 
offering the possibility of MIM applica-
tions: magnetocalorific materials and 
high performance Nd-Fe-B permanent 
magnet materials.

The magnetocaloric effect is used 
in refrigeration applications and is a 
magneto-thermodynamic phenom-
enon in which a reversible change in 
temperature of a suitable material is 

Fig. 1 The magnetocalorific effect. From a presentation by Cristiano S. Teixeira at Euro 
PM2011 (Courtesy EPMA)

Fig.  2 Formation of the La (Fe, Si)13 compounds by a reduction-diffusion process. From a 
presentation by Cristiano S. Teixeira at Euro PM2011 (Courtesy EPMA)
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caused by exposing the material to a 
changing magnetic field. This is also 
known by low temperature physicists 
as adiabatic demagnetisation, due to 
the application of the process specifi-
cally to create a temperature drop. 
The phenomenon is summarised 
schematically in Fig. 1.

Suitable materials are generally 
compounds of one of the lanthanide 
rare earth elements. Examples of 
such compounds are the La (Fe,Si)13 
compounds. These are synthesised 
from precursor materials using 
a reduction-diffusion process, as 
described in Fig. 2.

Product shapes are often 

produced by reactive sintering (Fig. 
3). However, current trends towards 
magnetic microrefrigeration is 
giving rise to the development of 
highly complex magnetic cooling 
machines, which are miniaturised 
for use in electronic devices (Fig. 4). 
These carry a requirement for small, 

complex parts, made from magneto-
calorific materials. These parts may 
be suitable for manufacture by MIM.

The optimum means of generating 
the magnetic field in such micro-
refrigeration devices may well be 
through the use of high performance 
permanent magnets. 

Rare earth based materials in 

general have created a massive leap 
in the performance of permanent 
magnets in recent decades (Fig. 5). 
Of these, Nd-Fe-B materials are the 
most widely applied high perfor-
mance materials.

Nd-Fe-B magnets are necessarily 
processed from powder feedstock 
materials, generally to simple-
shaped blanks by traditional PM 
techniques.

Geometrically complex Nd-Fe-B 
magnets (Fig. 6) are currently made 
from such blanks by routes that 
involve high levels of machining and 
grinding, contributing to high magnet 
costs and low material utilisation 
levels. There is therefore a growing 
interest in producing such magnets 
by Metal Injection Moulding, based on 
the technology’s capabilities for high 
shape complexity and high produc-
tivity. Interest is particularly strong in 
the processing of micro-magnets and 
multi-components, through the use 
of 2-component MIM techniques.

The author pointed out, however, 
that there are challenges to be 
addressed in developing MIM 

Fig. 3 La(Fe,Co,Si)13 produced by reactively 
sintering. From a presentation by Cristiano 
S. Teixeira at Euro PM2011 (Courtesy EPMA)

Fig. 4 Highly complex magnetic 
microrefrigeration components. From a 
presentation by Cristiano S. Teixeira at 
Euro PM2011 (Courtesy EPMA)

Fig. 5 Contribution of rare earth magnets 
to performance enhancement. From a 
presentation by Cristiano S. Teixeira at 
Euro PM2011 (Courtesy EPMA)

Fig. 6 Geometrically complex Nd-Fe-B 
magnets. From a presentation by Cristiano 
S. Teixeira at Euro PM2011 (Courtesy 
EPMA)

Fig. 7 Microchannel structure in copper-
tungsten heat sinks. From a presentation 
by Philipp Imgrund at Euro PM2011 
(Courtesy EPMA)

‘There is a growing interest in 
producing such magnets by MIM, 

based on the technology’s capabilities 
for high shape complexity and high 

productivity’
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with improved shape regularity  
(Fig. 9). The use of ultrafine copper 
also produced significantly better 
densification during sintering (Fig. 10).

The thermal conductivity levels 
measured on sintered samples 
showed that W-Cu had the higher 

potential for use in this type of appli-
cation because of its higher density 
and thermal conductivity (Table 1).

The coefficient of thermal expansion 
values measured for W-Cu samples 
with various tungsten contents are 
shown in Table 2. The best match with 

W/Mo Cu
Sinter 

density 
(%)

Heat 
capacity 
(J/kgK)

Thermal 
conductivity  

(W/mK)

WCu 80 20 97.0 184 165-170

WCu 75 25 97.8 195 190-215

MoCu 70 30 96.0 288 158-170

MoCu 75 25 95.4 291 165-180

Table 1 Thermal conductivity of sintered W-Cu and Mo-Cu samples. From a presentation 
by Philipp Imgrund at Euro PM2011 (Courtesy EPMA)

Fig. 8 Powder properties: W and Mo powders. From a presenta-
tion by Philipp Imgrund at Euro PM2011 (Courtesy EPMA)

Fig. 9 Powder properties: Cu powders. From a presentation by 
Philipp Imgrund at Euro PM2011 (Courtesy EPMA)

Fig. 10 Superior densification with the use 
of ultrafine copper. From a presentation 
by Philipp Imgrund at Euro PM2011 
(Courtesy EPMA)

Fig. 11 Demonstrator heat sink parts. From 
a presentation by Philipp Imgrund at Euro 
PM2011 (Courtesy EPMA)

W (wt%) Cu (wt%) CTE @ 200°C ρs (%)

90 10 7.7 78

85 15 8.8 84

80 20 8.7 97

Table 2 Coefficient of thermal expansion measurements on W-Cu at 200°C. From a 
presentation by Philipp Imgrund at Euro PM2011 (Courtesy EPMA)

Nd-Fe-B magnets:

•	Reaction of the Nd-Fe-B powder 
with oxygen in the process must 
be avoided.

•	Thermal debinding should not 
leave a carbon residue.

•	Shape retention during liquid 
phase sintering may be 
problematic.

•	Anisotropic shrinkage may be 
caused by material alignment 
during the magnetisation stage of 
processing.

Micro Metal Injection Moulding for 
thermal management applications 
using ultrafine Powders
Next, a paper from Philipp Imgrund 
(Fraunhofer – IFAM, Germany) 
focussed on the processing by micro-
MIM of W-Cu and Mo-Cu materials for 
thermal management applications, 
actively cooled heat sinks for the laser 
industry.

The laser industry has a need for 
parts capable of effective heat dissipa-
tion, the key being the need for close 
matching with the thermal expansion 
coefficient of the semi-conductor 
e.g. GaAs, while, at the same time, 
achieving a high level of thermal 
conductivity. Copper-tungsten and 
copper-molybdenum are materials 
that have the capability to deliver this 
combination of properties, with the 
thermal expansion coefficient being 
adjustable by altering the amount of 
copper in the alloy. 

Through micro-MIM processing, 
passive and active heat sinks with 
microchannels can be formed  
(Fig. 7). By using ultrafine powders, 
safe replication of these parts can be 
achieved. 

The use of ultrafine powders can 
also avoid agglomeration of W or Mo 
(Fig. 8) and can deliver Cu powders 
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GaAs is actually with 90%W/10%Cu. 
However, processing problems are 
encountered with this material, 
because of a reduced capacity for 
W particle re-arrangement during 
sintering, and so 80%W/20%Cu was 
used for the production of demon-
strator parts.

The heat sink consisted of three 
parts (Fig. 11). These parts were 
moulded, debound and sintered and 
were then mounted in stacks by 
adhesive bonding. The stacks were 

pressure tested with water at 0.8 bar 
for >400 hours. The constant flow rate 
shown in Fig. 12 demonstrated the 
functionality of the stack.

The functionality of co-sintered 
heat sinks has also been demon-
strated (Fig. 13).

Cobalt based biocompatible implants: 
microstructure, mechanical, wear 
and biological properties
Finally, a paper from A Molinari and 
A Motta (University of Trento, Italy), 
P Muterllea (University of Brasilia, 
Brazil) and M Perina (MIMEST Spa, 
Italy) moved the focus to one of the 
materials commonly selected for use 
in medical implants, Co-Cr-Mo alloys.

Co-29Cr-6Mo samples, with a 
range of carbon contents, have been 
processed by MIM. The microstructures 

created by the MIM route have been 
found to be quite different to those of 
the same alloy in cast or wrought form. 
Depending on the carbon content, 
the sintered microstructure contains 
different amounts of lamellar M23C6 
and grain boundary M6C carbides.

Fig. 14 Microstructures and properties of the as-sintered Co-Cr-
Mo alloys. From a presentation by  A Molinari at Euro PM2011 
(Courtesy EPMA)

Fig. 15 Influence of solution annealing on mechanical properties. 
From a presentation by A Molinari at Euro PM2011 (Courtesy 
EPMA)

These carbides do not contribute 
significantly to hardness, due to their 
distribution in the matrix, but can 
exert a negative influence on ductility 
and wear behaviour.

A solution annealing heat treat-
ment has been shown to be capable 
of dissolving these carbides almost 
completely.

The effect of microstructural 
heterogeneity on biological properties 
of this alloy had never previously been 
investigated.

The work reported in this presenta-
tion has therefore studied the effects 
of the microstructure, both in the 
as-sintered and solution annealed 
condition, on:

•	Mechanical properties  
Fig. 14 shows the trade-off 
between yield strength and 
ductility in the as-sintered 
condition as carbon content is 
varied between 0.05% and 0.35%. 
The beneficial effect on ductility 
of solution annealing the 0.35% C 
alloy is demonstrated in Fig. 15. 
An assessment was also made of 
the influence of aging treatments 
after solution annealing, but it 
was found that such treatments 
were detrimental to ductility. While 
recognising that the trade-off 
between strength and ductility 
always involves a compromise, it 
was concluded that the solution-
annealed 0.35%C alloy offered 
the optimum combination of 
mechanical properties.

•	Wear against ultra-high molecular 
weight polyethylene (UHMWPE) 
It was found that the optimum level 
of weight loss in the UHMWPE 
counterface was again achieved 

‘The microstructures created by the 
MIM route have been found to be quite 
different to those of the same alloy in 

cast or wrought form’

Fig. 13 Testing of co-sintered heat sinks. 
From a presentation by Philipp Imgrund at 
Euro PM2011 (Courtesy EPMA)

Fig. 12 Water pressure testing of adhesively 
bonded stacks. From a presentation by 
Philipp Imgrund at Euro PM2011 (Courtesy 
EPMA)
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with the 0.35% C alloy (Fig. 16).

•	Biological (in-vitro) test perfor-
mance 
The performance in indirect 
cytotoxicity tests was found to be 
similar for MIM, cast and wrought 
products (Fig. 17).

It was concluded, therefore, that 
overall the solution annealed 0.35% C 
alloy offered the optimum combination 
of properties. 

Following this development 
programme, a number of prototype 
MIM biomedical parts have been 
produced in this alloy, one example, a 
femoral condyle, is shown in Fig. 18.

Papers presented elsewhere in 
the conference also addressed the 

MIM at Euro PM2011
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•	 News	&	technical	reviews
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MIM processing of the other mate-
rial types commonly selected for 
medical implants – namely, Ti alloys 
(particularly Ti-6Al-4V) and type 316L 
stainless steels. These papers are 
summarised in a separate article in 
this publication.

Author
Dr David Whittaker
DW Associates
231 Coalway Road
Wolverhampton,  
WV3 7NG, UK 
Tel: +44 1902 338498 
Email: david-dwa@blueyonder.co.uk

Fig. 16 Wear behaviour of the Co-Cr-Mo alloys against UHMWPE. From a presentation by 
A Molinari at Euro PM2011 (Courtesy EPMA)

Fig. 17 Indirect cytotoxicity testing of 
Co-Cr-Mo alloys processed by various 
technologies. No significant differences 
were found. From a presentation by 
A Molinari at Euro PM2011 (Courtesy 
EPMA)

Fig. 18  Femural condyle. From a 
presentation by A Molinari at Euro PM2011 
(Courtesy EPMA)
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MIM at Euro PM2011

MIM at Euro PM2011: 
Biomedical applications for 
Metal Injection Moulding

The MIM processing of Co-Cr-Mo alloys 
for medical implant applications was 
addressed in a paper in the Special 
Interest Seminar “Metal Injection 
Moulding of Applied Functional 
Materials” at the Euro PM 2011 Confer-
ence held in Barcelona, 9-12 October 
2011 (see report starting on page 45). 
A number of papers in other sessions 
extended the focus to other material 
types commonly used for medical 
implants.

Processing of metallic biomaterials by 
innovative powder technologies
The paper from Philipp Imgrund 
(Fraunhofer – IFAM, Germany), in a 
separate Special Interest Seminar on 
PM Biomaterials, highlighted a range 
of MIM technologies developed at 
IFAM for the processing of Ti alloys for 
implant applications.

This presentation firstly cited case 
study examples of MIM Ti products for 
implantable devices; ACL interference 
screws in TI-6Al-4V (Fig. 1) and heart 
valve rings in Ti-6Al-7Nb (Fig. 2).

The current state of the art in MIM 
processing in this sector was defined 
as:

•	Proven capability for complex parts 
with tight tolerances

•	Mechanical properties well 
within the requirements of ASTM 
standards (Table 1)

•	Cytocompatibility and biocompat-
ibility well proven.

Next, the use of micro-MIM for the 
smallest implants (e.g. Fig. 3) and 
instruments for minimally invasive 
surgery was discussed.

The goals of IFAM’s current projects 

in the field of MIM Ti for medical 
applications were defined as:

•	Reducing contamination by 
interstitials (C,N,O).

•	Evaluating finer powders for 
smaller parts and/or better 
replication.

Fig. 1 ACL screws in Ti-6Al-4V. From a 
presentation by Philipp Imgrund at Euro 
PM2011 (Courtesy EPMA)

Fig. 2 Heart valve rings in Ti-6Al-7Nb. 
From a presentation by Philipp Imgrund at 
Euro PM2011 (Courtesy EPMA)

Fig. 3 Stirrup bone replica in 316L stain-
less steel. From a presentation by Philipp 
Imgrund at Euro PM2011 (Courtesy EPMA)

Ti-6Al-7Nb  YS 
[MPa] 

UTS 
[MPa] 

A
[%]

standard 900 1000 12

wrought 980 1030 5

MIM 850 920 14

MIM+HIP 1010 1060 18

Table 1 Mechanical properties of 
Ti-6Al-7Nb. From a presentation by Philipp 
Imgrund at Euro PM2011 (Courtesy EPMA)

Reflecting the growing acceptance of Metal Injection Moulding 
as a manufacturing route for biomedical products, a number 
of presentations at the Euro PM2011 Conference, Barcelona, 
Spain, 9-12 October 2011, highlighted the diversity of implant 
materials now available via MIM. Dr David Whittaker reports for 
PIM International on three noteworthy papers. 
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•	Enhancement of mechanical 
properties and functionality

Finally, the development of the 
NanoMIM process, for the achievement 
of bioactive surfaces, was described. 
This process is capable of creating 
micro-patterns, consisting of hemi-
spheres of 5, 30 and 50 µm in diameter 
with 20 µm spacing (e.g. as shown in 
Fig. 4)

The benefits of using nanoscale 
(sub-micron) powders were described 
in terms of microstructure (Fig.5), 
surface roughness (Fig. 6) and 
mechanical properties (Fig. 7). The 
biocompatibility of these surfaces 
has been confirmed. A statistically 
significant increase in cell adhesion 
has been observed, with enhanced cell 
mobility on structured samples being 
noted.

Influence of the surface aspects and 
properties of titanium alloys produced 
by MIM for medical applications
A paper from D Auzene, C Mallejac, 
C Demanger and F Lebel (CRITT-
MDTS, France), J L Duval and P 
Vigneron (Universite de Technologie de 
Compeigne, France) and J C Puippe 
(Steiger Galvanotechnique, Switzerland) 
also addressed the MIM processing of Ti 
alloys for medical implants.

This paper focussed on the 
alloy Ti-6Al-4V and compared MIM 
processed material with samples 
machined from wrought bar stock.

A major aspect of the reported 
results was an assessment of cytocom-
patibility of the Ti alloy samples. Two 
complementary approaches were used 
in this assessment.

Bone explant cultures were 

performed to compare the capability of 
bone cells to migrate, to colonise the 
surfaces and to adhere, depending on 
the treatment applied to the Ti. Results 
in Fig. 8 indicate that bone cell migra-
tion and surface colonisation were 
promoted on Thermanox® used as a 
control. If cell migration was roughly 
the same on the different Ti material 
samples regardless of the treatment 
applied, cell colonisation was obviously 
improved by the MIM process (MIM-Ti, 
BIOCER®, BIODIZE®, BIOCOAT®). Cell 
adhesion was poor on the Thermanox® 
control, but much better on MIM-Ti, 
BIODIZE® and BIOCOAT®, and dramati-
cally increased on BIOCER®.

The second approach consisted of 
verifying the capability of pre-osteo-
blasts to support formation, secretion 
and mineralisation of extracellular bone 

Fig. 4 Micro-patterns produced by the NanoMIM process. From a 
presentation by Philipp Imgrund at Euro PM2011 (Courtesy EPMA)

Fig. 5 Grain refinement induced by the addition of 
nanopowder. From a presentation by Philipp Imgrund at 
Euro PM2011 (Courtesy EPMA)

Fig. 6 Influence of nanopowder additions on surface roughness. From a 
presentation by Philipp Imgrund at Euro PM2011 (Courtesy EPMA)

Fig. 7 Influence of nanopowder content on mechanical 
properties. From a presentation by Philipp Imgrund at Euro 
PM2011 (Courtesy EPMA)

Fig. 8 Migration surface (a), cell density (b) and cell adhesion (c) with a range of Ti alloy surface conditions. From a presentation by D 
Auzene at Euro PM2011 (Courtesy EPMA)
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matrix when seeded on the different Ti 
surfaces and TCPS used as a control. 
For this purpose, ALP positivity was 
first checked as a preliminary means 
of differentiation of the osteoblasts. A 
significant increase of ALP + cells was 
observed from MIM-Ti and BIOCER® 
(Fig. 9).

The sintered material was deemed 
to have demonstrated virtually identical 
cytocompatibility with titanium wrought 
material surfaces subjected to  function-
alisation treatments by anodic oxidation 
(e.g. BIOCER).

Fabrication of metallic implants using 
palm based binder via MIM
Finally, a paper from M A Omar, K 
Noorsal and N Abdullah (AMREC, SIRIM, 
Malaysia) and A H Zulkifly (International 
Islamic University, Malaysia) featured 
the MIM processing of 316L stainless 
steel feedstocks, incorporating newly 
developed palm-based binders, for 

implant applications, particularly fracture 
fixation plates (Fig. 10).

316L powder was mixed, at a powder 
loading of 65 volume%, with an organic 
binder, consisting of a major fraction 
of palm stearin and a minor fraction of 
polyethylene. Fixation plate samples 
were then injection moulded, debound 
in a 2 stage process (solvent debinding 
followed by thermal debinding) and 
sintered at 1360oC for 1 hour in vacuum. 
Assessment of the physical and 
mechanical properties of the sintered 
samples (Table 2) showed that they 
complied with MPIF Standard 35 for 
Metal Injection Moulded Parts.

The biocompatibility of the sintered 
MIM samples was evaluated using a 
range of methods.

The direct contact (alamar blue) 
test was the cytotoxicity test conducted 
under static conditions,  in which the 
samples were incubated with the cells 
for a predetermined time. The light 
microscope observation reveals the 
increment of the cells proliferation with 
increasing incubation time. The cell 
morphology was not much different from 
that of the control and this indicated that 
there were no morphological abnormali-
ties taking place. Cell growth towards 
the material under test demonstrated 

good cytocompatibility, particularly at 
longer incubation times, which also indi-
cates good material-tissue integration. 

The percentage of viable cells as a 
function of time is shown in Fig. 11. The 
cell viability increased with increasing 
incubation time in the controls and 
similar results were demonstrated by 
both commercial and locally produced 
MIM samples. The slight difference in 
the percentage of cell viability between 
both controls and the test samples 
shows that the materials tested were 
not cytotoxic and should be considered 
for further in vitro testing. In-house 
produced plates showed comparable 
results with commercial ones. This 
allows the in-house produced plates to 
be considered as a potential material for 
medical purposes.

Scanning electron microscopy (Fig. 
12) showed that cells were well spread, 
connected to the stainless steel surface, 
closely connected to each other by filo-
podia and also disposed in multilayers. 
The images showed that the surface 
of the stainless steel is a very suitable 
substrate for cell growth.
No adverse effects were observed on 
test animals (mice) in terms of sub-
acute systemic toxicity, dermal sensiti-
sation or acute systemic toxicity. 

The newly developed binder system 
is claimed to enhance both design 
flexibility and cost effectiveness in the 
MIM processing of the fixation plates, 
which have been demonstrated to be fit 
for purpose and equivalent to MIM parts 
processed with current commercial 
binders in terms of mechanical proper-
ties and biocompatibility. 

Author
Dr David Whittaker
Email: david-dwa@blueyonder.co.uk

Fig. 9 Differentiation of osteoblasts. 
From a presentation by D Auzene at Euro 
PM2011 (Courtesy EPMA)

Fig. 10 Injection moulded fracture fixation 
plates. From a presentation by M A Omar 
at Euro PM2011 (Courtesy EPMA)

Fig. 11 Percentage of cell viability as a function of incubation time 
tested using the alamar blue assay (Afritech = MIM sample). From 
a presentation by M A Omar at Euro PM2011 (Courtesy EPMA)

Fig. 12 Scanning electron micrograph of cell proliferation 
and morphology on the surface of stainless steel. From a 
presentation by M A Omar at Euro PM2011 (Courtesy EPMA)

Properties Units

Density 7.88 g/cm3 (98% of 
theoretical)

Hardness 200 Hv

UTS > 500 MPa

Yield strength > 300 MPa

Elongation > 40%

Table 2 Properties of the MIM-processed 
fracture fixation plates. From a presen-
tation by M A Omar at Euro PM2011 
(Courtesy EPMA)

MIM at Euro PM2011
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Raymor AP&C: Leading the 
way with plasma atomised Ti 
spherical powders for MIM

When competing with rival gas 
atomisation technologies, AP&C has 
learned that it needs to continually 
improve on what it does best, namely to 
deliver powders with consistently high 
purity and tailored distributions. The 
unique and patented plasma atomisa-
tion process developed and exploited 
at AP&C allows the production of high 
purity spherical metal powders. The 
company’s process guarantees the 
preservation of the high purity of the 
metal wire used as feedstock. A high 
quality product, a strong research 
team and a unique tailored service are 
some of the reasons why this Canadian 
company is consistently growing in the 
competitive market for high-end metal 
powder production. 

Since its foundation, AP&C’s 
primary market has been titanium 
(CpTi) and titanium alloy (Ti-6Al-4V ELI, 
Ti-6Al-4V grade 5) powders with a focus 
on meeting client expectations in terms 
of purity, flowability, size distribution 
and delivery time. These powders 
are now used across many industry 
sectors, including biomedical and 
aerospace, to manufacture complex 
structures with properties such as 
higher strength, high biocompatibility, 
high resistance to metal fatigue and 
desired surface morphologies. 

In a rapidly evolving market, and 

AP&C, a division of Canada’s Raymor Industries Inc., is today the market 
leader in the production of spherical titanium powders specifically suited 
for Metal Injection Moulding (MIM). As a result of this success, the 
company’s titanium powders are used in a wide range of commercial and 
R&D stage applications. Jens Kroeger and Frédéric Marion review the 
powder production process at Raymor AP&C, highlighting technological 
innovations and related product developments.

given a broad diversity of powder 
processing technologies including MIM, 
rapid prototyping, thermal spray and 
HIP just to name a few, AP&C is fully 
aware that precise control of powder 

Fig. 1 Products made from AP&C’s titanium or titanium alloy powders. Top left and top 
right: Titanium orthopedic parts for hip joint replacement made via MIM; Lower left: 
titanium knee implant parts made via PIM; Lower right: titanium filtering media

properties is necessary to satisfy the 
particular demands of each application. 
This is a challenge for the traditionally 
top-down oriented industry of powder 
production. However, AP&C has faced 

Raymor AP&C Ti Spherical Powders
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Based on January-June 2011 visitor figures
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this challenge and achieved remark-
able results. From the knowledge 
acquired to-date, and the company’s 
exclusive technology, it is expanding 
to offer atomising services for many 
other materials including nitinol (NiTi), 
niobium (Nb) and molybdenum (Mo). 

AP&C’s unique plasma 
atomisation process
The patented plasma atomisation 
production units (US patent #5707419) 
operated at Raymor’s Boisbriand plant 
in Québec, Canada, have been evolving 
ever since their initial conception. From 
an early experimental setup, they have 
today developed into large capacity 
production units that consistently 
deliver high purity spherical metal 
powders. The system has all the state-
of-the-art controls and gas recycling 
apparatus necessary to ensure product 
stability and competitive pricing. 

As shown in Fig. 2, the first unique 
aspect of the company’s plasma 
atomisation process is the use of 
a wire feedstock. Using a wire has 
many advantages over the typical 
gas atomisation process, with the 
most significant being that the metal 
feedstock, and more importantly the 
melt, does not come into contact with 
cold solid surfaces. This ensures a 
higher purity product and, at the same 
time, eliminates the costs related 
to the cooling of the crucible that is 
typically used. 

For low melting point metals and 
lower purity products, this is less 
of an issue, but for high purity and 
high melting point metals, as is the 
specialty at AP&C, this gives an edge 
over competing technologies. 

The first production step is to 
straighten the feed wire to ensure its 
optimal positioning at the apex of three 
plasma jets. The speed of the wire 
also needs to be monitored in order 
to control and adjust the resulting 
particle size distribution. Three DC 
plasma torches, each delivering about 
65 kW of power, are placed in a specific 
geometry so that the plasma jets 

converge on the metal wire (Fig. 4). The 
supersonic nozzles installed at the exit 
of the torches ensure a maximum gas 
velocity to successfully atomise the 
metal wire. 

By using argon plasma as the 
atomising medium and heat source, a 
lower gas flow rate can be used, since 
the heated gas has a higher velocity 
and thus a stronger atomisation force 
is applied. Additionally, using a hot 
atomising gas instead of a cold one 
prevents the particles rapidly freezing 
together into irregular shapes. The 
plasma enables the melt to be highly 
superheated and the resulting cooling 
ensures complete spheroidisation. It is 
for this reason AP&C’s metal powders 
have some of the highest levels of 
sphericity on the market. 

A low concentration of suspended 
atomised particles is maintained in 
each of the company’s production 
units. This is necessary to prevent the 
presence of satellites. Satellites have 
the effect of reducing powder flowa-
bility, so extra care is taken in their 
prevention. 

Powder collection is done via a 
typical cyclonic device and the powder 
is carefully passivated to ensure 
safe manipulation in open air by 
the company’s staff and its clients. 
Furthermore, passivation allows a 
better control of the added oxygen. 

Another advantage of plasma 
atomisation technology is that almost 
any metal can be atomised. This 
means that AP&C can offer customised 
atomisation services. This even applies 
if customers require a particular alloy 
in small quantities down to 100 kg. 
Customers can also provide the metal 
wire feedstock, relying on AP&C to 
undertake the atomisation service. 

Fig. 2 Schematic of the plasma atomisa-
tion setup

Fig. 3 The AP&C plasma atomisation 
production unit

Fig. 4 The plasma torches

Wire	straightener

Wire	
feedstock

Plasma	
torches

Gas	exhaust	to
filtration	and
recirculation

Fig. 5 Laser diffraction measurements of the particle size distribution of Ti-6Al-4V ELI 
powders produced via plasma atomisation

Raymor AP&C Ti Spherical Powders
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Application focused 
post-production powder 
treatment
With the development of new innova-
tive technologies, the use of metal 
powders to form complex components 
has expanded from its origins in the 
automotive sector to sectors with far 
longer development cycles, such as 
the biomedical and aerospace sectors. 
While MIM, HIP and rapid prototyping 
technologies mature and set higher 
standards, so must powder manufac-
turing techniques. 

At AP&C, the powder manufacturing 
process is monitored and controlled 
from ingot to final delivery. This careful 
monitoring has allowed AP&C to 
consistently deliver the highest quality 
powder while meeting client specific 
needs in terms of elemental composi-
tion, size distribution and flowability.

To achieve this goal, after the 
passivation stage, the powder is sieved 
with an ultrasonic resonator according 
to the client’s size distribution needs. 
Typically the plasma atomisation 
process delivers powders with sizes 
up to 300 µm. The most frequent 
demands are for 0-25 µm, 0-45 µm, 
15-45 µm and 45-106 µm. For cut sizes 
smaller than 25 µm, a gas separation 
apparatus, based on saltation velocity 
theory, is used to ensure the effective 
removal of the smaller particles (<5 
µm, <10 µm or <15 µm). 

For clients requiring a highly flow-
able product, removal of humidity and 
static is also offered to ensure optimal 
flowability. Those two parameters are 
known to decrease the flowability of 
powders. 

Fig. 5 shows the particle size 
distributions of different Ti-6Al-4V ELI 
powders measured by laser diffrac-
tion. The apparent densities of these 

powders are about the same (typically 
>2.50g/cm3) but their flowability is very 
different. The 0-25 µm powder does not 
flow at all, hence it is targeted towards 
cold spray or surface finish application. 
The 0-45 µm powder does not flow 
under normal conditions of tempera-
ture and humidity but in a controlled 
environment with low humidity and 
without static it can flow. The 15-45 µm 
powder has been specially engineered 
to flow in under 35s in the Hall 
flowmeter according to ASTM-B213. 
Finally, the 45-106 µm powder flows 
in less than 25s in the Hall flowmeter 
according to ASTM-B213. As demon-
strated with the SEM pictures in Fig. 
6, the high sphericity of the powder is 
seen in every size distribution and very 
few satellites are present. 

Over the years, AP&C has gained 
the trust of many biomedical and 
aerospace companies with its attention 
to detail and the consistent high quality 
of its products. It is by pursuing this 
philosophy that the company continues 
to develop new products and improve 
existing ones. 

Atomising metals with 
higher melting points
While the titanium and titanium alloy 
powders produced at AP&C enjoy 
increasing demand, the frequent 
requests received for new materials 
has led the company to perform 
research and adapt its processes to 
be able to atomise, into spherical 
powders, materials with high melting 
points which cannot easily be obtained 
by other manufacturing processes. 
This year, the company’s plasma 
atomisation process successfully 
atomised niobium (Nb), molybdenum 
(Mo) and nickel-titanium alloy (nitinol), 
a superelastic and memory alloy that 

is extremely difficult to process given 
its sensitivity to any crystallographic 
modification. 

AP&C’s R&D team strives to under-
stand powder behaviour at micron 
scale. This knowledge is helping the 
company to constantly improve its 
technology, adapt to the growing needs 
of its customers and understand the 
materials that they are working with. 

The company’s R&D team is 
currently completing the development 
of a new generation of its plasma 
atomisation production unit, with 
the pre-production testing phase 
underway. With this new unit, AP&C 
will be able to atomise pure metals and 
alloys with even higher melting points, 
such as tungsten, in 2012. Due to its 
high melting point, spherical tungsten 
powder is rarely found on the market. 
It is the company’s hope that its unique 
plasma atomisation process will allow 
its processing in the near future. 

In partnership with a sister division, 
Raymor Nanotech, AP&C is also 
working on the integration of carbon 
nanotubes (CNT) and metal powders 
in order to develop new and enhanced 
composite materials. Enhancing 
existing products and developing new 
high-end products to meet evolving 
customer needs is an integral part of 
the mission of Raymor AP&C. 

Contact 
Bruno Beauchamp 
AP&C (Division of Raymor Industries 
Inc.)
3765 La Verendrye, Boisbriand, 
Québec J7H 1R8, Canada 
Email: bbeauchamp@raymor.com
www.raymor.com 

Fig. 6  SEM’s of AP&C’s (left) 0-25 µm powder, (centre) 15-45 µm powder and (right) 45-106 µm powder

Raymor AP&C Ti Spherical Powders
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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. 

JP 2009128616  (A)  -  
SHUTTER DEVICE AND 
CAMERA 
Publication date: 2009-06-11 
Inventor(s): Kanemuro Masayuki 
et al, Nippon Kogaku KK, Japan
This patent describes a method 
to produce a shutter device which 
effectively suppresses the wear 
of a connection part. The shutter 
device includes: shield members 
42a to 42d and 44a to 44d shielding 
at least a part of an opening 40a 
through which a luminous flux 
passes; and arm members 46, 48, 

60, and 62 rotated so as to move the 
shield members 42a to 42d and 44a to 
44d. Connection members 50 to 57 and 
64 to 71 connected to the arm members 
46, 48, 60 and 62 are manufactured by 
metal injection moulding. 

JP 2010279995
INJECTION MECHANISM OF 
METAL INJECTION MOULDING 
MACHINE 
Publication date: 2010-12-16 
Inventor(s): Kinoshita Fuminobu et al, 
Japan Steel Works Ltd, Japan
This patent aims to provide an injection 
mechanism for a metal injection-
moulding machine allowing rise time 
of a screw for injecting a moulding 
material to be shortened, thereby 
allowing the injection step to be 
shortened. 

When injecting the moulding 
material by the screw, the injection 
piston starts its forward drive in the 
axial direction of the injection piston 
while the screw is in a stopped state. 
The screw starts its forward drive 
in the axial direction of the screw 
together with the injection piston after 
the time when the screw is collided 
with the injection piston reaching its 
predetermined speed. Thus, the time 
when the screw reaches its maximum 
speed is shortened compared with 
the time when the injection piston and 
the screw start their drive from their 
stopped states in conjunction with each 

other, and the injection step can be 
shortened accordingly.

 

JP 2009142594  (A) 
METHOD FOR MANUFACTURING 
FINGER RING MEMBER FOR 
SCISSORS FORMED BY METAL 
POWDER INJECTION MOULDING 
METHOD 
Publication date:  2009-07-02 
Inventor(s): Adachi Shigeyoshi et al, 
Adachi Kogyo KK, Japan
This patent offers a method for 
manufacturing a finger ring member 
for hairdressing scissors using a metal 
powder injection moulding method. 
In a metal powder injection moulding 
method a moulding material containing 
metallic powder and an organic binder 
is used. The finger ring member for the 
hairdressing scissors is manufactured, 
wherein the metal powder contains 
carbon of 0.15wt% or less and copper 
of 2.00-5.00wt%. According to this 
manufacturing method, a moulded 
article which has an appropriate 
hardness and flexibility as the finger 
ring member for the hairdressing 
scissors, can be obtained. 

TW 201016348 (A) 
MULTI-COMPONENT METAL 
INJECTION MOULDING   
Publication date:  2010-05-01 
Inventor(s):  K Mccullough et al, Cool 
Polymers, Inc, USA 
A metal alloy feedstock and method for 
metal injection moulding is disclosed in 
this patent. The alloy includes at least 
two components. The first component 
has a first melting point and the second 
component has a second melting point 
higher than the first melting point. 
The first melting point and the second 
melting point match to the temperature 
gradient of the heated barrel of an 
injection moulding machine whereby 
when fed into the injection moulding 
machine the first component melts 
prior to the second component melts 
and enables the second component 
to solute into the first component. 
Additional components may also be 
used.

CN 101407610  (A)
METALLIC POWDER INJECTION 
MOULDING ADHESIVE 
Publication date:  2009-04-15 
Inventor(s): Enquan Wang et al, 
Reccotek Metal Injection Molding Ltd, 
China
The invention relates to a binder which 
comprises the following components 
according to weight percentage: 15 % 
to 25 % of chlorinated polyethylene, 
15 % to 25 % of polyformaldehyde, 3 
% to 10 % of rubber, 20 % to 30 % of 
petroleum wax, 15 % to 25 % of Brazil 
wax (palm wax), 1 % to 5 % of stearic 
acid and 1 % to 5 % of epoxidized 
soybean oil. In the forming technique 
of metal powder, the binder can 
improve the strength of blank, reduce 
the damage of the blank and improve 
the finished yield and the production 
efficiency.

Global PIM Patents
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Micro-Powder Injection Moulding 
of Barium Titanate

Baricum titanate (BaTiO3) displays a range of useful properties of relevance to capacitors, thermistors, 
sensors, transducers, micro-electromechanical systems, power electronics and energy storage. The 
current report details the fabrication of BaTiO3 capacitors via the powder injection moulding (PIM) process. 
Useful processing conditions were identified for injection moulding novel compositions of BaTiO3 containing 
nanoscale additions. A density of 97.5% and a dielectric constant of 3250 were achieved for the samples 
sintered at 1300˚C for 2 hrs. Microwell arrays of 3 μm were successfully moulded and sintered, corresponding 
to the lowest reported feature size achieved by ceramic injection moulding. Increasing the surface area by the 
introduction of micro-features was found to increase the energy storage to a maximum of 5 J/cc. The present 
study demonstrates the applicability of PIM to manufacture BaTiO3 components with complex micro-scale 
features.

Valmikanathan Onbattuvelli 1, Ravi K Enneti 2, Sung-Bum Sohn 3, Timothy McCabe 4, Seong-Jin Park 5 and 
Sundar Atre*6
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3Samsung Electro-Mechanics, Suwon, Republic of Korea, 4Kinetics Climax Inc., Wilsonville, OR, USA, 
5POSTECH, Pohang, Republic of Korea, *6Oregon State University, Corvallis, OR, USA

* Corresponding author: Sundar.Atre@oregonstate.edu

Barium titanate (BaTiO3) displays a range of useful properties 
like high dielectric constant, low leakage current and non 
linear optical properties that are relevant for applications 
in capacitors, thermistors, sensors, transducers, micro-
electromechanical systems, power electronics and energy storage 
[1-4]. However, the key barrier in transforming the properties 
into applications lies in the ability to fabricate BaTiO3 to fully 
dense microstructure. Being a covalent bonded material, BaTiO3 
requires additives to enhance the sintering capabilities. Various 
sintering additives including Nb2O3, SiO2, MgO, La2O3, and their 
combinations were suggested in the past to enhance the BaTiO3 
densification [1-4, 8-12].  Addition of these sintering aids also 
contributes in retarding the grain growth, an essential step to 
increase the dielectric constant. For example, a study reported 
using a combination of MgO with a rare-earth oxide (Y2O3) 
to minimise the grain growth during sintering of BaTiO3 [13]. 
Lowering of the sintering temperature by SiO2 addition is also 
proved to reduce the grain growth [12]. A brief summary of the 
findings from prior research studies carried out to obtain full 
dense BaTiO3 is shown in Table 1.  

The increasing trend of miniaturisation in the microelectronics 
industry requires innovative manufacturing technologies 
capable of fabricating the critical features using electro ceramics 
economically.  Techniques such as tape casting [1] and pressing 
[2-4] have been extensively studied in the past to fabricate BaTiO3 
ceramics. It is anticipated that powder injection moulding (PIM) 
can have a useful niche in high volume production when shape 
complexity is important [5]. The present study investigates the 
ability of PIM technique to fabricate near dense BaTiO3 with 
micro-scale features. The study also aims at identifying the useful 
processing conditions for injection moulding novel compositions 
of BaTiO3 containing nanoscale additions. 

Experimental 

Materials
Our prior research work successfully demonstrated an increase in 
the solids loading with the nanoparticles addition as the bimodal 
μ–n powder mixture [6-7]. For example, the critical solids loading 
is found to increase from 54 to 70 vol. % when AlN nanoparticles 
were added to the monomodal μ–sized AlN powders. Similarly, 
the SiC powder mixture exhibited an increase from 53 to 65 vol. 
% with the nanoparticles addition. Thus, instead of a monomodal 
micro-sized BaTiO3 powder, a bimodal μ–n powder mixture is 
used in the present study. Similar to the earlier reports on PIM, 
a multicomponent polymer system based on paraffin wax and 
polypropylene is chosen as the binder to facilitate a multi-step 
debinding process [6, 14-15]. 

Fig. 1 The effect of n-BaTiO3 addition to µ-BaTiO3 on the maximum 
powder fraction in the powder-polymer mixture
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Instrumentation
Torque rheomerty runs were carried out in the Intelli-Torque 
Plasticorder (Brabender) with a maximum chamber volume 
of 46 cc in order to determine the maximum solids loading. 
Twin screw extrusion of the BaTiO3 feedstock’s was performed 
with a co-rotating 27 mm twin screw extruder (Entek). 
Approximately 15 lbs of the bimodal µ-n BaTiO3 feedstock 
(powder-polymer mixture) with a solids loading of 58 vol. 
% is extruded. The extruded mixture is then air-cooled and 
pelletised. Thermogravimetric analysis (TGA) was performed 
on the extruded feedstocks using a TA- Q500 (TA instruments) 
thermal system in nitrogen and oxygen atmosphere. A temperature 
range of 50-600°C and a heating rate of 20°C/min were used for 
TGA. The calorimetric measurements were carried out using 
a TA- Q1000 unit (TA instruments) in the temperature range 
of 20-200°C. The samples were heated at the rate of 20°C/min 
under nitrogen atmosphere. The rheological characteristics of 
the feedstock were evaluated using a Gottfert Rheograph 2003 
capillary rheometer at different shear rates and temperatures. 
The testing was carried out in accordance with ASTM D 3835. 
The temperature range was varied between the highest melting 
temperature and the lowest degradation temperature of the binder 
system. The barrel of 1 mm inner diameter and 20 mm die length 
was used. A Gnomix PVT apparatus was used to estimate the 
PVT relationships of the feedstock materials. The test was carried 

out in accordance with ASTM D 792. The pellets were dried for 
4 hours at 70°C under vacuum. The measurement type used was 
isothermal heating scan with a heating rate of approximately 3°C/
minute. Injection moulding of simple shapes and microchannel 
arrays was performed in the Arburg 221M (44 tons) injection 
moulding machine. Microwell arrays were injection moulded at 
MicroPEP (Providence, RI). The debinding and sintering runs 
were performed under normal atmosphere in a CM furnace (1712 
FL series). The micrographs of the debound and sintered samples 
were taken with the Quanta –FEG (FEI) dual beam scanning 
electron microscope (SEM). The sintered samples were diamond 
polished and metalised with a 375 nm thick Al layer on both sides 
using an ATC Orion Sputtering System. Dielectric constants of the 
metalised samples were calculated by measuring their capacitance 
using a capacitance meter (TDK – HP4284A).

Results and Discussion
The following section details the effect of material and process 
parameters and optimisation of the various steps used in PIM of 
BaTiO3 ceramics. 

Critical solids loading for the bimodal µ-n BaTiO3
A homogeneous feedstock design is required for consistent part 
fabrication via the PIM process. There is an upper limit to powder 

Ref. 

#
Author

Sintering aids Net shaping 

technique

Densification conditions
Density Grain Size

Dielectric 

ConstantComp. Amount Temp. (°C) Time

21 Kong et al
PbO- Nb2O5 
- ZnO

-
Uniaxial pressing  
(UP) (50 MPa)

1100 1 hr 99% 3.9 µm 2300

1
Munro and 
Plucknett

-NA- -
Slip casting             
(50 vol.%)

1300 2 97% - -

22 Ma et al
ZnO-B2O3

- UP 950 - 95% - 1731

23 Sun et al

2.5%

UP (1 MPa) 900 14 hr

1555

Nb2O5- 
Co3O4

1.4% - - 1623

11 Kumar et al Sb2O5 0.75% - 1380 3 hr - 2 µm -

24 Yuan et al
Nb2O5- 
BaSiO3

0.3 -1 
mol.%

UP 1320 2 hr - - 6700

25
Buscaglia 
et al

No sintering aid used
SPS (100 MPa) 800 0.05 hr 95% 0.05 µm 760

UP (150 MPa) 1310 - 96% 1.2 µm 680

2 Cui et al

Nb2O5

1 mol.% UP (10 MPa) 1250

2 hr

96% 2 µm 10298

3
Stojanovic 
et al

0.8 mol.% CIP (150 MPa) 1380 > 90% < 0.4 µm 1100

4
Ying and 
Hsieh

- - UP (150 MPa) 1300 6 hr 95% 0.27 µm 3100

8 Li et al

(MgCO3)4•
Mg(OH)2• 
5H2O, 
Ba(CH3OO)2

1 mol.% -
950 (under 
N2)

2 hr 96% - 2500

12 Hirata et al SiO2 -
CIP (294 MPa) + 
HIP (162 MPa)

1100 
(underAr)

- 97% 2.93 µm 2000

9 Deng et al -
SPS  (70 MPa) 820 0.1 hr 99% 0.06 µm -

UP (10 MPa) 1250 20 hr 98% 3 µm -

10 Mitic et al
Er203

0.01 wt.% UP (120 MPa) 1350 4 hr 93% 10 µm
1120

Yb203 1090

Table 1 Literature review on the sintering of BaTiO3 ceramics
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content that is possible in a powder-binder mixture for any particle 
size distribution, referred to as the critical solids loading (Фc) 
[16]. The particle size distribution was varied by adding n-BaTiO3 

to the µ-BaTiO3. The fraction of µ-BaTiO3 in the bimodal µ-n 
powder mixture was plotted against the maximum powder content 
in the resulting powder-polymer mixtures as shown in Fig. 1. The 
results are also tabulated in Table 2. A maximum powder content 
of 92.5 wt. % (65 vol. %) in the powder-binder mixture was 
achieved with a particular bimodal mixture containing 95 wt. % 
µ-BaTiO3 and 5 wt. % n-BaTiO3.

Scale-up of the bimodal µ-n BaTiO3 formulation
The scale-up of mixture containing 95 wt. % µ-BaTiO3 and 5 
wt.% n-BaTiO3 was conducted using a 27 mm co-rotating twin-
screw extruder. This slight increment in the binder content of the 
mixture relative to the critical solids loading was selected in order 
to provide process flexibility during the scale-up and moulding 
stages. Subsequently a twin-screw extruder was used to scale-up 
the mixing of a formulation based on 90 wt. % (58 vol. %) BaTiO3 
powder. 

Feedstock characterisation
 - Thermal Properties
The thermal properties of the extruded feedstock provide basic 
guidelines for the subsequent PIM steps. The DSC of BaTiO3 
feedstock revealing two endothermic peaks at 58±2°C and 
130±2°C is shown in Fig. 2. These peaks indicate the melting 
of filler phase (paraffin wax) at 58°C and backbone polymers 
(polypropylene) at 130°C. It can thus be concluded that the 
melt temperatures for injection moulding should be higher than 
135°C. Similar results were observed by us on silicon carbide 
and aluminium nitride injection moulding [7], Aggarwal et al for 
niobium injection moulding [17] and Liu et al for stainless steel 
injection moulding [18].

From the TGA plot (Fig. 3), the BaTiO3 bimodal feedstock 
composition was confirmed to be 90±0.25 wt.% powder and 
10±0.25 wt.% binder. The two-stage degradation reveals the 
burnout of the filler phase from 200-450°C and backbone 
polymers from 450-550°C. The pyrolysis data can be used 
for establishing the upper limit for the injection moulding 
temperatures and thermal debinding profiles [19]. 

# µ- BaTiO3 

content 

(wt. %)

n- BaTiO3 

content 

(wt.%)

Maximum powder 

content possible 

in the given 

powder-binder 

mixture (%)

Critical 

solids 

loading 

(vol.%)

1 100 0 91 60.73

2 97 3 91 60.73

3 95 5 92.5 65.35

4 92 8 92 63.75

5 90 10 91 60.73

6 85 15 90 57.92

7 80 20 89 55.31

8 0 100 85 46

Table 2 Critical solids loading obtained for different bimodal µ-n 
BaTiO3 combinations

Fig. 2 DSC of BaTiO3 feedstock showing two melting peaks at 58±2°C 
and 130±2°C     

Fig. 3 TGA confirming the composition of the BaTiO3  feedstock 

Fig. 4 Viscosity of the  BaTiO3 feedstock at different shear rate and 
temperature combinations, confirming its pseudo-plastic behaviour    

Fig. 5 PVT relationships for bimodal BaTiO3  feedstock

Technical Paper

Dec 2011 back section.indd   61 12/5/2011   10:00:45 AM



Powder Injection Moulding International    December 201162 Vol. 5 No. 4

Technical Paper

 - Rheological Properties
In order to evaluate the dependence of feedstock viscosity on 
temperature, the apparent viscosity (η) - shear rate ( ) behaviour 
of the extruded BaTiO3 feedstock was measured at different 
temperatures (Fig. 4). The measured temperatures were selected 
between the highest melting temperature and lowest degradation 
temperature of the feedstock, which is 130°C ≤ melt temperature 
≤ 190°C. The viscosity of the feedstock tends to decrease with an 
increase in shear rate, indicating pseudoplastic behaviour. The 
result once again confirms the absence of dilatant behaviour, 
indicating no powder-binder separation [20]. Additionally, the 
viscosity of all feedstocks tends to decrease with increasing 
temperature [18].  

 - PVT Measurements
The pressure - volume - temperature (PVT) behavior of the 
BaTiO3 feedstock (Fig. 5), helps us to understand the shrinkage 
during a typical injection moulding cycle. The hold pressure can 
be chosen after appropriately referring to the PVT diagram so that 
the residual cavity pressure is near atmospheric pressure before 
mould opening [5]. The plot can also be used to calculate the 
packing density of the injection moulded samples based on the 
injection temperature and applied pressure. 

Injection moulding of green samples
Green samples were fabricated under optimised conditions with 
the aid of data from the feedstock characterisation. Fig. 6 show 
injection moulded green and sintered BaTiO3 samples of micro-
well arrays. Parts contained ~ 3 million micro-wells in a 2 cm x 5 
cm plate. The micro-well feature size of ~ 3 μm in the green parts 
shrank to ~ 2.5 μm following sintering.

Fig. 6 Injection moulded BaTiO3 micro-well array samples (Feature 
size: 3 µm): (a) green (b) sintered

Fig. 7 Solvent debinding of injection moulded BaTiO3 samples in 
heptane at different time- temperature combinations

Fig. 8 Pore opening in the injection moulded BaTiO3 samples when immersed in heptane at 40°C for (a) 0 min, (b) 15 min, (c) 30 min, (d) 1 h, (e) 
2 h and (f) 4 h
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Debinding of injection moulded BaTiO3 samples
A multi-step debinding was carried out in the current work to 
expedite the polymer removal in the moulded samples. 

 - Solvent Debinding 
Initially, the green samples were immersed in an organic solvent 
to remove soluble binder components. This initial binder 
removal leaves interpenetrating pore channels, which are then 
used by the decomposed gas to escape during the subsequent 
thermal debinding. In the present study, heptane was chosen 
as the debinding solvent due to its inertness with the backbone 
polymers. The % filler phase extracted at a given time-temperature 
combination is plotted in Fig. 7.  The amount of filler phase 
extracted increased with an increase in temperature. The SEM 
performed on the solvent debound samples confirmed improved 
pore opening with increased time- temperature situations (Fig. 8).

 - Thermal Debinding
The solvent debound (dewaxed) samples are heated to thermally 
degrade the residual polymers. TGA runs (Fig. 9) were performed 
to study the effect of atmosphere on the thermal debinding 
process. The results show that polymer degradation is faster in air 
compared to argon (Ar) atmosphere. An initial procedure of 2 h 
hold at 300°C followed by varied hold at 500°C was followed to 
debind the polymers. The % residual carbon content is listed in 
Table 3.

Sintering
The thermally debound samples were heated to sintering 
temperatures of 1100 -1300°C at a heating rate 200°C/h with 
a set hold time. As shown in Fig. 10, the densification starts at 
~1200°C and reaches a maximum of  97.5% (sintered density = 
5.77 g/cc) when held at 1300°C for 2 h. SEM images (Fig. 11) 

Fig. 9 Effect of atmosphere on the thermal debinding of the dewaxed 
BaTiO3 samples

Fig. 10 Effect of sintering temperature – hold time combination on the 
BaTiO3 density 

Fig. 11 SEM images of BaTiO3 samples sintered at: (a) 1100°C for 1 h (b) 1200°C for 1 h (c) 1300°C for 1 h, (d) 1100°C for 2 h (e) 1200°C for 
2 h (f) 1300°C for 2 h.
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of the fractured surfaces of the sintered samples supported the 
observation by revealing liquid phase formation at 1200°C. As 
shown in Fig. 12, an isometric shrinkage of 16% is noticed for 
the samples exhibiting the maximum densification. This isometric 
shrinkage corresponds to 59% solids loading. Additionally, only 
negligible weight loss (≤ 0.5 wt. %) was observed, indicating the 
minimisation of any secondary reactions during sintering. 

Properties
Samples sintered at 1300°C for 2 h were polished and metalised 
with a 375 nm thick Al layer on both the sides. The capacitance 
of the metalized sintered samples was measured from which the 
dielectric constant was calculated according to Equation 1.

      
                                                                                                                        

  
           (Eq.1)
   
As seen from Fig. 13, the dielectric constant tends to increase 

with increasing sintering density. Importance of optimising the 
hold time is evident with the slight increase in the density from 
97.1% (1300°C - 1 hr ) to 97.5% (1300°C - 2 hr) leading to an 
increase in dielectric constant value of 450 (from 2800±30 to 
3250±20). Thus, achieving 100 % densification is highly preferred 

for improved dielectric constant values.
The effect of increased surface area due to micro features on 

energy storage was analysed. The capacitance was measured on 
a 1 cm x 1 cm block of 2.5 mm thick sintered BaTiO3 samples 
(Al sputter coated on both sides). As expected (Fig. 14) the 
capacitance increased with the increase in surface area. As 
shown in Equation 2, it is also possible to calculate the energy 
density of the sintered BaTiO3 samples. It is evident from the 
tabulated calculations (Table 4) that incorporating microfeatures 
increased the energy density drastically. This result confirms 
the opportunities for the potential new application of BaTiO3 in 
energy storage applications.

                                                                                                     
  
  

   (Eq.2)
                                      

Summary
The current research study demonstrates the applicability 
of PIM to fabricate net-shaped BaTiO3 ceramics with dense 
microstructures and micro-features. Useful processing conditions 
were identified for injection moulding novel compositions of 
BaTiO3 containing nanoscale additions. A sintered density of 
97.5% (16% shrinkage) was achieved for samples sintered at 

Hold time at 

500°C (in hrs)

% residual carbon (determined via TGA)

Nitrogen Air

0 0.7 0.28

1 0.41 0.26

2 0.24

Sintered BaTiO3 samples Energy stored 

(J)

Energy density 

(J/cc)

Featureless 0.5 2

With micro-channels 1 4

With micro-grids 1.2 5

Table 3 Effect of debinding atmosphere over the % residual carbon

Table 4 Energy density values for featureless and microfeatured BaTiO3 
samples

Fig. 12 Effect of sintering temperature – hold time combinations on 
the isometric shrinkage (inset: side-by-side comparison of green and 
sintered BaTiO3 samples)

Fig. 13 Effect of sintered density on the dielectric constant of BaTiO3

Fig. 14 Effect of microfeatures on the capacitance of sintered BaTiO3 
samples
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1300˚C for 2 hrs. Correspondingly, a dielectric constant of 3250 
was achieved. Microwell arrays of 3 μm were successfully 
moulded and sintered, corresponding to the lowest reported 
feature size achieved for ceramic injection moulding. Additional 
surface area provided by introducing micro-features was found to 
increase the capacitance and energy storage, reaching a maximum 
of 5 J/cc.
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The effect of backbone polymer on 
phase transformation temperatures and 
pseudo-elasticity of MIM NiTi alloy using 
a water soluble binder system

This study investigates the effect of backbone polymer in the binder system (based on water-soluble binder) 
mixed with pre-alloyed NiTi powder on the resultant impurity contents, phase transformation temperature, 
microstructures and mechanical behaviour of the as-sintered materials. Green parts were prepared by warm-
pressing of the feedstock into a cylindrical shape. The samples were then leached in warm water, thermally 
debound in argon and finally, vacuum sintered at 1240°C for 10 hours. The experimental results indicate that 
the oxygen content of the as-sintered material increased to almost double that for the powder state while the 
carbon increased by one third to one half, which consequently resulted in a shift of the phase transformation 
temperature to lower values and broadened the transformation range for the austenite to martensite 
transition. The uptake of oxygen and carbon during the process also led to the formation of the well known 
Ti4Ni2Ox and TiC precipitate phases. All samples exhibited psedoelasticity (PE) and shape memory effect (SME) 
behaviour during a load-unload compression test up to a maximum strain of 8%.
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Introduction

NiTi alloys are well known as one of the intermetallic compounds 
exhibiting both shape memory effect (SME) and pseudoelasticity 
(PE), both interesting and unusual material properties that 
make them attractive for certain engineering applications. 
These behaviours are strongly influenced by the reversible 
phase transformation temperature of the austenite to martensite 
transition [1]. The alloys have been used extensively in recent 
years as functional materials in various industries including 
medical and aerospace applications. 

Manufacturing of complex shaped NiTi parts by conventional 
machining is difficult and associated with high tool wear rates 
[2], which contributes to the high cost of the final product. As a 
result, manufacturing of net-shaped NiTi parts by MIM has been 
investigated intensely in recent years as an attractive alternative 
to conventional machining [3-8]. One of the greatest challenges 
in the manufacture of NiTi components by MIM is the adequate 
control of impurities such as oxygen, carbon and nitrogen, arising 
from the use of the binder systems used in the process, which 
are commonly comprised of wax-based and polymeric materials 
[9, 10]. Each step involved in the MIM process increases the 
risk of impurity pick-up. The up-take of these elements leads to 
the formation of titanium-rich precipitates such as Ti4Ni2Ox and 
TiC, which by depleting the matrix locally of Ti act to shift the 
Ni content of the NiTi matrix phase to higher values [9, 11, 12]. 

Therefore, each step must be carried out with great care so that 
there are as few contaminants as possible remaining, and hence 
that deterioration of the final properties of the components is 
minimised. 

The development of a suitable binder system is one of the main 
tasks in shaping NiTi alloys by MIM with acceptably low levels 
of contaminants. The water soluble binder system, the so-called 
Sheffield binder system, has been developed since 1995 [13] and 
continuous research has been successfully carried out for a wide 
range of metal alloy and ceramic powders [14-18]. The binder 
system is comprised of a major fraction of polyethylene glycol 
(PEG), a minor fraction of polymethyl methacrylate (PMMA) 
and a small proportion of stearic acid (SA). The advantages of 
this binder system compared to established binder systems are a 
shorter overall debinding time and an environmentally friendly 
route of debinding. It has been shown that the major fraction of 
binder composed of PEG can be rapidly removed by leaching 
with water. This is followed by thermal debinding to remove the 
remainder of the PMMA binder. The requirements for use of this 
binder system and a comparison with other commercial binders 
can be found in the literature [14]. 

The aim of the present work is to investigate the feasibility 
of using the water soluble, PEG based binder system for a 
pre-alloyed, gas atomised NiTi powder, using three different 
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backbone polymers, PMMA (as powder or as emulsion) and 
poly-ethylene, PE520 (as powder). The effect of these backbone 
polymers on impurity contents, phase transformation behaviour 
and microstructures are comparatively studied. In addition, the 
pseudoelasticity (PE) and shape memory effect (SME) by a load-
unload compression test up to a maximum of 8% strain at room 
temperature was also investigated.  

Experimental

Starting Materials
The powder used in this study was a pre-alloyed NiTi powder with 
a composition of 50.3 at % Ni, produced by a plasma induced gas 
atomisation (PIGA) process, which generated spherical powder 
particles, as shown in Fig. 1 (a). The powder was manufactured 
by Nanoval, Berlin, Germany. Its particle size distribution with 
d10 = 8 µm, d50 = 15 µm and d90 = 29 µm is shown in Fig. 1(b). 
The smooth surface of the particles is impaired by the formation 
of small satellites. Fig. 1 (c) shows the phase transformation 
temperature, indicating the austenite (B2 phase) to martensite 
(B19 phase) transformation temperatures during cooling and 
heating.

Table 1 shows the characteristics of the binder components used 
in this study. PEG was used as the primary binder component, 
while the other three binder components act as a backbone 
polymer; stearic acid was used in all feedstocks as a lubricant. 
Three different feedstock batches (BS1, BS2 and BS3) with a 
constant powder loading (Φ = 69.5 vol%) and constant binder 
composition by weight ratio, PEG:PMMA/PE520:SA = 83:15:2 
were prepared. For BS1, the backbone binder used was PE520 
while for both BS2 and BS3, PMMA backbone binder in the form 
of powder and emulsion, respectively, were used. 

Processing methods
An amount of 100g of NiTi powder was used in this initial study 
for each feedstock. Hand mixing was employed so that small 
batch sizes could be prepared. For the BS1 and BS2 binder 
systems, the backbone polymers were melted completely, first 
in a rectangular shaped aluminium crucible, which was heated 
using a hot plate with the temperature set to just above the melting 
temperature of the polymers. After the backbone polymer had 
melted, the remaining binder of PEG and SA were gradually 
added together with NiTi powders. The powder-binder mixture 
was then mixed manually with a spatula for about 30 minutes 
to ensure homogeneity of each of the feedstocks. Feedstock 
materials so-prepared were cooled and then pelletised. For the 
BS3 binder system, the powder had first been mixed with stearic 
acid to lubricate the powder before being mixed with PEG and 
PMMA emulsion. 

Green parts were prepared using a P/O/Weber hydraulic uni-
axial warm pressing machine with a 12mm diameter mould at a 
constant pressure and holding time of 900 MPa and 15 seconds, 
respectively. Moulding temperatures were set to 120°C for BS1 
and 140°C for BS2 and BS3 feedstocks, respectively. The green 
compacts were leached in distilled water at a temperature of 
40°C for 24 hours and followed by placing them in an oven at a 
temperature of 50°C for 8 hours to drive off any residual moisture 
from the pores. The leached samples were then thermally debound 
in argon and vacuum sintered in a Thermal Technology vacuum 
furnace at 1240°C, 10 h at an ambient pressure of less than 10-3 
Pa. All samples were placed on a yittria (Y2O3) plate and a Ti 
getter was placed on top of the alumina (Al2O3) support to further 
reduce the impurity up-take. 

Binder 

components

Manufacturer Molecular 

Formula

Density 

(gcm-3)

Melting 

point (oC)

1 PEG 1500 Sigma Aldrich, 
GmbH

(C2H4O)n-H2O 1.08 41 – 46

2 PMMA 
emulsion

Scott Bader 
Co Ltd, 
Welling-
borough, UK

C5O2H8 1.20 130 - 140

3 PMMA 
powder

ICI Elvacite C5O2H8 1.20 130 - 140

4 PE 520 Clariant C2H4 0.93 115

5 SA Sigma Aldrich, 
GmbH

C18H36O2 0.84 69

Table 1 Characteristics of the binder (PEG = polyethylene glycol, 
PMMA = polymethyl metacrylate, PE = polyethylene, SA = stearic 
acid)

Fig. 1 (a) SEM micrograph of pre-alloyed NiTi powder (b) particle 
size distribution (c) Phase transformation temperature of the pre-
alloyed NiTi powder

a)

b)

c)
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Characterisation of the as-sintered parts
The characterisation of all samples was done in the as-sintered 
state (furnace cooled) without additional heat treatments. The 
density for all samples was determined by pycnometry, using 
Accupyc® under a flow of helium gas. The samples were diamond 
cut for differential scanning calorimetry (DSC) tests (using a 2920 
CE machine from TA Instruments), chemical analyses (LECO 
melt extraction system) and metallographic sample preparation. 
The as-sintered samples were mounted and infiltrated with epoxy 
resin, ground with emery papers (grits starting from 180, 240, 
400, 800 and 1200) and finally polished with a 9 μm diamond 
suspension. Microstructural back-scattered image analysis and 
elemental analysis were carried out using a scanning electron 
microscope (SEM) (model Zeiss Ultra 55) and energy dispersive 
X-Ray spectroscopy (EDX) (model Inca energy 355), respectively.

Three cylindrical parts from each formulation with dimensions 
6 mm in length and 4 mm in diameter, giving an aspect ratio of 

L:D = 1.5 were prepared by electro-discharge machining (EDM). 
These were then lightly polished with 800 grit emery paper 
and cleaned ultrasonically with acetone to remove any residues 
arising from the EDM cutting process. Load-unload compression 
tests were performed up to a maximum strain of 8% at room 
temperature using a Hounsfield machine with a constant cross 
head speed of 0.05 mm/min. The length of the specimens were 
measured using a micrometer (±0.001 mm accuracy) in order 
to measure the dimensional recovery after unloaded and shape 
memory behaviour after heating above Af temperature.   

Results and discussion

Impurity content
Table 2 gives a comparison of the impurity contents for the 
starting NiTi powder and the as-sintered parts produced via 
different backbone polymers. As expected, the impurity contents 
for all sintered samples are higher than the starting powder. 
These impurities are mainly introduced by the residuals from the 
organic binder system [3, 19]. Based on molecular formulae for 
all binder components (Table 1), it was expected that the BS1 
samples would exhibit the lowest impurity contents due to the 
lower carbon content and the lack of oxygen atoms in PE520. 
Considering the measurement accuracy of chemical analysis 
of samples investigated, samples BS1 and BS3 showed rather 
similar impurity contents. The BS2 sample exhibited a usefully 
lower oxygen content, while the carbon content was again in a 
similar range. It was reported by Petzoldt et al. [20], that the use 
of PMMA as the backbone binder in the feedstock led to higher 
impurity contents in titanium alloys than feedstock containing 
PE. Although the content of PMMA used in this previous work 
was much higher than in the present case, the lower oxygen 
pick-up found in the present study could also, in the case for 
BS2, be caused by the small contact areas between the coarse 
PMMA particles and the NiTi powders. An increase of oxygen 
would, from the work of Petzoldt, be expected were the PMMA 
completely molten and more dispersed throughout the mixture.

Compared to the starting powders, the oxygen contents for all 
sintered samples are nearly doubled while the carbon contents 
increase by nearly one third to one half. The nitrogen contents for 
all samples were fairly low and comparable to the starting powder. 
The results of impurity measurements obtained for all samples 
are still considerably low when compared with those reported in 
previous studies [3, 6, 8-10], indicating that PEG-based binder 
systems are an attractive proposition for MIM of NiTi alloys. 
The lowest previously reported oxygen and carbon contents for 
as-sintered NiTi produced by MIM, were 0.23 wt% and 0.08 wt%, 
respectively [6]. In another study by Mentz et al., [9] whilst the 
impurity level reported for the final parts was lower than those 
of the present work. This was largely as a result of employing 
a  powder with still lower initial impurity contents; the oxygen 
and carbon contents for the pre-alloyed NiTi powder were 0.05 
wt.% and 0.04 wt.%, respectively, while, after sintering, they 
were 0.11 wt.% and 0.04 wt.%, respectively. All previous studies 
show, therefore, that it is very difficult to maintain the low oxygen 
content of the initial powder, however, the carbon concentration 
can be reduced to a minimum value if suitable binders can be 
identified and optimised process parameters used. 

Phase transformation temperatures (PTTs)
Fig. 2 shows the DSC traces for the samples prepared with 
different backbone polymers, indicating in each case the 
martensite to austenite phase transformation during heating 

Sample Nitrogen (wt%) Oxygen (wt%) Carbon (wt%)

Starting 
powder

< 0.0005 0.08 0.06

BS1 <0.0005 0.1524 ± 
0.0051

0.0833 ± 0.0054

BS2 0.0010 ± 
0.0002

0.1377 ± 
0.0022

0.0802 ± 0.0028

BS3 0.0006 ± 
0.0001

0.1643 ± 
0.0092

0.0911 ± 0.0003

Table 2 Impurity contents of the sintered NiTi

Fig. 2 Effect of different backbone polymers on the DSC trace, 
indicating the phase transformation temperature during (a) heating 
and (b) cooling
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and cooling. During the heating cycle for the starting powder, 
the austenite formation starts (As) at 37°C and finishes (Af) 
at 62°C, corresponding to 25°C of austenitic transformation 
width. For the BS2 as-sintered sample, the phase transformation 
width stays almost constant (30°C), while As shifted to 13°C. 
The transformation enthalpy is significantly higher for the BS2 
sample than for the BS1 and BS3 samples. For these BS1 and 
BS3 samples, the transformation peaks were slightly broadened 
to approximately 40°C, with a shift of As to 18°C and 8°C, 
respectively. The result clearly shows that the austenitic phase 

Technical Paper

transformation is shifted almost 25°C lower, which is consistent 
with the increased impurity contents of the MIM samples. The 
highest impurity content (for the BS3 samples) corresponded with 
a shift of As to the lowest value measured in this study. 

Based on the DSC trace during cooling, the start of the 
martensitic phase transformation Ms for the initial powder is at 
27°C and it finishes at 1°C, corresponding to a transformation 
width of 26°C.  A similar trend as that seen for heating was 
observed during cooling of the as-sintered samples. In comparison 
with heating, all PTT values shifted to lower values for cooling. 

Fig. 3 Optical micrographs of cross sections of the as-sintered parts at low (5x) and high (20x) magnification; (a) BS1 (b) BS2 and (c) BS3
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Even though BS2 possessed the lowest impurity contents, the 
lowest temperatures for the start of the phase transformations 
were observed for the BS3 samples. It appears that the reason for 
this behaviour is the lack of a two–stage transformation during 
cooling. For the BS2 sample, only a martenistic transformation 
occurred, with Ms at 8°C and Mf at about -20°C. This corresponds 
to a slight increase of the phase transformation width from 26°C 
for the starting powder to 28°C for the as-sintered BS2 sample. 
For both BS1 and BS3 samples, the transformation of martensitic 
phase seems to overlap with the formation of a small amount 
of R-phase close to the starting point of the transformation, 
evidenced by small humps before a well-defined peak representing 
the formation of martensitic phase. It is assumed that the 
formation of metastable Ni4Ti3 precipitates in the Ni-rich alloy is 
responsible for the occurrence of the R-phase in the present case. 
This precipitation reaction takes place during furnace cooling 
and may be further influenced by additional thermal treatments 
[10]. Schüller et al. [21] claimed that the possible reasons for 
existence of the above mentioned phase were primarily related to 
the presence of Ti-consuming oxides and carbides, coupled with 
an enhanced Ni content in the NiTi matrix [21] transformation in 
the DSC curve. 

Studies conducted by Bram et al [3] on MIM of pre-alloyed 
NiTi (50.9 at % Ni) using a wax-based binder system showed 
that the high impurity content, oxygen (0.23wt%) and carbon 
(0.14wt%) in the as-sintered samples resulted in strong increase 
of the transformation temperatures in comparison to the 
starting powder (approximately +80°C for Mp and +70°C for 
Am). They also concluded that besides the increased impurity, 
the evaporation of Ni atoms during sintering under vacuum 
and the uncontrolled precipitation of metastable phases during 
furnace cooling were other reasons influencing the extent of the 
transformation temperature shift. 

Density, dimensional changes and microstructure
Table 3 shows the results of the density and shrinkage 
measurements for the samples after sintering at 1250°C in 
vacuum. The shrinkage in diameter is in the range 9 to 11 %, 
whilst, for the height, it is in the range 7 to 9%. Since a uni-axial 
warm pressing was employed in the present study, this probably 
led to a density gradient being introduced, which is a known 
source of non-uniform shrinkage during sintering. The larger 
shrinkage in the radial direction was believed to be due to greater 
density gradient perpendicular to the pressing direction and thus 
resulted in greater particle orientation during sintering. MIM 
generally leads to a final density of 92-100%, which corresponds 
to 15 -20 % linear shrinkage if a powder content of 50 to 60vol% 
is applied [22]. In other work on MIM of NiTi [6, 8] shrinkages in 
the range 8 to 13% were reported.

Samples with higher green density resulted in greater sintered 
density which corresponds to a better densification and fewer 
pores in the as-sintered condition. Fig. 3 shows the morphology 
of the cross section of the as-sintered samples for all of the 
batches at two different magnifications; 5x and 20x under 
optical microscope. Microstructures were taken from the centre 
of the samples. It clearly shows that the pores are still present 
for all samples. The amount of porosity strongly influences the 
measured density, as shown in Table 3. Samples BS1 and BS3 
achieved a density higher than 95% of the theoretical density 
(6.45 g/cm3), which is considered to be acceptable for most 
MIM parts. The pore distribution for both samples appears to be 
relatively homogeneous over the entire cross section, suggesting 
homogeneous mixing of the powder and binder followed by 

uniform densification during sintering, though the latter conflicts 
with the observation of unequal longitudinal and radial shrinkage. 

Samples made with PMMA powder (BS2) exhibited the lowest 
density of 93% of the theoretical value, which corresponds to 
large pores as clearly shown in Fig. 3 (b). These large spherical 
pores were believed to be residuals from the PMMA particles 
that clearly remained after thermal debinding. As the sintering 
continued, these large pores were isolated after thermal debinding 
and remained in the parts after sintering. The largest pore diameter 
about 100μm corresponds to the mean diameter of the PMMA 
particles used in this study. It was believed that the PMMA 
particles were not completely melted during mixing. 

Phase composition by back scattered SEM and EDX
Fig. 4 (a-c) shows the back-scattered SEM images for the cross 
section of the samples prepared from different backbone binders. 
All images show phases, which can be clearly distinguished by 
their grey scales, indicating the formation of precipitates other 
than NiTi after the sintering process. The SEM images show very 
similar well-defined phases and are as reported in previous studies 
using MIM methods [7, 8, 10]. The EDX spectra as shown in 
Fig. 4 (d-f) represent three distinguished phases as shown in the 
back-scatted SEM. It is apparent that a platinum (Pt) peak can 
be seen in all peaks indicating the coating element used for the 
back-scattered analysis. The first spectrum (Spectrum 1) as shown 
in Fig. 4 (d) corresponds to the matrix phase, NiTi as spotted in 
the back scattered images. Note that, for BS1 samples, actually, 
each phase area was spotted twice, thus there are 6 spots in the 
back scattered image. Based on the principal of the image contrast 
in the back scattered SEM, a darker colour of the phase indicates 
lower atomic mass. 

Spectrum 2 as shown in Fig. 4 (e) shows slightly dark areas, 
where a high oxygen concentration detected (as indicated by 
the arrow) for all samples together with Ni and Ti and it is also 
apparent that the Ni peak in the spectrum is slightly lower than 
that in Spectrum 1. It is believed that these areas correspond to a 
Ti-rich precipitate phase, namely Ti4Ni2Ox. 

Finally, for the smallest fraction of darker precipitates, the 
carbon peak in Spectrum 3, as shown in Fig. 6 (f), is greater than 
that for oxygen, for all samples, which is consistent with TiC 
formation. The presence of a small peak corresponding to Ni in 
Spectrum 3 may be a result of the neighbouring Ni of the NiTi 
matrix phase as the phase detected was significantly small. 

Compressive stress-strain behaviour 
Figs. 5(a - c) show the effect of different backbone binder on the 
load-unload compressive stress-strain behaviour up to a maximum 
strain of 8%. It can be seen that all samples exhibit nearly similar 
behaviour with fairly large strain hysteresis between the loading 
and unloading curves except the critical stress (σc) for inducing 
martensite transformation and residual strain after unloading. 
Since the composition is slightly Ni-rich (50.3at%Ni) and no 
heat treatment was employed, all samples exhibited partial 
pseudoelasticity at room temperature.

During the initial compression of BS1 samples (Fig. 5 (a)), 
the stress increases in a  linear manner with strain as expected, 
but when the stress reaches about 110-130 MPa (2-3% strain), 
henceforth referred as the critical stress (σc), the material 
response to increased  strain changes, resulting in a slow increase 
of the stress which is as a result of the stress induced phase 
transformation from austenite to martensite [23]. Subsequent 
loading after this critical stress reveals that the slope is again 
almost linear until a stress level of ~ 200 MPa which occurs at 
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Feedstock Density

(gcm-3)

Relative 

density (%)

Shrinkage percentage (%)

Diameter Height

BS1 6.231 ± 
0.005 96.6 9.3 ± 0.1 7.2 ± 2.1

BS2 6.013 ± 
0.013 93.2 10.1 ± 0.1 7.3 ± 0.4

BS3 6.182 ± 
0.004 95.8 10.7 ± 0.1 8.5 ± 1.0

(mean ± 95% confidence limit, n=4)

~6% strain, when fully detwinned martensite is formed. The 
BS1 samples show only partial pseudoelasticity as the strain 
did not return completely to zero after unloading with a total of 
detwinned or residual strain of 4.5%. However, when the samples 
were heated above Af temperature (70°C) the residual strain was 
successfully recovered. Therefore, the samples demonstrated 
remarkable shape memory effect.

Samples BS2, with the highest porosity, show slightly 
lower stress plateau with critical stresses around 100-110 MPa 
(3-4% strain) for inducing martensitic transformation and the 
equivalent stresses at the maximum strain of 8% are around 
304-323 MPa. The presence of greater porosity presumably 
resulted in lowering the percentage of strain recovery after 

Fig. 4 (a-c) Back Scattered SEM images for the as-sintered parts, indicating the presence of other phases in addition to the NiTi phase, and 
EDX spectra corresponding to three distinguished phases; (d) matrix, NiTi (e) NiTi2 /Ni2Ti4Ox and (f) TiC

Table 3 Density and shrinkage of the NiTi samples after sintering
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unloading, 3% or 5% residual strain. Furthermore, after heating 
above Af temperature, it seemed that materials processed using 
this binder formulation did not show complete recovery with 
a residual 0.1-0.3% plastic strain evident. Incomplete strain 
recovery was presumably inhibited by the greater size of pores 
as evidenced in Fig. 3(b). In addition, it was also found that 
some micro-cracks on the surface were visible to the naked eye, 
connecting isolated pores perhaps, leading to the permanent 
deformation observed. This could, may have been initiated by 
the presence of unwanted brittle inter-metallic phases such as 
NiTi2/Ni2Ti4Ox or TiC.

For BS3 samples, the critical and maximum stresses elevate 
with values around 200 MPa and 370 MPa, respectively. The 
pseudoelastic behaviour seems to be slightly improved with 
3.5% residual strain or 4.5% was recovered upon unloading. 
Furthermore, the samples also exhibited significant shape memory 
effects due to complete recovery of the residual strain as they 
were heated above Af temperature.

It is apparent that all samples exhibit lower pseudoelasticity 
at room temperature than monolithic NiTi manufactured by 
conventional processes. This difference in behaviour may arise for 
several reasons; (i) lower Ni-concentration (50.3 at %) whereas 
some studies have used compositions as high as 50.9 at % Ni 
(ii) compression testing was conducted at room temperature 
which was lower than the Af temperature for all compositions 
as seen in Fig. 2, (iii) lower critical stress value for martensite 
transformation as a result of impurity content and (iv) no post-
processing heat treatment (aging) was applied to any of the 
samples in our study.  

Conclusions
The effect of backbone polymer in the binder system, mixed 
with pre-alloyed NiTi powder, on impurity contents, phase 
transformation temperature and pseudo-elasticity was 
investigated.  Based on the results obtained, the following points 
can be concluded:

1. The oxygen content in the as-sintered condition increased to 
almost double that of the powder state, while the carbon increased 
by one third to one half. However these increases in impurity 
content are acceptably low, when compared with the results of 
previous studies using wax-based binder systems. This shows 
that the water soluble binder systems investigated in the present 
work are highly attractive for processing NiTi alloys by MIM, 
especially with respect to ecological aspects of avoiding alcohol 
debinding solutions, which are more difficult to handle under 
industrial conditions.

2. DSC measurements showed that increasing impurity content 
resulted in a shift of the phase transformation temperature to lower 
values. Also, the phase transformation range was broadened. 

3. SEM backscatted images and EDX analysis showed 
two additional phases, which are already known from earlier 
publications. Thus, the uptake of oxygen and carbon during the 
MIM processing lead to the formation of the well known Ti4Ni2Ox 
and TiC precipitate phases.

4. From the compression test, it can be concluded that all 
samples exhibited partial PE at room temperature, whereas 
residual stresses between 3.5 to 5.0% were observed. Samples 
BS1 and BS2 showed a remarkable SME property with complete 
recovery after unloading.

Fig. 5 Compressive stress-strain behaviour of the samples up to maximum strain of 8%: (a) BS1 (b) BS2, and (c)BS3 
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Technical Paper

Introduction
Heat dissipation is becoming a crucial challenge for power 
semiconductors due to the increase of leakage current and 
decrease of device size. Therefore, advanced electronic packaging 
materials with improved thermal, electrical and mechanical 
performances play an important role in proper functions of the 
devices. Tungsten-copper (W-Cu) composite is an attractive 
thermal management material for power electronics due to 
the combination of high thermal conductivity of Cu and low 
coefficient of thermal expansion (CTE) of W. In these kinds of 
composite materials, Cu generally is in the range of 10-20 wt.% 
(19.3-35.0 vol.%) and distributes in the W matrix. By changing 
Cu content in the composite, tailored CTE is obtained and 
meanwhile a relatively high thermal conductivity is maintained. 
The fabrication method is usually infiltrating molten Cu into 
the press-sintered W preforms. Sometimes thermal mechanical 
process such as rolling is employed on the infiltrated W-Cu blanks 
to obtain fully dense material and desired shape. However, this 
process is restricted to certain geometries.

Metal injection moulding (MIM) based on composite W-Cu 
powders makes it possible to form the thermal management 
devices in complex shapes. MIM for W-Cu composite has been 
investigated previously [1-3]. For those with Cu content higher 
than 20 wt.%, blended or milled W and Cu powder could be 
used. However, for materials with low Cu content, such as 10 
wt.% (W-10Cu), the sintered density is not high enough since 
the Cu content is too small in volume for a sufficient W particle 
rearrangement during liquid phase sintering. Even using fine W 
(D50 = 1.54 μm) and Cu (D50 = 3.54 μm) powder, only a sintered 
density of 92.4% was achieved [1]. On the other hand, to blend 
W and Cu powder homogeneously becomes more difficult 
with decreasing Cu contents. Ultrafine or nano-scale W-Cu 
composite powder is an alternative to solve these problems. 

Various methods such as ball milling [4], mechanical alloying 
[5, 6], oxide co-reduction [7], mechano-chemical process [8, 9] 
and thermo-chemical process [10-14] have been used to fabricate 
ultrafine W-Cu composite powder. Kim et al. [2] investigated 
the MIM process for W-30Cu with ultrafine composite powder 
made by mechanical alloying and the sintered density was high 
than 96%. Senillou et. al [15] used W-20Cu composite powder 
for MIM and sintered density of 97.9% was reached. German 
[16] presented MIM product properties of W-10Cu via MIM with 
the density of 98%. In the present study, the in-house developed 
W-10Cu ultrafine composite powder via thermo-chemical process 
was employed for MIM. The process was evaluated regarding 
homogeneity of the microstructure, the density of fabricated parts 
and properties of the MIM parts.

 

Experimental

Characteristics of W-10Cu composite powder
For the purpose of obtaining homogeneous and nearly fully 
dense W-10Cu parts, a kind of in-house made ultrafine W-10Cu 
composite powder, which was fabricated from tungsten and 
copper salts by thermo-chemical process, was used for MIM tests. 
The chemical compositions of the above mentioned powder are 
shown in Table 1.

The morphology of the W-10Cu composite powder was 
observed by scanning electronic microscope (SEM) (S3400N 

Metal Injection Moulding of 
W-10%Cu material with ultra 
fine composite powder 

W-10Cu is one of the most widely used materials for thermal management applications. The 
sinterability of this material is, however, not enough for reaching high density with normal powder. 
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rheology has been investigated to the feedstock with this ultrafine powder. The W-10Cu parts sintered 
at 1400˚C has reached relative density of 99%. The microstructure of sintered W-10Cu is homogenous 
and grain size for W is about 2-3 μm. Thermal conductivity and coefficient of expansion of the sintered 
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between W-10Cu MIM parts and Cu infiltrated products is presented. 
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W Cu Fe Mn Mo Ca S O C

Wt.% Bal. 9.79 ≤0.006 ≤0.0011 ≤0.002 ≤0.003 ≤0.0002 ≤0.268 ≤0.015

Table 1 Chemical compositions of W-10Cu composite powder 
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model, Hitachi, Japan), as shown in Fig. 1. The particle size 
is approximately in the range of 400-600nm, but the particles 
are highly agglomerated. The distribution of W and Cu in the 
composite powder cannot be identified directly from SEM images. 
However, energy-dispersive X-ray spectroscopy (EDX) analysis 
shows that inside one particle, both W and Cu elements exist 
which means that the distribution of W and Cu is homogeneous 
in the scale of an agglomerated particle. The cross section of the 
composite powder (Fig. 2) shows the distribution of W and Cu in 
the particles. 

  Physical properties of the composite powder are summarized 
in Table 2. The particle size distribution was measured by laser 
particle size analyzer (Mastersizer 2000, Malvern, UK), which 
refers to the agglomerated particles.

Feedstock mixing
A wax-polymer binder system was selected for the feedstock 
based on the ultrafine W-10Cu composite powder. The binder 
contains 51 wt.% paraffin wax (PW), 30 wt.% polypropylene 
(PP), 16 wt.% polyethylene (PE) and 3 wt.% stearic acid (SA). 
The critical solid loading (volumetric fraction of metal powder in 
the powder-binder mixture) was determined by torque rheometer 
(XS-300 model, Kechuang, Shanghai, China). The mixing 
temperature of the chamber was set as 155˚C. The rotation speed 
for the screws was 60 rpm. Considering the poor flowability of 
the W-10Cu composite powder, the solid loading started at 40 
vol.% by putting 1012.2g W-10Cu powder and 80g binder into 
the mixing chamber of the torque rheometer. The solid loading 
increased by 1 vol.% each time by adding the powder accurately. 
The process was repeated until the mixing either the torque did 
not stabilize or increase rapidly. 

Injection moulding 
The well mixed W-10Cu feedstock with solid loading of 45 
vol.% was injected into a mould for preparing blank specimens 
to measure the thermal conductivity and coefficient of thermal 
expansion (CTE) of the sintered material. Tensile test specimens 
were also moulded. The parts were shaped on injection moulding 
machine (Allrounder 360S, Arburg, Germany). The process 
parameters for injection moulding are shown in Table 3.  

Debinding and sintering 
The moulded W-10Cu specimens underwent solvent debinding 
and thermal debinding sequentially. Solvent debinding was carried 
out in heptane at 37˚C for 12 h. After this process, 48.9 wt.% of 
the total amount of binder was removed from the moulded parts. 
The temperature profile employed in the thermal debinding was 
first at 500˚C for 90 min at the heating rate of 1.5˚C/min, followed 
by heating to 900˚C at 2˚C/min and holding for 90 min. The 
atmosphere for thermal debinding was hydrogen. The debinded 
parts were then sintered in another furnace at the peak temperature 
of 1400˚C for 90 min, the heating rate was approximate 5˚C/min. 
Hydrogen atmosphere was used during sintering.

Property measurements 
The density of the sintered W-10Cu parts were measured by 
Archimedes method in water via an electronic balance (AL204 
model, Mettler Toledo, Switzerland). The sintered samples were 
grinded, polished and etched for hardness and microstructure 
analysis. Thermal diffusivity at room temperature was measured 
by laser flash method (LFA 447 Naoflash, Netzsch, Germany). 
The sintered discs were machined to 12.7 mm in diameter 
and 2 mm in thickness for thermal diffusivity measurement. 
Additionally, specific heat was determined simultaneously 
by employing a comparative method. Thermal conductivity Table 1 Chemical compositions of W-10Cu composite powder 

Fig. 1 SEM images of W-10Cu ultrafine composite powder

Fig. 2 Cross section of W-10Cu ultra fine composite powder showing 
the distribution of W and Cu in the particles

Properties W-10Cu powder

Particle size 

D10 (µm) 1.54

D50 (µm) 3.78

D90 (µm) 18.93

Specific surface area (mm2/g) 0.56

Apparent density (g/cm3) 2.30

Tap density (g/cm3) 3.31

Pycnometer density (g/cm3) 17.22

Theoretical density (g/cm3) 17.28

Temperature Injection Packing

Nozzle (˚C) 165 Speed (cm3/s) 18 Speed (cm3/s) 16

Barrel zone 
2 (˚C)

168 Pressure (MPa) 120 Pressure (MPa) 50

Barrel zone 
3 (˚C)

168 Injection size 
(cm3) 

18.3 Time (s) 0.5

Barrel zone 
4 (˚C)

168 Cushion (cm3) 2.1

Barrel zone 
5 (˚C)

165 Back pressure 
(MPa)

3.0

Mould (˚C) 35 Cooling time 
(s)

8

Table 2 Characteristics of the W-10Cu composite powder

Table 3 Moulding parameters for W-10Cu feedstock
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was calculated based on the determined bulk density, thermal 
diffusivity and specific heat. CTE measurement was implemented 
at a vertical dilatometer (Unitherm 1161V, Anter, USA). Rods 
specimens, which were cut from sintered bars, were used for CTE 
measurement with diameter of 4.0 mm and length of 25 mm. 
Some W-10Cu composite materials fabricated by traditional Cu 
infiltration method were also analyzed in comparison with those 
made by W-10Cu ultrafine composite powder. 

Results
The curves of torque vs. kneading time and torque vs. solid 
loading, as seen in Fig. 3, show that the torque increases with 
increasing solid loading. As the solid loading reaches 47 vol.%, 
the feedstock cannot be mixed well, which indicates that the 
critical solid loading for the feedstock based on the W-10Cu 
composite powder is approximate 47 vol.%. The low solid loading 
is attributed to poor flowability of the W-10Cu ultrafine composite 
powder. The finer powder can improve the sinterability, but the 
solid loading is reduced largely due to higher surface area of the 
fine powder and strong agglomerations. Deagglomeration method 
such as rod milling can be employed for this powder in order to 
increase solid loading of feedstock.

Tensile test specimens made by MIM are shown in Fig. 4. The 
shrinkage of the sintered parts is approximately 23-24%. Samples 
shown in Fig. 5 are for thermal properties measurements. 

 The microstructures of the sintered parts are studied by both 
LOM and SEM images, as shown in Fig. 6 and Fig. 7. For the 
W-10Cu made by MIM with ultrafine composite powder, the 
material is nearly fully dense and homogeneous. Grain growth for 
W is evident during sintering and the grain size after sintering is 
approximately in the range of 2-3 μm, which is about 4-6 folds of 
particle size of the composite powder. Sintering necks are formed 
among the W particles and Cu phase distributes homogeneously in 
the W skeleton. 

For W-10Cu parts, the low volume fraction of Cu (19.3 vol.%) 
makes the Cu infiltration process relatively difficult. Therefore, 
coarser W powder generally is employed to prepare the W 
skeleton in order to form the proper interconnected channels 
for Cu infiltration. For the one formed by Cu infiltration, grain 

Fig. 3 Torque rheology for ultrafine W-10Cu composite powder: (a) 
torque vs. kneading time and (b) torque vs. solid loading

b)

a)

Fig. 4 Injection moulded, debinded and sintered W-10Cu tensile test 
specimens

Fig. 5 Sintered and polished blanks in W-10Cu for preparing the 
specimens to measuring thermal conductivity and coefficient of 
thermal expansion

MIM 
Cu 

infiltration

Density (g/cm3) 17.1 17.1

Thermal conductivity at 25 ˚C (W/mK) 215 180

Specific heat at 25 ˚C (J/kgK) 237 148

Thermal diffusivity at 25 ˚C (mm2/s) 53.2 71.2

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.%) 0.008 0.0009

Table 4 Comparisons of material properties of W-10Cu with two 
processes 

Technical Paper
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size of W ranges from about 5 μm to 15 μm. With the proper 
Cu infiltration process, the material is also nearly pore-free. 
Comparing the W-10Cu materials obtained from two different 
processes, it is obvious that the homogeneity of the one using 
ultrafine composite powder is better, which is important of the 
thermal properties for heat sink application. 

Measurements of the physical and mechanical properties, as 
well as Cu, C and O contents of the sintered W-10Cu parts are 
summarized in Table 4. Cu and C contents of both materials are 
very close, but O content of the MIM material is higher than 
that of the infiltrated one. The relative densities of both W-10Cu 
parts are as high as 99%. The hardness and CTE properties of 
both materials are comparable. The thermal properties, however, 
are different, which could be attributed to their microstructures. 
The thermal conductivity and CTE of the W-10Cu MIM part 
in this study is close to the reported ones 209-220 W/mK and 
6.7X10-6 /K [16]. 

Conclusions
(1) For developing W-10Cu thermal management components 
in complex shapes, MIM process has been tested by using an 
in-house made W-10Cu ultrafine composite powder. The poor 
flowability of the powder leads to a low critical solid loading as 
47 vol.% for MIM feedstock. However, experiments based on the 
feedstock with solid loading of 45 vol.% have been successfully 
carried out and no defects are found in injection and debinding 
stages.

(2) Relatively low sintering temperature as 1400˚C was applied 
for the W-10Cu MIM parts. The relative density of sintered parts 
reaches 99% and no Cu is extruded to the surface of the parts 
during sintering. Microstructures of the MIM parts using W-10Cu 
ultrafine composite powder are more homogeneous than those of 
Cu the infiltrated parts. 

(3) Due to more homogeneous microstructure and finer grain 

Fig.6 LOM images of sintered W-10Cu parts produced by: (a) MIM with ultrafine composite powder and (b) Cu infiltration with W preforms

Fig. 7 SEM images of sintered W-10Cu parts produced by: MIM with ultrafine composite powder (a, b), Cu infiltration with W performs (c, d)

Technical Paper
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size, thermal and mechanical properties of the W-10Cu MIM 
parts are close or better than those made by Cu infiltration. The 
process viability and final properties as presented in the present 
work has proved the possibility to fabricated high quality thermal 
management components by MIM with the newly developed 
W-10Cu ultrafine composite powder. 
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