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Cover image  
A MIM spur gear used in an SUV rear door 
assembly, manufactured by Indo-US MIM 
Tec Pvt. Ltd 
(Photo courtesy MPIF) 

Opportunities for MIM in 
the automotive sector 
The MIM industry has enjoyed a long and successful relationship 
with the automotive sector, supplying high volumes of complex 
components for more than twenty years. As we report in our 
review article on the history and outlook for MIM in the automotive 
industry (page 33), MIM automotive parts have evolved significantly 
over this period. Complexity is increasing, as is material 
performance and this trend is set to continue, particularly for high 
temperature and high corrosion resistance applications. 

There is therefore optimism at the potential growth for MIM in 
the automotive sector, despite the significant challenges for 
our industry as a whole to further improve awareness of MIM 
technology amongst automotive designers and engineers. If this 
awareness is achieved, then the potential is almost unlimited. 
As one industry leader commented to us, the potential MIM 
automotive market is a vast ocean and you never know what 
components are just over the horizon, but you need to always be 
looking.

In this issue we also report on three important international 
events that took place recently in Europe; Euro PM2015 in Reims, 
Titanium 2015 in Lüneburg and Ceramitec 2015 in Munich. In 
our reports on these events, it is clear that both the metal and 
ceramic injection moulding industries are on a very positive 
growth track, with a diverse range of research activities underway, 
new parts makers and industry suppliers entering the market, 
and many existing suppliers broadening their portfolios. 

Nick Williams 
Managing Editor

http://inovar-communications.com/
http://www.ampal-inc.com
http://www.poudres-hermillon.com
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In this issue
33 Metal Injection Moulding: Past successes 

and future opportunities in the automotive 
industry 

 MIM has made tremendous advances over the last 
decade in penetrating a host of important global 
markets, from the aerospace and 3C industries 
to the automotive, medical and firearms sectors. 
Despite suffering from poor awareness amongst 
automotive designers and engineers, the number of 
MIM applications continues to rise at an impressive 
rate. Nick Williams reviews the development of MIM 
automotive applications and the outlook for this 
important end-user sector.  

49 A study in the use of optical metrology 
to analyse the effectiveness of post-
processing operations in MIM

 For many MIM components, post-processing 
operations may be required in order to achieve 
specific properties for an application. Such 
operations may be aimed at improving surface 
finish, increasing final density, or achieving a 
specific hardness. Parmaco Metal Injection Molding 
AG and Alicona Imaging GmbH investigate the use 
of optical metrology to analyse the effectiveness and 
impact of selected post-processing operations.    

57 Ceramitec 2015: Part makers and industry 
suppliers on show in Munich

 Ceramitec 2015, the most important international 
trade exhibition for the ceramics industry, was held 
from October 20-23, 2015 in Munich, Germany. 
While the exhibition covered the entire supply 

chain of the ceramics industry, Dr Georg Schlieper 
highlights a selection of exhibitors that are either 
directly connected with the PIM industry, or offer 
technologies that may be of interest to readers.   

 
65 Advances in metal and ceramic injection 

moulding at Euro PM2015
  The Euro PM2015 Congress & Exhibition once 

again proved to be an essential destination for 
those looking to understand the latest technical 
and commercial advances in PIM. David Whittaker 
reports on four papers that cover feedstock 
characterisation, advances in moulding, two-colour 
MIM and powder injection compression moulding.      

75 PM Titanium 2015: Developments in the 
MIM of titanium 

  The 3rd Conference on the Powder Processing, 
Consolidation and Metallurgy of Titanium moved to 
the Northern Hemisphere for the first time this year, 
with the historic German city of Lüneburg playing 
host to more than 130 delegates from around the 
world. As Dr David Whittaker reports, researchers 
are continuing to advance the capabilities and 
sophistication of the MIM of titanium.  
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Indo-US MIM Tec Pvt. Ltd is set to launch its first US 
manufacturing facility in San Antonio, Texas, in 2016. 
The Board of Directors of Port San Antonio has given its 
President and CEO, Roland Mower, approval to proceed 
with a 20-year lease agreement with Indo-MIM. 

Indo-MIM is a global leader in the production of preci-
sion component parts by Metal Injection Moulding. The 
India-based firm is working to establish its first manu-
facturing operation in the US within an existing 58,000 ft2 
facility at the Port. Indo-MIM anticipates the commence-
ment of operations by the autumn of 2016 with a start-up 
workforce of more than 100 local employees, growing to 
at least 300 workers within five years. 

Over the course of several months, key figures in San 
Antonio worked closely to attract the company to the 
region. The San Antonio Economic Development Founda-
tion (EDF) was Indo-MIM’s first local point of contact and 
led efforts to identify an ideal and flexible location that 
would allow for a quick start-up. 

“This is a terrific win for the community. It under-
scores the importance of local collaboration as the key to 
attract and grow important employers from around the 
world,” stated Port President and CEO Roland Mower. 
“We look forward to continue working hand-in-hand 
with Indo-MIM and our local partners to establish the 
company’s first manufacturing operation in the US and 
ensure its success for years to come.” 

Indo-MIM’s CEO, Krishna Chivukula, Jr. stated, “Indo-
MIM spent more than eighteen months locating its first 
US manufacturing facility and examined multiple loca-
tions in search for the best site. San Antonio’s Economic 
Development Foundation and Port San Antonio ultimately 
clinched the deal due to the sophistication of the local 
manufacturing and industrial culture, strong workforce 
solutions providers and the City of San Antonio’s and 
Bexar County’s ability to work with private and public 
entities to create the right environment for a globalised 
manufacturing company to thrive long-term. Indo-MIM is 
excited at the prospect of being able to participate in the 
development of the San Antonio community by providing 
stable jobs in advanced manufacturing in the years to 
come.” 

Indo-MIM to launch its first 
US manufacturing operation 
in Port San Antonio, Texas

Founded in 1997, Indo-MIM has an existing global 
workforce of over 2,000 employees, most of whom are 
based in Bangalore, India. The company’s global sales 
exceed $100 million annually. 

The approval by the Port’s Board of Directors is the 
first step in formalising an agreement between the 
company and the San Antonio community. The San 
Antonio City Council and the Bexar County Commis-
sioners Court were expected to vote in November on 
corresponding incentive packages recommended by the 
City and County economic development departments. 
These include a personal tax abatement and Economic 
Development Incentive Fund (EDIF) grant by the City 
focused on the creation of new high-wage skilled jobs. 
Subject to approval by the two local jurisdictions, the Port 
will proceed with finalising its lease agreement. 

www.portsanantonio.us | www.indo-mim.com    

mailto:nick%40inovar-communications.com?subject=
http://www.catamold.de
http://www.tisoma.de
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Tom Houck, Vice President of US 
ARCMIM, has been elected President 
of the Metal Injection Molding 
Association (MIMA), an association 
of North America’s Metal Powder 
Industries Federation (MPIF). 
Houck has been involved in the 
metal powder industry for over 24 
years and currently serves on the 
MPIF’s Board of Governors. He also 
co-chaired MIMA’s MIM2015 confer-
ence and will co-chair the MIM2016 
conference, taking place in Irvine, 
California, from March 7-9.

Jason Young, Chairman and 
CEO of ARC Group Worldwide, 
commented, “We are excited for Mr. 
Houck’s appointment as President 
of MIMA. We believe this appoint-
ment reflects the strength of ARC’s 
industry leadership in MIM.”

www.mimaweb.org   

Tom Houck elected 
President of MIM 
Association

Avure Technologies AB, head-
quartered in Västerås, Sweden, 
has changed its name to Quintus 
Technologies AB. The US subsidiary, 
based in Columbus, Ohio, is already 
named Quintus Technologies, 
LLC. Avure Technologies Inc. in 
the US will continue to focus on 
High Pressure Processing (HPP) 
food processing machines and 
Quintus Technologies in Sweden 
and the US will continue to focus on 
high pressure metal working and 
material densification equipment for 
manufacturing industries.

“Quintus Technologies is the 
undisputed leader within high pres-
sure technology. Stemming from the 
Swedish electro technical company 
ABB, we have over sixty years of 
experience of developing, building 
and installing systems for customers 

HIP specialist Avure Technologies 
changes its name to Quintus 
Technologies 

within the automotive and aerospace 
sectors and general industry,” stated 
Jan Söderström, CEO of Quintus 
Technologies. The Quintus press 
was the world’s first high pressure 
press, a design that was used to 
manufacture synthetic diamonds and 
other products.

“The name Quintus Technologies 
underlines that we continue to focus 
on industrial customers requiring 
systems for sheet metal forming 
or systems for cold or hot isostatic 
pressing. The re-naming is a small 
part of a substantial effort now 
launched to strengthen our offer 
and our position in all markets, from 
Europe to the Americas and especially 
Asia. The strong history of the Quintus 
name will help us to release the full 
potential,” added Söderström.

www.quintustechnologies.com   

mailto:nick%40inovar-communications.com?subject=
http://www.tav-vacuumfurnaces.com
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The ability of CMG Technologies’ 
UK-based Metal Injection Moulding 
operation to produce high volumes of 
extremely small, complex parts has 
resulted in a contract with leading 
mandibular advancement manufac-
turer Somnowell Ltd.

According to UK health data, as 
many as one in four people in England 
snore regularly and one in ten of 
these have sleep apnoea, a potentially 
life threatening breathing disorder, 
meaning the market for oral devices 
that combat snoring and other sleep 
related breathing problems worldwide 
is potentially vast.

Established in 2010, Somnowell 
produces a range of oral appliances, 
also known as mandibular advance-
ment devices, which are designed to 
alleviate snoring, sleep apnoea and 
teeth grinding (bruxism). The devices 
fit into the mouth and are worn whilst 
the user is asleep. They hold the jaw 
forward in the “recovery position” 
keeping the airway open.

CMG Technologies has been 
commissioned to produce the end 
attachment claws of the arms that 
hold the top and bottom plates 
together whilst protruding the lower 
jaw relative to the upper. This results 
in the ultra slimline Somnowell 
Chrome, a tailor made device billed 
as ‘a lifetime solution and the most 
slim-line, comfortable and hygienic 
device available.’ Rachel Garrett, 
CMG’s Technical Sales and Marketing 
Director, stated, “The part was 
previously made from eroded wire 
using EDM (Electrical Discharge 
Machining). However because of the 
volumes needed and the complexity 
of the part, Somnowell Ltd wanted 
to find a more reliable, cost effective 
manufacturing method once the 
device had been proven.” Measuring 
just 10 mm in total and featuring 
an external thread and an internal 
access tube, the parts are now made 
from 316L stainless steel by CMG. 

“One of our business associates 
recommended CMG to Somnowell 
Ltd and, following the production of 

successful prototypes, the first set 
of 500 parts was completed in time 
for the World Orthodontic Congress 
which took place in London at the end 
of September,” stated Garrett.

Using MIM to produce the parts, 
along with the other associated 
components, will reduce costs by 
approximately 40% when compared 
with typical EDM costs, with no 
compromise on quality. 

Somnowell’s inventor, Visiting 
Professor Simon Ash, stated, “We 
launched the first Somnowell 
device back in 2005 and have since 
experienced a phenomenal take-up 
of our products with quite remark-
able life changing clinical outcomes 
for patients from all over the world. 
The current Somnowell Chrome 
is the 4th generation device and is 
made from cast chrome cobalt alloy 
which is as hygienic as gold and far 
more comfortable and durable than 
plastic.”

“The volume of product neces-
sitated the need for us to find an 
alternative way of manufacturing the 
part – not only did it need to be cost 
effective, it also had to be suitable for 
use in the mouth and capable of being 
replicated in volume production runs. 
We are anticipating sales in excess 
of 10,000 units in the UK alone, so 
finding the right supplier from the 
outset was vital.” Somnowell has 
recently achieved FDA approval in the 
USA for their product.

www.cmgtechnologies.co.uk   

MIM parts help alleviate sleep related 
breathing disorders

Parts manufactured by CMG Technol-
ogies for use in Somnowell Chrome 
mandibular advancement device

mailto:nick%40inovar-communications.com?subject=
http://www.usdpowder.de
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The MIM2016 International Confer-
ence on the Injection Molding of 
Metals, Ceramics & Carbides will 
take place at the Hotel Irvine in 
Irvine, California, USA, from March 
7-9 2016. The conference, spon-
sored by the MPIF’s Metal Injection 
Molding Association (MIMA), has 
the objective of exploring the latest 
advances in the field of MIM.

MIM2016 conference programme 
published 

In addition to the conference there 
will be an optional Powder Injection 
Moulding Tutorial taking place on 
March 7. Conducted by Prof Randall 
German, San Diego State University, 
the course is an ideal way for anyone 
looking for a solid grounding in PIM to 
obtain a comprehensive foundation in 
a short period of time.  

www.mimaweb.org    

Arcam AB has announced that its 
metal powder subsidiary AP&C, 
based in Montreal, Canada, is 
building its fourth and fifth reactors, 
adding significant capacity to its 
titanium and nickel superalloy 
powder manufacturing operation.

AP&C uses proprietary plasma 
atomisation technology to produce 
highly spherical powders of reactive 
and high melting point materials 
such as titanium, nickel, zirconium, 
molybdenum, niobium, tantalum, 
tungsten and their alloys. Its 
powders are suited to a range 
of processes such as Additive 
Manufacturing, Metal Injection 
Moulding, Hot Isostatic Pressing 
and coating applications.

“With this new generation of 
atomising technology, AP&C is now 
in a position to supply aerospace 
and medical part manufacturers’ 
titanium powders in volumes 
needed today and in the future. 
With a multiple reactor operation, 
AP&C can produce its standard 
products on dedicated reactors and 
equipment, therefore eliminating 
cross-contamination risks,” stated 
Jacques Mallette, President of 
AP&C.

www.advancedpowders.com     

AP&C installs two 
new atomisers 
for fine MIM and 
AM grade metal 
powders

SEM of Ti-6AL-4V powder from AP&C  

mailto:nick%40inovar-communications.com?subject=
http://www.atmix.co.jp/en/e_index.html
http://www.loemi.com
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NEW PLANT TO PROVIDE AT&M WITH A 
TOTAL CAPACITY OF 4000 TONS OF 
ULTRA-FINE POWDER

AT&M Co., Ltd Powdered Metal Division Sales Agent in Europe

Water atomised 17-4PH (AT&M standard) Watter atomised 17-4PH (shape optimized)

HIGH PRESSURE WATER ATOMIZATION AND VACUUM GAS ATOMIZATION
Stainless Steel, Superalloys, Low Alloyed Steel, High Speed Steel, Soft 
Magnetic Alloys

Typical particle size of water atomized powders is d50 ≈ 10 µm

C

M

Y

CM

MY

CY

CMY

K

pim international 2015-12.pdf   1   01/12/2015   

10 Yongcheng North Road, Haidian
Beijing,100094, China
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Burkard Metallpulververtrieb GmbH 
Tel. +49(0)5403 3219041
E-mail: burkard@bmv-burkard.com

The European Powder Metallurgy 
Association (EPMA) has announced 
the launch of its prestigious EPMA 
Powder Metallurgy Component 
Awards 2016. The competition is 
open to EPMA members who can 
demonstrate major achievements in 
the successful commercialisation or 
innovation of a product, taking into 
account cost savings, improved quality 
and stimulation of further usage of 
PM technology.

The awards will be presented 
during the World PM2016 Congress 
& Exhibition to be held in Hamburg, 
Germany, 9-13 October 2016. A short 
video on each winner will be prepared 
by the EPMA and all entries will 
be displayed as part of an Awards 
Showcase in the World PM2016 Exhi-
bition. “The EPMA Powder Metallurgy 
Component Awards 2016 competition 
will provide an excellent opportunity 
for companies both to demonstrate 

EPMA launches Powder Metallurgy 
component awards

their achievements and to promote 
the benefits of using the Powder 
Metallurgy process,” stated Joan 
Hallward, Awards Coordinator. “Over 
the years, the EPMA Awards have 
done much to promote and stimulate 
the interest in PM technology and we 
hope that all members will seriously 
consider submitting an entry in this 
World Congress year.”

There will be four categories for 
the 2016 awards:

• Additive Manufacturing

• Hot Isostatic Pressing

• Metal Injection Moulding

• PM Structural (including Hard 
Materials and Diamond Tool 
parts)

All entries must submitted via the 
EPMA Powder Metallurgy Component 
Awards 2016 website no later than 
May 6, 2016.

www.epma.com/awards   

Höganäs boosts 
its Digital Metal 
capacity
Höganäs AB, Sweden, has announced 
further investment in its Digital Metal 
facility with the addition of a new 
sintering furnace to increase output 
of its 3D printed metal components. 
The additional capacity was required 
to meet the growing demand for 
3D printed components and offer 
material alternatives, the company 
stated.

“The new furnace has significantly 
increased our production capacity 
and we are also able to sinter a wider 
range of metal powders,” stated Ralf 
Carlström, General Manager for 
Additive Manufacturing at Höganäs.

The new high temperature furnace 
offers variable sintering atmosphere 
settings and very precise adjustment 
of temperature profiles, crucial to 
the sintering of high quality metal 
components. 

www.hoganas.com  

mailto:nick%40inovar-communications.com?subject=
http://www.atmcn.com
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• Metal or graphite hot zones
• Processes all binders and 

feedstocks 
• Sizes from 8.5 to 340 liters  

(0.3–12 cu ft.)
• Pressures from 10-6 torr to  

750 torr
• Vacuum, Ar, N2 and H2

• Max possible temperature 
3,500°C (6,332°F)

• Worldwide field service, 
rebuilds and parts for all 
makes

Centorr Vacuum Industries, Inc.
55 Northeastern Blvd 

Nashua, NH 03062
USA 

Tel: +1 603 595 7233
Fax: +1 603 595 9220

Email: sales@centorr.com

www.centorr.com/pi

MIM-VacTM 
Injectavac®

MIM debind and sinter 
vacuum furnaces
Over 6,500 production and laboratory furnaces manufactured since 1954

The 2015 edition of ASM Handbook, 
Volume 7: Powder Metallurgy, 
edited by Prasan K Samal and 
Joseph W Newkirk, is now available 
from the publishers. The latest 
907 page edition focuses on 
conventional press and sinter PM 
and includes a new section on MIM. 
The revised volume is organised in 

ASM Handbook 
features new 
section on MIM

two parts. The first part, following an 
introductory division on history and 
material standards, covers the basic 
principles and techniques that are 
common to all PM materials. 

The second part of the handbook 
covers detailed information on PM 
technology as it applies to individual 
metal/alloy families. Within each 
material-specific division, the 
information presented follows 
the typical production steps and 
processes as they are currently used 
in industry.

www.asminternational.org   

Austrian injection moulding machine 
producer Engel Holdings GmbH, with 
its headquarters in Schwertberg, 
reports that both turnover and order 
intake were higher in the first six 
months of its current fiscal year 
(2015/2016) compared with the same 
period last year. The company had 
record sales of over €1 billion for the 
full year in 2014/2015. 

Christoph Steger, Engel’s 
Chief Sales Officer, stated that at 
a regional level Asia and North 
America are the strongest drivers 
for growth and that this was not 
expected to change any time soon. 
The company has production plants 
in China and Korea and an assembly 
plant in North America. It plans to 
open a new facility in Ho Chi Minh 
City, Vietnam, this year. In Europe, 
the demand for injection moulding 
machines, especially in Germany, 
continues to do well and Engel is 
expanding its Schwertberg site. 

www.engelglobal.com  

Engel reports 
record first half 
sales

Atomising Systems Ltd and Perdac 
Ltd (now part of CPF Research Ltd) 
have announced that their popular 
two day intensive course, Atomisa-
tion for Metal Powders, is scheduled 
to take place in Manchester, UK, 
February 25-26, 2016. The course, 
now in its 12th year, will consist of 
presentations from Andrew Yule 
(Emeritus Professor Manchester 
University), John Dunkley (Chairman, 
Atomising Systems Ltd) and Dirk 
Aderhold (Technical Director, 
Atomising Systems Ltd). All current 
atomiser types are covered together 
with a wide range of metals and 
powder types.

www.atomising.co.uk   
www.cpfresearch.com    

Atomisation short 
course planned

mailto:nick%40inovar-communications.com?subject=
http://www.centorr.com/pi


On the leading edge of
      metal powder manufacture

   
Sandvik Osprey Limited

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

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

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

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

http://www.sandvik.com/metalpowder
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ISO 9001:2008 Certified

AMP was the first to offer 

commercially available MIM feedstock. 

MIM feedstock production is our 

only business. We offer full R&D 

capabilities including laser particle 

size analysis, trial size batches, 

capillary rheometery, molding test 

bars, debinding and sintering. 

4511 West 99th Street 
Carmel 
IN 46032, USA

Phone: +1 317 337 0441
dwebster@amp-llc.net
ldonoho@amp-llc.net 

®

TM

www.amp-llc.net

HIGH QUALITY 
FEEDSTOCK FOR MIM

ADVANCED METALWORKING  
PRACTICES, LLC

The ADVAMET® Advantage
• High flowability under low pressure

• Lower molding temperatures

• Excellent green strength

• High utilization (20-40+ regrind cycles)

• Standard & Custom shrink rates 

ADVACAT    binder for catalytic 
debinding is available in custom
shrink rates.

TM

ADVACAT

Nissei Plastic Industries Ltd, 
Hanishina-gun, Nagano-ken, Japan, 
is one of the country’s leading 
manufacturers of injection moulding 
machines, including those used for 
Metal Injection Moulding. In addition 
to its two manufacturing sites in 
Japan, Nissei also manufacturers 
injection moulding machines in 
Thailand (Amphur Pluakdaeng, 
Rayong) and China (Taicang City, 
Jiangsu). The company claims to 
have sold more machines to the 
MIM sector than any of its Japanese 
competitors and sees great potential 
for its products in the rapidly growing 
MIM market in China, especially in the 
smartphone sector. 

The company recently 
demonstrated its electric injection 
moulding machine NEX80IIIT-5E 
at the 17th DMP China Dongguan 
International Plastics, Packaging & 

Nissei moulds MIM SIM card holders 
at China exhibition

Rubber Exhibition held in Dongguan, 
China (November 18-21), producing 
MIM SIM card holders using SUS630 
stainless steel feedstock in a four-
cavity mould. The NEX80IIIT-5E has a 
clamping force of 784 kN (80 ton) and 
is produced at the company’s Taicang 
factory as part of the electric injection 
moulding NEX-IIIT Series. 

The NEX80IIIT-5E machine is said 
to feature higher injection velocity 
response and pressure achieved by 
adopting a low inertia servomotor and 
a customised injection unit. Further, 
higher injection/plasticisation 
precision and wider mouldable 
range are achieved by optimising the 
barrel temperature control and yield 
is improved by the high-precision 
metering control.

Nissei’s linear pressure toggle 
system, it is stated, not only 
possesses advantages of a toggle 

mechanism with particularly fast 
moulding cycles, but it is also 
designed to possess performance 
similar to a hydraulic direct clamping 
machine. Automatic clamping force 
adjustment and direct clamping force 
setting are featured as standard. 
Automatic clamping force adjustment 
automatically adjusts clamping force 
fluctuations caused by increasing 
mould temperature during automatic 
operation, whilst direct clamping 
force setting permits changing of 
the clamping force setting during 
automatic operation.

www.nisseiplastic.com  

Nissei’s NEX80IIIT-5E electric MIM 
machine was seen producing MIM 
SIM card holders at 17th DMP 
Dongguan, China.

mailto:nick%40inovar-communications.com?subject=
http://www.amp-llc.net/index.html
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Industry News

17-4PH (precipitation hardening grade) stainless steels are 
one of the most popular materials used in MIM, offering 
superior mechanical properties and corrosion perfor-
mance. This grade of stainless steel is also magnetic 
and hardenable to various strength levels by varying the 
aging heat treatment temperature. Ming-Wei Wu at the 
National Taipei University of Technology, Taiwan, and 
fellow researchers from the National Formosa University, 
Taiwan, and National Taiwan University, Taiwan, have 
reported on the results of a study, published in Metals 
and Materials International (Vol. 21, No. 3, May 2015, pp 
531-537) to compare the as-sintered and heat treated 
properties of both water atomised and gas atomised 
17-4PH stainless steel powders. The paper, “Microstruc-
tures, Mechanical Properties, and Fracture Behaviors of 
Metal Injection Molded 17-4PH Stainless Steel” focussed 
in particular on the influence of powder type on various 
heat treatments (sintering, solutioning, H900, and H1100) 
on microstructure and mechanical properties. The role of 
δ ferrite on the fracture behaviour of MIM 17-4PH stainless 
steels was also examined.

The two grades of 17-4PH stainless steel had a median 
particle size of 10.3 µm for water atomised (W) powder 
and 12.0 µm for gas atomised (G) powder. The researchers 
stated that the minor difference in particle size and size 
distribution was not expected to play an important role in 
the densification process and that the properties would be 
influenced more by the lower silicon and oxygen content 
and fewer SiO2 inclusions in the gas atomised grade. 

The two grades of 17-4PH stainless steel powders were 
kneaded with 7 wt% wax-based binder, comprising paraffin 
wax, stearic acid and polyethylene and the resultant 
feedstock injected moulded as per MPIF Standard 50. The 
organic binder was removed first by immersion in heptane 
at 45°C for 8 hrs, followed by thermal debinding at 500°C 
for 2 hrs in a tube furnace under hydrogen. The debound 
parts were then pre-sintered at 1000°C and final sintering 

Study compares properties 
of water and gas atomised 
17-4PH stainless steel for MIM

took place at 1350°C in a vacuum furnace under partial 
pressure of argon of around 500 Pa. The sintered density 
of W and G grades were 7.58 and 7.66 g/cm3 respectively. 

The reason for the lower sintered density in the W 
grade is said to be the presence of 1.2 vol% SiO2 which 
decreased the theoretical density of MIM 17-4PH from 
7.80 to 7.73 g/cm3 . The microstructures of as-sintered 
and heat treated parts consisted of martensite and δ 
ferrite, irrespective of the powder grade, with the fraction 
of δ ferrite not found to affect final sintered density.

The authors showed that better mechanical properties 
of MIM 17-4PH stainless steel can be achieved with gas 
atomised powder than with water atomised powder due 
mainly to the lower silicon and oxygen contents and fewer 
SiO2 inclusions in the gas atomised stainless steels. 
The H900 heat treated 17-4 PH specimens produced the 
highest hardness (HRC) and ultimate tensile strength 
(UTS), along with moderate elongation of greater than 8%. 
These values are higher than those specified in the MPIF 
Standard. However, H1100 heat treatment produces the 
best elongation at over 11% (Fig. 1), along with moderate 
hardness and UTS. This clearly shows that higher property 
values can be achieved with the gas atomised powder 
grade. The presence of 10 vol% δ ferrite was found not 
to impair the UTS or elongation of MIM 17-4PH stainless 
steels. The δ ferrite did not fracture, even though the 
neighbouring martensitic matrix was severely cracked.   

Fig. 1 Elongation properties of the two types of MIM 
17-4PH as a function of process condition

mailto:nick%40inovar-communications.com?subject=
http://www.metalinjectionmolding.it
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ARC Group Worldwide, Inc., a 
leading global provider of advanced 
manufacturing and 3D printing 
solutions with significant MIM 
activities, has reported its first 
quarter fiscal year 2016 results. 
Fiscal first quarter revenue was 
$24.5 million, a decrease of 14.7% 
compared to the prior year period. 
The decrease was due to lower sales 
to European automotive customers 
and delayed US product launches, as 
well as macro and customer attrition 
issues. At the same time, 3DMT 
Group reported record metal Additive 
Manufacturing revenue during the 
first fiscal quarter. 

EBITDA for the fiscal year first 
quarter was $2.6 million, a decrease 
of 27.1% compared to the prior year 
period. EBITDA margin decreased 
to 10.8%, from 12.6% in the prior 

year period, primarily related to 
lower plant level utilisation. The 
company stated that while near term 
headwinds remain, the management 
is optimistic about the medium to 
long term forecast for the company.

ARC announces new senior 
leadership appointment 
ARC has also announced that it has 
hired Stuart Gold in a newly created 
position as Executive Vice President 
of Global Sales & Marketing. Gold, 
stated the company, brings a strong 
track record of success in sales 
and marketing, most recently at a 
private equity-backed educational 
technology company, as well as 
previous leadership roles in sales 
and marketing at companies such 
as Cendant, Cisco and Microsoft. 
Jason Young, Chairman and CEO, 

commented, “While we were disap-
pointed in the performance of the 
business in the first fiscal quarter, 
we remain optimistic about the future 
of ARC. Driving sales is an important 
focus for the Company and we are 
excited to have Mr. Gold join ARC to 
lead that effort.”

www.arcgroupworldwide.com   

An MPIF 2015 award winning breech 
block made for Smith & Wesson by 
Advanced Forming Technology (AFT), 
an ARCMIM company

Cremer_1213_Anzeige_210x148_Gelb_V2

Mittwoch, 22. Januar 2014 14:32:56

ARC Group Worldwide, Inc. reports 
first quarter results

mailto:nick%40inovar-communications.com?subject=
http://www.cremer-furnace.com
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United States Metal Powders, Inc.
Contact: Rhonda Kalser
rhonda.kasler@usbronzepowders.com
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YUELONG GmbH
Tel: +49 6074 9147 933
b.li@yueanmetal.com

Jiangxi Yuean Superfine Metal Co., Ltd
Tel: +86 797 8772 869 Fax: +86 797 8772 255
Xinhua Industrial Park, Dayu County, 
Jiangxi Province
www.yueanmetal.com

Industry News

Hasco Hasenclever GmbH of 
Lüdenscheid, Germany, a leading 
manufacturer of moulds for injection 
moulding, recently announced 
a number of innovations aimed 
at helping to advance moulding 
technology and improve productivity. 

The company has just teamed 
up with Stratasys of Eden Prairie, 
Minnesota, USA, to develop a rapid, 
cost-efficient method of producing 
low volumes of injection moulded 
prototypes by integrating Stratasys 
3D printing with its K3500 mould 
system, which allows a quick 
change between inserts for different 
products. This will enable injection 
moulders to cost-efficiently produce 
low volumes of injection moulded 
parts for samples, prototypes and 
small production runs. Hasco 
additively manufactures the inserts 

Hasco innovations to advance moulding 
tools for injection moulding

Fig. 1 Example of the Hasco K3500 
Quick-Change mould system using 
3D printed mould inserts

using the Stratasys Objet 500 Connex 
multi-material production system.

 Also announced by Hasco is the 
company’s new compact hot runner 
system, the H4070, a multi-module 
design complementing the extension 
of Hasco’s established multi-shot 
product line. In just five working days, 
Hasco promises to deliver a complete 
system with a fixed spacing of 22 mm, 
comprising 8 or 4 modified Techni 
Shot nozzles and a naturally balanced 
manifold, fully assembled and ready 
to install. Nozzle lengths of up to 125 
mm are available with nozzle tips 
made from CuCoBe or TZM alloys. 

A further innovation is the develop-
ment of a mould memory unit, A5800, 
which is stored permanently in the 
mould and can be used to archive all 
mould and component-specific data. 
Hasco states that the A5800 offers full 

traceability of production data which 
is important for quality assurance 
purposes. The special design of the 
A5800 allows the unit to be flush 
mounted directly in the mould, 
preferably in the risers, without any 
protrusions that would constitute a 
hindrance.

www.hasco.com  
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PolyMIM GmbH is a manufacturer offering two different 
binder systems for MIM:

• polyPOM – our catalytic binder system
• polyMIM – our water soluble binder system

These two binder systems have excellent characteristics 
during the production process and combine attractive 
prices with worldwide availability.

Our portfolio covers high-end applications with our special 
alloys as well as the mass production requirements seen 
in the automotive and telecommunications industry, for 
example.

Every possible challenge in the MIM process can be 
overcome with our range of products tailored to our 
customers’ requirements. Contact us to find a match for 
your application! 

Phone: +49 6751 85769-0  Fax: +49 6751 85769-5300 
Email: info@polymim.com 

www.polymim.com

An in-vivo study of MIM 316L 
bone fracture fixation plates
MIM is regarded as offering a revolutionary new class of 
medical implants for orthopaedics. Dr Mohd Afian Omar 
and his colleagues at the Advanced Materials Research 
Center (AMREC), SIRIM Berhad and Faculty of Medicine, 
International Islamic University of Malaysia (IIUM), have 
been investigating the in-vivo study of MIM 316L stainless 
steel fracture fixation plates for bone fracture repair. 

In order to evaluate the bone tissue reaction to 
the 316L stainless steel plates manufactured by MIM 
for in bone plate fixation, an experiment with rabbits 
was performed by a group of orthopaedic surgeons 
and researchers from the Department of Orthopaedic 
and Traumatology, IIUM and Biomedical Materials 
Programme, AMREC. This is the continuation of 
successful collaboration research between SIRIM Berhad 
and IIUM for the fabrication of injection moulded fracture 
fixation plates over the last two years. In this study, the 
animal experiments on fracture fixation were investigated 
by radiographic assessment and gross inspection via hard 
tissue processing, since each sample comprises bone and 
metal plate. A total of 40 rabbits were used for this study. 
Experimental fractures were made in rabbit tibia and fixed 
with either a MIM plate or a conventional mini plate which 
served as a control. 

In X-Ray assessment at the three week interval 
post-surgery, bridging callus is present in both groups 
(Fig. 1). The bone union was obtained and the fracture 
line invisible at week six. Early intramedullary canal is 
taking place at week nine and at week twelve, continuity of 
bone cortex is present. The new bone is fully remodelled 
and the plate in-situ in both groups at week 26. For gross 
inspection, at week three of post implantation (Fig. 2a) no 
obvious changes occurred, the transverse fracture at mid 
shaft tibia was noted with implant in-situ. Fracture callus 
was present but was immature and soft. The new bone 
had covered the plate and strongly bonded to the surface 
of the plate at week 26 (Fig. 2b) and the plate is straight 
and parallel to the operated bone. 

Callus formation was seen along the implantation site 
in MIM plates. The fracture was healed after application 
of MIM plate without any soft tissue reaction. Thus, 
results of the present study show the return of the bone 
to normal anatomy is achieved with the presence of bone 
remodeling at week 12. This showed that the MIM plate is 
able to sustain its function from day one of fixation until 
remodeling take place at week 26.

Data from radiographic analysis and gross observation 
evidenced that MIM plates are compatible and able to 
induce new bone formation. These results revealed 
that the MIM plate shown has the comparable function 
capabilities as the conventional plate to hold the fracture 
fragments and promote immobilisation for the fracture 
healing process. Therefore, the MIM plates can be used as 
an alternative internal fixator for fracture management in 
orthopaedics. 

Email: afian@sirim.my | www.sirim.my  

Fig. 1 X-Ray assessment of implantation of MIM plate 
(lateral view) at different weeks

Fig. 2 Implantation of MIM plates at different weeks: a) 
MIM plate at week 3, b) MIM plate at week 26

mailto:nick%40inovar-communications.com?subject=
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PM Tooling System
The EROWA PM tooling system is the standard
interface of the press tools between the
toolshop and the powder press machine.
Its unrivalled resetting time also enables
you to produce small series profi tably.

www.erowa.com

Carpenter Technology Corporation 
has announced financial results for 
the quarter ended September 30 
2015, reporting net income of $8.9 
million. This compares to a reported 
net income of $13.5 million in the 
same quarter last year. Net sales for 
Q1 of fiscal year 2016 were $455.6 
million and net sales excluding 
surcharge were $385.1 million, a 
decrease of $55.0 million (or 12%) 
from Q1 last year, on 19% lower 
volume. Operating income was $24.8 
million, an increase of $2.7 million 
on the previous year’s first quarter. 
Operating income, excluding pension 
earnings, interest and deferrals and 
restructuring charges and special 
items, was $32.6 million, an increase 
of $8.1 million (+33%) from the first 
quarter of the prior year. 

“Overall I am encouraged by 
how the team has responded to the 
industry challenges in the quarter,” 
stated Tony Thene, Carpenter’s 
President and CEO. “We continued to 
drive operating cost improvements 
and reduce overhead costs in our 
Specialty Alloys Operations (SAO) 
segment as operating margins 
were relatively flat sequentially 
notwithstanding the significantly 
lower volume. The cost improvement 
initiatives are particularly important 
in this environment of declining 
volumes and will better position us 
to capitalise on the operating margin 
benefits from these cost structure 
changes as the volumes return.”

“As expected, our Performance 
Engineered Products (PEP) segment 
was impacted by the lower sequential 
demand in the current quarter 
for Aerospace titanium fastener 
materials and powder products for 
the Industrial and Consumer end-use 
market. The operating income results 
of the Oil and Gas businesses in PEP 
were sequentially flat as we continue 
to manage cost structure and take 
appropriate actions as a result of the 
depressed activity in this end-use 
market,” added Thene.

www.cartech.com    

Carpenter reports 
first quarter results

HC Starck has announced a number 
of changes to its Executive Board. 
As of October 1, 2015, the group with 
nearly 2,800 employees and fifteen 
production sites worldwide will be led 
by four Executive Board Members. 

Edmar Allitsch, previously Head 
of the Tungsten Powders division, 
will take over the sales organisation. 
Dr Michael Reiss, Chief Technology 
Officer of the group, will assume the 
lead of the Tungsten Powders division. 

Changes to HC Starck Board
Reiss will also take over responsibility 
for the Surface Technology & Ceramic 
Powders. The Advanced Ceramic 
Components division will be handed 
over to Dr Matthias Schmitz, CFO of 
the group.

Dr Andreas Meier continues to 
be responsible for the Tantalum/
Niobium Powders division and Dr 
Dmitry Shashkov remains head of the 
Fabricated Products division.

www.hcstarck.com    
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The Metal Powder Industries Federation (MPIF) has 
announced that Patrick J McGeehan, Vice President and 
General Manager of the specialty metal products division, 
Ametek, Inc., was elected the 28th President of the 
federation, succeeding Richard Pfingstler of Atlas Pressed 
Metals, DuBois, Pennsylvania. McGeehan’s two-year term 
took effect at the conclusion of the federation’s annual 
meeting recently held in Austin, Texas.

McGeehan’s PM career spans over 30 years. He 
earned his BS and MS degrees in Materials Science & 
Engineering from Drexel University. McGeehan has been 
with Ametek, Inc., for seven years and, prior to Ametek, 
Inc., he was at Hoeganaes Corporation for 25 years, 
most recently as Senior Vice President, Operations and 
Technology. McGeehan most recently served as president 
of the Metal Powder Producers Association (MPPA) and a 
member of the MPIF Board of Governors.

Active in the PM industry for many years, McGeehan 
received the MPIF Distinguished Service to Powder 
Metallurgy Award in 2011. He is also a member of the 
MPIF Awards Committee, served on the MPIF Technical 
Board, co-chaired MPIF’s Roadmap Strategy Board and 
has been a member of APMI International for over 30 
years. McGeehan co-chaired the 1990 annual MPIF PM 
conference in Pittsburgh, Pennsylvania, as well as the 
2008 PM World Congress in Orlando, Florida.

Dean Howard, Vice President, Sales, North American 
Höganäs, Inc., was also elected President of the MPIF’s 
Metal Powder Producers Association (MPPA). Howard has 
been promoting PM technology since entering the industry 
in 1991 as a Sales Manager for Abbott Furnace Company. 
In 1997, he joined Pyron Corporation and was retained 
after its acquisition by North American Höganäs, where 
he is currently Vice President of Sales. A member of the 
MPPA Board of Directors since 2009, Howard obtained his 
PMT Level I certification in 2004 prior to joining the APMI 
Board of Directors in 2007. He served as APMI president 
from 2010 to 2014.

As reported elsewhere in this issue, Tom K Houck, 
Vice President, US MIM operation, ARCMIM, was elected 
President of the Metal Injection Molding Association 
(MIMA). Houck’s interest in engineering and PM began 
in 1987 while serving in the US Army. He honed his 
management skills at Zenith Sintered Components, 
MascoTech/Metaldyne Sintered Components and Cloyes 
Gear & Products before entering the MIM industry. An 
active member of MIMA, Houck co-chaired the MIM2015 
conference and will co-chair the upcoming MIM2016 
conference.

www.mpif.org  

MPIF elects Patrick J 
McGeehan as new President

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


CUTTING EDGE TECHNOLOGICAL ADVANCES THAT CAN SAVE YOU THOUSANDS $$

The Metal Injection Molding process can be both risky and very costly unless you have a company like Elnik Systems

working with you. The reason is simple. For over 18 years, Elnik Systems has made technological innovation its 

cornerstone. And innovative thinking leads to smarter MIM performance, we call “MIM-telligenceTM”.

Taking it a step further, once Elnik innovates, extensive fi eld testing is done before their new technology hits the market 

with the help of the full-sized production furnaces at DSH Technologies LLC, a research and development sister 

company of Elnik. Elnik also offers free DSH services for one year with the purchase of each new piece of 

their equipment, providing every Elnik customer with additional customized technical support and dependability. 

Another Elnik “MIM-telligenceTM” benefi t.

INTRODUCINGINTRODUCINGINTRODUCING ELNIK’S ELNIK’S ELNIK’S

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

TM

INNOVATIVE SYSTEM FEATURESINNOVATIVE SYSTEM FEATURESINNOVATIVE SYSTEM FEATURESINNOVATIVE SYSTEM FEATURESINNOVATIVE SYSTEM FEATURESINNOVATIVE SYSTEM FEATURES

  AccuTemp™ proprietary thermocouple control  
 resulting in tight temperature control
 
  Automatic Cleaning Features of binder 
 trapping components and Dry Vacuum Pump.

  ColdFinger™ Debind Trap forced fl ow 
 enhanced binder trapping.
 
  Gas Tight Retort Design Superior gas control  
 throughout process zone, eliminating escaping 
 gas as compared to competitive designs. 

  Laminar Gas Flow effi cient and effective gas   
 management for debinding and sintering.

  Simple Ease of Use PLC controls via Excel 
 spreadsheet.  

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

FCT Anlagenbau GmbH
promote, design, manufacture and sell systems for the development and production of 
heavy-duty material.

The furnace specialist for
 Vacuum  Gas pressure sintering

 Hot pressing  Debinding

 Annealing  Tempering

 Sintering  Heat treating
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With 617 exhibitors from 37 countries, 
more than 15,000 visitors from 
93 countries and a space of some 
40,000 m2, Ceramitec 2015, which 
took place in Munich from October 
20-23, once again succeeded in 
attracting an significant global audi-
ence of ceramics professionals. 

Gerhard Gerritzen, Deputy 
Managing Director of Messe 
München, stated, “Ceramitec 2015 is 
one of the events of Messe München 
with the broadest international spread 
in participation. With a share of 
participants from abroad exceeding 
60%, Ceramitec is the industry’s 
leading trade show worldwide. Exhibi-
tors and visitors particularly appre-
ciate the wide spectrum of products 
and services on offer at Ceramitec, 
combined with the high international 
spread in participation, as they can 
find this mix only here in Munich.”

 The fact that Ceramitec 2015 
has given the most impressive 
demonstration ever of its reputation 
as a first-class sector gathering for 
all areas of the ceramics industry 
was also confirmed by Paul Eirich, 
Chairman of the Advisory Board of 
Ceramitec and Managing Director 
of Gustav Eirich GmbH & Co. KG. 
“Ceramitec has efficiently developed 

its reputation as a leading trade show 
in 2015. By presenting key topics like 
Industry 4.0 and Technical Ceramics, 
the trade show could attract impor-
tant new visitor groups. We had a 
top-level trade audience from the 
Asian region, for example from India, 
Korea, Thailand and Indonesia, and 
also from South America, including 
Columbia, Argentina and Brazil.”

The Supporting Program saw 
some 4,000 visitors take part in the 
65 lectures given there. There were 
intense discussions, especially on the 
topics of digitalisation, Industry 4.0 
and Powder Metallurgy. After a long 
absence from the trade show floor, 
Iran’s appearance at Ceramitec 2015 
had been eagerly anticipated. The 
Iran Day, which was organised for 
the first time, received extraordinarily 
good ratings from the visitors and 
gave the trade audience the chance 
to find interesting points of contact 
with Iran as a tradition-steeped 
ceramics country. In turn, almost 
200 visitors from Iran took advantage 
of the opportunity to find out about 
innovations in the ceramics industry 
at Ceramitec. 

The next Ceramitec takes place 
from April 10 - 13, 2018.

www.ceramitec.de  

Ceramitec 2015 exhibition maintains its 
international appeal

The Ceramic Applications pavillion at Ceramitec 2015
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Micro feature
A B C

AW AH BW BH CW CH

Dimension (µm) 250 1000 500 500 500 1000

Micro feature
D E F

DW DH DW(U) EW EH FW FH

Dimension (µm) 400 500 600 800 400 1000 500

Table 1 Dimensions of the micro features

Researchers study oxide formation in 
μPIM 316L stainless steel
Micro Powder Injection Moulding 
(µPIM) as a mass production process 
offers significant economic and 
property advantages over alternative 
micro manufacturing processes such 
as rapid prototyping, micro-electr-
oforming, micromachining, micro-
forging, etc, and is therefore seen 
as having the greatest potential for 
miniature parts. This is particularly 
the case for µPIM 316L stainless 
steel, which provides excellent corro-
sion resistance as well as magnetic 
and mechanical properties. 

Jin Man Jang and his co-authors 
from the Korea Institute of Industrial 
Technology, Incheon, recently 
published the paper “Oxide Forma-
tion in Metal Injection Molding of 
316l Stainless Steel” in the open 
access journal Archives of Metallurgy 
& Materials, (Vol. 60, No. 2, 2015, 
pp 1281-1285). The paper reported 
on research done to ascertain the 
influence of sintering conditions on 
oxide content in the microstructure 
of areas close to the surface as well 

as further away from the outermost 
layers of a highly complex µPIM 
316L component having micro 
features with different widths and 
heights. The research was done 
using water atomised 316L stain-
less steel powders that had a mean 
particle size (D50) of 4 µm and 8 µm, 
respectively. The 4 µm and 8 µm sized 
316L powders were mixed with binder 
of 41% and 39% volume fraction, 
respectively. 

After injection moulding in a 
mould the dimensions and shape 
of which are shown in Fig. 1 and 
Table 1, the green 316L µMIM parts 
were debound by heating to 600°C 
under 760 torr hydrogen atmosphere, 
followed by pre-sintering at 800°C to 
impart handling strength. The brown 
parts were then sintered for 3 hrs 
at 1300°C and 1350°C respectively, 
using two types of sintering atmos-
phere control programs. The first 
program was to heat up to sintering 
temperatures in 760 torr argon gas. 
The second was to heat to 1050°C in 
a vacuum and then up to sintering 
temperatures under 5 torr argon gas.

The authors reported that the 
micro parts sintered at 1300°C had 
neither distortion nor cracks in 
the micro features sections. In the 
sample sintered at 1350°C the micro 
features were found to have relatively 
rounded edges compared with sharp 
edges of the sample sintered at 
1300°C.

They further stated that it is 
well known that the thickness of 
oxide layer (including Si, Al, Cr and 
Fe) formed during water atomisa-Fig. 1 Schematic of the mould cavity

mailto:nick%40inovar-communications.com?subject=
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tion increases with particle size. 
Therefore, the 8 µm 316L powder has 
higher amount of oxides which might 
not be completely reduced during 
sintering due to insufficient residual 
carbon or sintering time, compared 
to the 4 µm 316L powder. This is 
particularly the case in the centre of 
the µPIM samples using 8 µm powder 
where inadequate reduction and the 
low diffusivity of the CO gas leaves 
large amounts of oxide in the parts, 
as can be seen in the SEM images 
in Fig. 2. The oxides are formed by 
re-oxidation reaction of metallic 
elements and CO gas confined in the 
pores which close during sintering 
and cooling. The authors conclude 
that the widest oxide-free region was 
obtained in sintering conditions of 
5 torr Ar using 4 µm 316L powder 
feedstock. It was also found that the 
fine oxides act as a barrier to grain 
growth and that the higher sintering 
temperature of 1350°C causes 
more grain growth in the outermost 
sections of the part than in the centre 
sections.  

Item	 MFR	  (g/10min)	   Viscosity	   Density	  (g/cc)	 TG50%	  (℃)	 TG100%	  (℃)	

M1	 106.43	 1.80	 0.9655	 382	 510	

M3	 42.16	 1.84	 0.9677	 398	 510	

M4	 256.81	 3.74	 0.9588	 378	 510	

C1	 645.72	 1.43	 0.9833	 346	 510	

C7	 244.98	 1.34	 0.9924	 335	 510	

CS13	 1024.23	 1.29	 0.9190	 367	 510	
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Full-Mould Binders and Feedstocks 
Thermal only & single-step de-binding + sintering system	

Best	  combina5on	  of	  flowability	  and	  viscosity	  for	  excellent	  injec5on	  quality	  
High	  expansion	  in	  the	  mold	  by	  barus	  effect	  for	  excellent	  transferability	  
Minimize	  binder	  residue	  by	  thermal	  only	  complete	  decomposi5on	  
Extraordinary	  shape	  retaining	  rigidity	  elimina5ng	  secondary	  sizing	

M1	  :	  Improves	  deforma5on	  and	  cosme5c	  rejec5ons	  
M3	  :	  Minimize	  impurity	  residue	  and	  porosity	  for	  perfect	  surface	

Fig. 2 SEM images of representative micro structures of the samples sintered 
at different conditions : (a) and (c) are the parts sintered in 760 torr and 5 torr 
Ar, respectively using 4 µm powder feedstock, and (b) and (d) are those using 
8 µm powder feedstock. Double-headed arrow means the width of oxide-free 
layer
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European collaborative research 
project completed on high precision 
micro production technologies

A thee year collaborative research 
project entitled ‘High Precision Micro 
Production Technologies (Hi-Micro)’ 
and supported by the European 
Commission in the 7th Framework 
Programme (FP7-2012-NMP-ICT-
FoF: 314055), was completed at the 
end of October 2015. The Hi-Micro 
consortium had the objective of 
developing technologies for the mass 
production of precision 3D micro-
parts by precision micro Injection 
Moulding (µIM) and µPIM. 

Other precision manufacturing 
technologies covered by the consor-
tium included Additive Manufacturing 
to produce monolithic moulding 
tool inserts with integrated complex 
internal channels for efficient thermal 
management and process control; 
micro electrical discharge machining 
(micro-EDM), micro electro-
chemical machining (micro-ECM) 
and micro-milling were also used to 
post-process the moulding tool insert 
features. 

Also included in the innovative 
process chain was the application of 
special metrology techniques based 
on Computer Tomography (CT) to 
control the quality of the integrated 
complex internal channels, and 
developing handling system and high-
speed in-line quality control system 
for non-statistic quality control 
and integrating it into an industrial 
production platform. 

The project, which involved eleven 

partners from The Netherlands, 
Denmark, Germany, United Kingdom, 
and Belgium, was coordinated by 
the Technical University of Leuven. 
Included among the research part-
ners were CIM producer Formatech 
Technical Ceramics BV and the 
Technical University of Denmark. The 
work covered by the latter included 
the effects of important process 
conditions on the shrinkage and 
surface quality of stainless PIM parts 
with micro features. 

The results of one research project 
carried out as part of the Hi-Micro 
consortium were recently published in 
the paper “Shrinkage Behaviour and 
Surface Topographical Investigation 
for Micro Metal Injection Moulding” 
in the A.I.P. Conference Proceedings 
Series, Vol. 1664, 2014, in which 
A. Islam and colleagues from the 
Department of Mechanical Engi-
neering at the Technical University of 
Denmark focused on the shrinkage 
behaviour and surface topographical 
investigation of micro MIM stainless 
steels. The authors systematically 
characterised the effects of important 
process conditions on the shrinkage 
and surface quality of parts moulded 
from Catamold 316L feedstock 
using a conventional injection 
moulding machine. The parts had 
micro features as can be seen in 
Figs. 1 and 2. The test geometry 
is characterised by 2½D surface 
structures containing thin ribs of 

different aspect ratios and thicknesses 
in the sub-mm dimensional range. 

The influence of process conditions 
on the achievable roughness for the 
final sintered metal parts is discussed 
and the authors state that there is 
a significant increase in the rough-
ness values on the sintered parts in 
comparison with the green parts. The 
final sintered metal part is about seven 
times rougher compared to mould 
surface and is about 1.5 times rougher 
compared to the green part. Variations 
in process conditions had no signifi-
cant influence on final roughness, but 
high mould and melt temperature 
tend to reduce the surface rough-
ness compared to the recommended 
process conditions.

The authors also investigated 
the shrinkage behaviour of injec-
tion moulded metallic parts at the 
micro dimensional level. The results 
presented in the paper clearly show 
that the shrinkage in metal part is 
not uniform at the micro scale. It 
depends on the process conditions as 
well as on the feature dimensions. A 
thin section of the part exhibits higher 
relative shrinkage compared with a 
thicker section. From this observation, 
it can be concluded that a micro part 
moulded by the MIM process will have 
higher relative shrinkage compared 
to a macro part made with the same 
process. The morphological investiga-
tion shows differences in morpho-
logical structures depending on the 
distance from the gate. High melt and 
mould temperature help to reduce the 
porosity and the part shrinkage. The 
amount of porosity far from the gate 
is significantly higher compared to the 
section close to the gate of the part.  

Fig. 2 Test parts - green and sintered part (A), surface of a green part (B) and 
magnified view of the surface showing the distribution of the metal particles on 
the surface (C)

Gate

Runner

Sprue
Sintered part

Green part

A B C

Part
Back surface

(flat)

Fig. 1 Test geometry used for the 
experimental investigation 
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Pure and doped tungsten produced by 
Powder Injection Moulding for nuclear 
fusion power plants

A research project carried out within 
the framework of the European 
Fusion Development Agreement has 
been investigating the production 
by Powder Injection Moulding of 
small prototype plates from pure 
tungsten (W) and doped tungsten for 
potential applications in future fusion 
power plants. The research project 
involves partners from the Institute 
of Applied Materials, Karlsruhe 
University of Technology (KIT), 
Germany; Department of Materials, 
University of Oxford, UK; Department 
of Materials, Imperial College 
London, UK; Max-Planck-Institut für 
Plasmaphysik, Garching, Germany; 
Plansee SE, Reutte, Austria and 
the Institute for Energy Research at 
Forschungsinstitut Jülich, Germany.

The results of microstructure, 
mechanical, thermal and oxidation 
testing for pure W and doped W 
samples produced by PIM are 
outlined in the paper “Mechanical 
and Microstructural Investigations 

of Tungsten and Doped Tungsten 
Materials Produced via Powder 
Injection Molding” by Steffen 
Antusch (KIT Karlsruhe) and 
research partners in the open 
access Journal of Nuclear 
Materials and Energy Nos. 3-4, 
July-August 2015, pp 22-31. 
Comparisons are made with similar 
materials produced by conventional 
swaging, rolling or forging plus 
machining.

The authors stated in the paper 
that the PIM process using simply 
mixed powders and binder is seen 
as a cost effective alternative to 
more expensive mechanically 
alloyed W materials for the mass 
production of complex geometries 
having good thermal shock, 
thermal fatigue and oxidation 
performance. The PIM process can 
also be used to join W and W doped 
materials without the need for 
additional brazing or welding. The 
objective was therefore to develop 

new W materials for PIM production 
and to investigate their properties.

As an alternative to using 
mechanical alloying to produce the 
doped W powders, the researchers 
used simple mixing of the pure W 
powders with oxide doping materials 
La2O3 and Y2O3, and carbide doping 
materials TiC and TaC. The doping 
materials are said to act as grain 
growth inhibitors. The particle sizes 
and compositions used in the tests 
are shown in Table 1. Following 
mixing the powders are dried at 
80°C to remove moisture and then 
dry mixed with a polyolefine binder 
(50vol%) in a kneader to produce a 
homogeneous and agglomerate-free 
feedstock. Debinding the injection 
moulded parts removes the binder, 
impurities such as O and C and also 
releases the high residual stresses 
in the parts created by injection 
moulding. The parts are finally 
sintered in dry hydrogen for 2 hrs at 
temperatures shown in Table 1. The 
density after sintering was found to 
be as high as ~99% T.D, with a linear 
shrinkage during sintering of nearly 
20%. 

The pure W samples sintered at 
1800°C were found to have lower 
density <96% T.D., a small grain size 
and many pores indicating that this 
temperature was too low. The pure 
W sample sintered at 2600°C shows 
very large grains – a consequence of 
too high a sintering temperature. For 
all doped materials the embedded 
oxide and carbide particles are 
homogeneously embedded around 
the tungsten grain boundaries and 
act as grain growth inhibitor. It was 
reported that only the TaC doped 
materials showed agglomeration 
of the TaC particles in the several 
micrometre range.

The best results (microstructure, 
density and mechanical testing) 
for pure W were found at sintering 
temperature of 2400°C. Fig. 1 
compares the properties of pure 
PIM W with rolled W produced by 
Plansee. The rolled W was found to 
show a very high stress level, but in 
comparison to the pure PIM W less 
strain to failure indicating limited 
ductility in the rolled material. All 

Powder Particle 
size (FSSS)

Prepared 
composition

Sintering 
Temperature (°C) 

Theoretical 
density (%T.D.)

W 1.0–2.0 µm

(PW1): Pure W 1800 < 96.0

(PW2): Pure W 2400 98.8

(PW3): Pure W 2600 99.0

Y2O3 < 1.50 µm
(PO1): W-2Y2O3

(8.1 vol.%Y2O3)
2400 < 98.9

La2O3 < 2.50 µm
(PO2): W-2La2O3

(5.7 vol.%La2O3)
2400 < 98.7

TiC < 50 nm
(PC1): W-1TiC
(3.8 vol.%TiC)

2400 98.8

TaC < 1.0 µm

(PC2):W-2TaC
(2.7 vol.%TaC)

2400 < 98.6

(PC3):W-8TaC
(10.7 vol.%TaC)

2400 < 98.5

Table 1 Tungsten and doping powder compositions, particle sizes, sintering 
temperature and theoretical density after sintering. (From paper by S. Antusch 
et al, Journal of Nuclear Materials and Energy, No. 3-4, July-August 2015, 
pp 21-30)
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Fig. 1 Comparison of stress-strain curve of pure PIM tungsten (Pw2) (A) and rolled tungsten tested from 20°C to 500°C 
(B) (From paper by S. Antusch et al, Journal of Nuclear Materials and Energy, No. 3-4, July-August 2015, pp 21-30)

of the pure W samples, W-2 La2O3, 
and W-1TiC show brittle failure up 
to 350°C, whilst no fracture was 
observed above 400°C. W-2 Y2O3, 
W-2TaC, and W-8TaC are very brittle 
and fracture up to 500°C. 

In terms of thermal loading 
testing carried out under 10 MW/m2 
cyclic loading, the best results were 
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achieved for pure PIM W sintered at 
2400°C. The pure PIM W material 
also survived a 4 day oxidation test in 
a furnace at 700°C, air atmosphere. 
In contrast the rolled pure W plate 
showed complete failure and 
unstable collapse after 2 days in a 
furnace at 600°C, air atmosphere. 

The authors conclude that PIM is 

a powerful and rapid process for the 
development and mass production of 
new materials and to evaluate their 
properties. However, in addition to 
the sintering temperature and time, 
the type, size and concentration 
of the doping particles have a 
significant effect on properties, and 
should be further investigated.  
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Russian researchers work 
to ensure domestic MIM 
feedstock supply
A.V. Parkhomenko and colleagues at the Samara State 
Technical University stated in a paper published in 
the Russian Journal of Non-Ferrous Metals (Vol. 56, 
No. 1, 2015, pp 68-72) that Russian MIM production is 
lagging behind other countries around the world due 
to the absence of a domestic supply of MIM feedstock. 
They further stated that companies in Russia which are 
developing and producing MIM parts are mostly reliant 
on imported feedstock such as BASF’s Catamold system. 
Catamold was said to be the most widely used ready-
to-use feedstock for both metal and ceramic injection 
moulding and is based on two major ingredients (a) 
polyoxymethyline (POM) which is also known as polyacetal 
or polyformaldehyde and (b) polyethylene. This type of 
binder ensures good strength and ease of handling of the 
injection moulded parts and excellent retention of shape 
and dimensions of complex shapes during debinding and 
sintering.

Five years ago researchers at the Department of 
Materials Science, Powder Metallurgy & Nanomaterials 
at Samara State Technical University embarked on the 

development of a domestically produced MIM binder and 
feedstock system also based on polyformaldehyde. They 
selected ingredients that are all available domestically; 
carbonyl iron powder (0.7 to 7 µm particle size), 
polyformaldehyde, paraffin wax, stearic acid, high pressure 
polyethylene and low pressure polyethylene. Some 32 
feedstock formulations were investigated. The feedstock 
was produced under laboratory conditions with varying 
quantities by weight of binder and carbonyl iron powder 
contents. Paraffin wax and/or stearic acid were used as 
additives and the melt fluid indices (MFI), which is the 
rate the fluid (binder) is moved through a capillary under 
specific conditions, were measured. 

As the Tekhnaset A-110 grade polyformaldehyde 
has a melting point of 170°C, the authors selected this 
temperature as the optimum mixing temperature for the 
preparation of the binder/feedstock. The polyformaldehyde 
was added to the iron powder in a blade mixer at 160°C 
and stirred for 5 min to obtain uniform distribution of 
metal powder and binder materials. After mixing the 
temperature was increased at a rate of 1K/min to 195°C at 
which temperature polyformaldehyde plasticises. Paraffin 
wax and/or stearic acid were added to the mix at this 
temperature with final mixing done for 20 min at 210°C to 
attain a homogeneous feedstock mixture and plastic state 
suitable for extrusion. 

The prepared feedstock was then placed into a 
heated matrix (205°C) and a cord was produced using a 
hydraulic press. The compaction pressure to produce the 
cord depended on the carbonyl iron powder content in 
the feedstock mixture. The optimum metal content was 
found to be in the range of 88.9 – 89.5%, which required a 
compaction pressure of 15-20 MPa.

The authors reported that the calculated value for 
porosity in the resulting feedstock granules was an 
average of 3.98%. The microstructures of feedstock 
samples show a uniform distribution of both the polymer 
binder and the metal powder particles. Two examples 
are shown in Fig. 1. The ultimate tensile strength of the 
injection moulded parts from the feedstock was stated 
to be a uniform 36-44 MPa and the melting point of the 
samples produced on a laboratory scale was found to be in 
the range 168-174°C. The authors have supplied the MIM 
feedstock produced at Samara State Technical University 
for testing at a Moscow-based MIM producer. Further tests 
are being carried out on the samples produced.  

Fig. 1 Microstructures of feedstock granules from a 
selected sample
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Magnetoelastic pure nickel MIM 
parts investigated at Universidad de 
Castilla-La Mancha
Smart materials, such as those 
having magnetoelastic properties, are 
of particular interest at the present 
time for advanced and cutting edge 
applications such as sonar systems 
for underwater submarine detection, 
transducers in ultrasonic actuators 
for micro-positioning, vibration 
control of heavy structures and 
industrial machinery, to name just a 
few examples. 

Ana Romero, Gemma Herranz 
and Angel Morales at the E.T.S. 
Ingenieros Industriales, Universidad 
de Castilla-La Mancha, Spain, 
reported on their work published in 
Materials Design, Vol. 88, December 
2015, 438-445, on the use of pure 
nickel to produce small, slender 
rods by Metal Injection Moulding 
having high mechanical strength 
and magnetoelastic properties. 
The authors stated that their work 
focused on pure nickel because its 
magnetoelastic properties were 
better than those found in iron and 
cobalt materials, and also because no 
research had been reported to-date 
on the MIM of pure nickel materials. 
They further studied the dependence 
of nickel’s elastic modulus on the 

applied magnetic field (the so-called 
ΔE-effect) since it can provide 
valuable information about the 
magnetoelastic capacity of materials. 

The present research is a 
continuation of work previously 
reported to develop MIM feedstock 
based on pure nickel powder for 
magnetoelastic applications [1]. 
Carbonyl nickel powder, having 
narrow particle size distribution 
(between 3 and 7 µm) and rounded 
shape, was mixed with 50 vol% binder 
comprising high density polyethylene 
and paraffin wax and the feedstock 
was extruded twice to guarantee high 
homogeneity. Slender rods having 
dimensions after injection moulding 
of 6.00 ± 0.02 mm in diameter and 
59.61 ± 0.02 mm in length were 
produced by injection moulding. The 
geometry of the slender rod is said 
to ensure the characterisation of 
several magnetoelastic effects, such 
as magnetostriction, ΔE-effect and 
magnetomechanical damping, among 
others.

Thermal debinding of the pure 
Ni PIM parts was performed 
under nitrogen atmosphere. 
The samples were sintered in a 

Sintering time (h) Field (Oe) E (GPa) ΔE (%)

1
0 170.04 6.39

2000 180.91

4
0 182.58

7.17
2000 195.68

8
0 187.10

8.30
2000 202.62

12
0 189.91

8.11
2000 205.32

temperature range of 1300-1360°C 
for between 1 and to 20 h, using a 
protective atmosphere of N2–H2 in 
a conventional electric furnace. As 
density and porosity distribution are 
the key factors influencing magnetic 
and magnetoelastic properties of MIM 
pure nickel parts, the authors studied 
effects of the different sintering 
regimes on density, microstructure 
and grain size. They concluded that 
optimum conditions were a sintering 
process in N2–H2 atmosphere at 
1325°C for 12 h. 

The relative density and hardness 
obtained were almost 97% and 131± 
2 HV0.1, respectively. A volumetric 
shrinkage of almost 19 vol.% was 
achieved when the samples were 
sintered at lower temperatures for 
1 h, whereas the optimum samples 
sintered at 1325°C for longer times 
underwent a shrinkage of around 
21 vol.% in diameter and 20 vol.% in 
length. All the pieces kept their shape 
with no signs of deformation and 
they exhibited no apparent defects. 
This is a good indication of feedstock 
homogenisation as well as a proper 
injection, debinding and sintering 
stages. 

Table 1 shows the ΔE-effect for the 
specimens sintered at 1325°C under 
different sintering times with values 
around 8% achieved. This is said to be 
twice the values obtained using nickel 
specimens processed conventionally. 
Sintering times longer than 12 h 
did not produce any improvement in 
densification, grain size, impurities 
content or ΔE-effect. ΔE-effect 
goes from 6 to 8% in the best cases 
because longer sintering times 
produce higher densities and higher 
elastic modulus values.   

[1] ‘Optimisation of feedstock based 
on pure nickel to produce parts 
with magnetoelastic properties’, 
by G. Herranz, et al. Published in 
proceedings of EURO PM2013, pp 
277-282. EPMA, Shrewsbury, UK.

Table 1 Results of ΔE-effect in pure nickel MIM samples sintered at 1325 °C for 
different times. (From paper: ‘Study of Magnetoelastic properties of pure nickel 
parts produced by metal injection moulding’, by A. Romero, et al, Materials 
Design, Vol. 88, December 2015, 438-445)
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Metal Injection Moulding (MIM) is an 
advanced manufacturing technology 
that has over a period of more than 25 
years established itself as an impor-
tant process for the manufacture of 
high volume precision components for 
a wide variety of industrial applica-
tions, including in the automotive 
industry. Today, the automotive sector 
accounts for a significant proportion 
of MIM’s estimated annual global 
sales of $1.5 billion. In Europe it is 
reported that nearly 45% of annual 
sales are to the automotive sector, 
whilst in North America this figure is 
currently around 20% of sales and, in 
Japan, just under 18%.

As the industry continues to 
develop, with MIM technology 
becoming increasingly more 
sophisticated and the range of 
available materials continuing to 
grow, there is optimism in all world 
regions that there are significant 
opportunities for MIM to increase 
its market share against competing 
technologies such as machining and 
investment casting. MIM has several 

clear advantages in comparison to 
traditional metalworking processes. 
As a net-shape process, it is well 
suited to the high volume production 
of complex designs that are difficult 
to machine from stock. Additionally, 
the close dimensional tolerances 

achievable with MIM reduce or 
eliminate the need for much of the 
costly finishing associated with other 
processes. Production volumes 
for MIM automotive parts typically 
range from 100,000 to several million 
parts per year for large international 

Metal Injection Moulding: 
Past successes and future 
opportunities in the 
automotive industry

Metal Injection Moulding has made tremendous advances over the last 
decade in penetrating a host of important global markets, from the aerospace 
and 3C industries to the automotive, medical and firearms sectors. Despite 
suffering from a general lack of awareness amongst automotive designers 
and engineers, the number of MIM automotive applications continues to rise 
at an impressive rate. In this report, Nick Williams, Managing Editor of PIM 
International, reviews the development of MIM automotive applications and the 
future outlook for this important end-user sector. 

MIM in the automotive sector

Fig. 1 A MIM automotive part in various stages of manufacture. From left to 
right, moulded, sintered, hardened, and assembled with shaft. The part is 
a shift lever used in a passenger car manual transmission. The material is 
Fe-2% Ni and the part is case hardened after sintering (Courtesy GKN Sinter 
Metals) [1]
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suppliers. The cost-effective 
production of high part volume is 
achievable as the MIM process lends 
itself to a high degree of process 
automation. However, MIM can also 
be cost effective for lower volumes 
and many MIM companies specialise 
in shorter runs. 

MIM technology can process a 
very wide range of materials, from 
low alloy steels and stainless steels 
to high temperature steels and 
superalloys that are extremely hard 
and costly to machine. Most of the 
materials processed by MIM are of 

value to the automotive industry 
and the MIM industry can, there-
fore, offer the automotive market 
an attractive alternative for highly 
complex metal components used 
in chassis and powertrain applica-
tions. However, the automotive 
industry is particularly demanding 
in terms of quality assurance and 
suppliers to this sector, whether 
they be multi-national enterprises 
or single site SMEs, must be able to 
manufacture parts to at least ISO/
TS 16949, the quality management 
standard for automotive companies. 

Early MIM successes

One of the early high volume 
successes for MIM in the US 
automotive sector was for parts 
used in airbag systems. In 1991, an 
assembly of three MIM parts used in 
a mechanical air bag sensor system 
produced by Breed Technologies 
received the Grand Prize in the Metal 
Powder Industries Federation’s PM 
parts design competition. The parts 
were developed in conjunction with 
Breed by Parmatech Corp, based in 
California, and involved a D-shaft, 
tab insert and firing pin – all made 
from 17-4 PH stainless steel. MIM 
mechanical airbag parts are still in 
production today and parts manufac-
tured by Eversun Technology Corp in 
Qinqdao, China, can be seen in Fig. 2. 

MIM continued to make advances 
with other early automotive 
applications including parts such as 
lock caps and lock shafts, sunroof 
components, housings, cams for 
electric seat mechanisms and 
bonnet lock parts, to name just a 
few. Car body and interior MIM parts 
were seen as a good way to test what 
was perceived by many automotive 
engineers and designers as an 
unfamiliar and unproven technology. 
Here, MIM was able to prove itself 
not only in terms of part quality, 
but also in terms of offering a new 
freedom of design for small, complex 
metal components. Designers began 
to realise that one complex MIM part 
could replace an assembly of many 
previously machined or stamped 
components, bringing significant 
cost savings.

One factor behind the early 
success of MIM in the automotive 
industry, certainly in Europe, was 
the adoption of the technology 
by some of the leading Powder 
Metallurgy part makers, namely 
Sintermetallwerk Krebsoge GmbH 
(now part of GKN Sinter Metals) and 
Schunk Sintermetalltechnik GmbH, 
both located in Germany. As major 
suppliers to the automotive sector, 
both of these companies were able 
to introduce their customers to 
what was, at the time, an unknown 
process to the vast majority of 

Fig. 2 A selection of Metal Injection Moulded air bag components manufactured 
by Eversun Technology Corp

Fig. 3 A continuous MIM sintering furnace at GKN Sinter Metals’ MIM plant in 
Bad Langensalza, Germany [2]
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automotive designers. The current 
success of MIM in the European 
automotive industry can, in part, be 
linked to the early visions that these 
companies had in embracing MIM 
technology.

The move from body and 
interior parts to critical 
applications

The acceptance of MIM parts in 
non-critical automotive applications 
gradually led to the technology’s use 
in a wide range of critical powertrain 
components. Although MIM rocker 
arm components had been produced 
in Japan by Nippon Piston Ring for 
a number of years (Fig. 4), one of 
the most high profile MIM engine 
applications in Europe were the 
MIM rocker arm components 
manufactured for BMW by Schunk 
Sintermetalltechnik GmbH (Fig. 5). 
This application brought significant 
exposure for MIM technology when it 
was announced in 2007. 

These MIM parts were used in 
BMW’s 6-cylinder engines that used 
the company’s Valvetronic variable 
valve lift system. The MIM rocker 
arm was produced in volumes of 
around 4.5 million pieces annually 
using a hardenable 50NiCrMo2.2 
alloy. The parts were injection 
moulded in a four-cavity mould 
before being debound and sintered 
in a continuous sintering furnace, 
followed by heat treatment. It was 
estimated that MIM brought cost 
savings of around 58% compared 
with wrought rocker arms. 

A large number of automotive 
MIM applications can today be found 
in car engines and transmissions. 
These include parts for fuel injec-
tion systems, valve train systems, 
turbochargers, transmissions, 
hydraulic systems, actuators and 
sensor housings used in aggressive 
environments including exhaust gas 
applications where there are high 
temperatures and pressures. Valve 
train and powertrain components 
primarily require high strength and 
wear resistance. Here, the materials 
used are typically low alloy steels 

and the parts are generally case 
hardened. Heat dissipation systems 
for some hybrid vehicles have also 
adopted MIM technology.

Given the trend to more complex 
part design in the automotive 
industry, in which more functions are 
integrated into a component, there 
are significant opportunities for the 
high volume production of complex 
parts by MIM. Alternative technolo-
gies, such as investment casting, can 
find it difficult to deliver the high 
strength and better dimensional 
accuracy that MIM is able to offer. 
MIM therefore still has the potential 
to grow within the automotive sector 
thanks to these advantages. The 
design flexibility that MIM offers not 
only brings cost efficiency, but also 
the ability to lower a component’s 
weight, thereby reducing overall fuel 
consumption. 

Success for MIM 
turbocharger applications

MIM has, over many years, proven 
itself as an efficient method for the 
manufacture of components for 
turbochargers and the technology was 
used relatively early in the production 
of some turbocharger parts. However, 
although MIM offers enormous 
potential in terms of material choice 
and material customisation, as well 
as significant freedom in the design of 
components, the turbocharger parts 
made by MIM have so far been limited 
to a few small components in the VTG 
(Variable Turbine Geometry) charger 
(Fig. 6). This situation is expected to 
change as the demands on turbo-
chargers grow, reflecting the fact that 
MIM parts have been used in large 
numbers and have proven themselves 
successfully in service. 

Fig. 5 MIM rocker arm components manufactured by Schunk 
Sintermetalltechnik GmbH, Germany [3]

Fig. 4 Nippon Piston Ring’s development of rocker arm parts represents an 
early success in the Japanese MIM industries efforts to penetrate the automo-
tive sector

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


Powder Injection Moulding International     December 201536 © 2015 Inovar Communications Ltd   Vol. 9 No. 4

| contents page | news | events | advertisers’ index | email |MIM in the automotive sector

Turbochargers were a central 
driving force behind the growth 
in popularity of diesel engined 
passenger cars and SUVs over the 
past decade, particularly within 
Europe. Whilst the recent diesel 
emissions scandal has once again 
prompted a re-evaluation of the use of 
diesel engined cars, the turbocharger 
continues to experience an enormous 
surge in growth outside the sphere of 
diesel technology thanks to a trend 

towards smaller petrol engines. This 
trend is primarily driven by efforts 
to reduce fuel consumption and 
emissions. Combined with direct fuel 
injection, turbochargers are therefore 
increasingly being seen as a key 
application area for MIM in the future. 

Two main alloy types currently 
feature prominently in the production 
of MIM turbocharger components; 
high nickel wear resistant alloys, or 
superalloys, for high temperature 
components such as adjustment rings 
and high temperature stainless steels 
for vanes. One significant advantage 
of MIM is that high nickel content 
MIM superalloys have an extremely 
homogeneous microstructure and 
the mechanical properties achieved 
exceed even those of cast materials. 
For this reason, this range of MIM 
materials is also enjoying success in 
aero engine applications.

There are therefore still considered 
to be many potential applications 
for MIM in turbocharger systems. 
One high profile potential application 
is the turbine wheel. One proposal 
made by BASF, the leading global 
supplier of feedstock for MIM, was to 
use MIM technology to manufacture 
turbine wheels using dissolvable core 
technology (Fig. 8) [6].

The available portfolio of materials 
and the possibilities for further 
material developments are expected 
to generate continuing interest in 

MIM from automotive designers. 
Industry sources suggest that there 
is a growing interest in higher 
temperature and lighter weight alloys 
that can help improve performance 
of turbochargers, including materials 
that can operate at temperatures of 
850°C. 

MIM, however, has to compete with 
other processes such as investment 
casting, a technology which benefits 
from more years of experience 
with many of the materials used. 
Furthermore, with regard to the 
development of new components, it is 
often extremely difficult for designers 
and engineers to introduce a new 
production process. Time pressures, 
combined with poor knowledge of 
the MIM process, often result in the 
technology not being considered as a 
viable alternative.

Commenting on the current 
state of the turbocharger market, 
Tom Houck, Vice President, US MIM 
Operations at ARCMIM, told PIM 
International, “Because of environ-
ment awareness and regulation, we 
see diesel turbocharger demand 
decreasing dramatically and MIM 
needs to find new platforms with 
petrol and electric cars. High 
temperature material development 
will be crucial.” 

Liang Chee Hoo, Senior Technology 
Manager at Singapore’s Advanced 
Materials Technologies Pte Ltd (AMT), 

Fig. 7 High volumes of MIM turbocharger components being processed at 
Advanced Forming Technology’s Hungary facility [5]

Fig. 6 A selection of MIM turbo-
charger components produced by PIM 
Korea [4]

Fig. 8 The production of MIM turbine 
wheels has been proposed. Here, 
a computer simulation shows the 
mould filling time for a complete MIM 
turbine wheel, with gate [6]
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stated, “More powerful engines, 
especially turbocharged engines, 
have created business opportunities 
for MIM. A common MIM material 
used in turbochargers is austenitic 
stainless steel grade HK30; however, 
higher performance materials, such 
as superalloys, may be needed in the 
future as operating temperatures 
are raised. The challenges for 
the industry will then be on price 
competitiveness and dimensional 
control.”

One result of the success of MIM 
for the production of turbocharger 
components is that whilst the market 
has continued to grow, it has become 
highly commoditised due to the large 
number of MIM companies now 
supplying these types of components. 

Fuel system components

Advanced fuel injection and fuel 
control systems are another signifi-
cant area where MIM has succeeded 
in creating a niche, thanks in large 
part to the efficiencies that MIM 
is able to bring to the high volume 
production of small, highly complex 
components with excellent corrosion 
resistance. The following examples 
clearly demonstrate why MIM has 
achieved such success in this market 
and give designers insight into what 
MIM is able to offer for other automo-
tive applications.

Gasoline Direct Injection fuel pump 
parts
Fig. 9 shows four MIM parts that are 
used in a device that controls fuel 
flow in Gasoline Direct Injection (GDI) 
pumps made for Stanadyne Corpora-
tion. The parts are a blank discharge 
check, a stop discharge check valve, 
a valve discharge check and a CRV 
spring seat. Three of these parts are 
made of 440C stainless steel, while 
the fourth is made of 17-4 PH stain-
less steel. The extremely complex 
geometry of the blank discharge 
check, with the inter-crossing of 
holes, required injection moulding 
tooling with six side cores, three of 
which move at different timings. 

It was reported that the customer 
achieved cost savings of close to 

Fig. 9 MIM parts used in a Gasoline Direct Injection (GDI) pump (Courtesy MPIF)

Fig. 10 These MIM components are used in a sensor to measure the inlet 
pressure of the air fuel mixture in each cylinder of a passenger car engine 
(Courtesy MPIF)

Fig. 11 Fuel control gear segments used in a fuel control device that regulates 
the entry of fuel into the engine (Courtesy MPIF)
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35% by using MIM, while the pump 
performance was improved by 
modifying the hole geometry to 
enhance flow dynamics, with the 
result claimed to be a 10 - 20% 
improvement in fuel economy. The 
parts were manufactured by Indo-US 
MIM Tec Pvt. Ltd., Bangalore, India, 
and won the Grand Prize in the 
Automotive Engine category of the 
MPIF’s 2014 PM Design Excellence 
Awards competition. 

Cylinder inlet pressure sensor kit
The sensing element, threaded port 
and a support ring shown in Fig. 10 
were made for Sensata Technologies 
Holland B.V., The Netherlands 
and are used in a sensor kit that 
measures the inlet pressure of the 

air-fuel mixture in each cylinder of an 
automotive engine. The length of the 
threaded port creates complexity, as 
do the thin walls and fragile features, 
and the stringent customer require-
ments on visual aspects add to the 
difficulty of manufacture. 

Made of MIM-17-4 PH stain-
less steel, the parts have a heat 
treated yield strength of 1100 MPa 
(160,000 psi), UTS of 1230 MPa 
(178,000 psi), 7% elongation, 35–40 
HRC hardness range, and 7.6 g/
cm³ sintered density. The parts are 
formed close to net shape, with only 
coining and passivation required on 
all three, plus CNC thread cutting 
on the port only. This application is 
estimated to save the customer 50% 
over the cost of manufacture using 

alternative technologies. The parts 
were manufactured by Indo-US 
MIM Tec Pvt. Ltd., Bangalore, India, 
and received a grand prize in the 
automotive engine category of the 
2013 MPIF’s PM Design Excellence 
Awards competition.

Fuel control gear segment
The fuel control gear segment, 
shown in Fig. 11, was made for 
Bosch Limited, Bangalore, India. 
The part goes into a fuel control 
device that regulates the entry of 
fuel into the engine. Converted from 
a machined part, the gear segment 
is manufactured by MIM from a low 
alloy steel at a cost saving of 80% 
over the previously used process. 
Moulded to net shape and requiring 
no secondary operations, the part 
has a sintered density of 7.5 g/
cm³, 317 MPa (46,000 psi) ultimate 
tensile strength, 130 MPa (19,000 
psi) yield strength, 25% elongation 
and 100 HRB max. hardness. Nearly 
three million pieces are delivered 
annually to the customer. The part, 
manufactured by Indo-US MIM Tec 
Pvt. Ltd., won an award of distinction 
in the automotive engine category at 
the 2013 MPIF PM Design Excellence 
Awards competition. 

Sealing seat for direct fuel injector 
assembly
Made for Magneti Marelli S.p.A. 
Powertrain, Italy, this sealing 
seat used in a direct fuel injector 
assembly was manufactured by 
MIM from 440C stainless steel 
(Fig. 12). The complex part has a 
multiple angled slot and top holes 
requiring precise tool design and 
fabrication. The near-net-shape part 
has a density range of 7.54 to 7.65 g/
cm3, a tensile strength of 1600 MPa 
(232,000 psi), and yield strength of 
1400 MPa (203,000 psi). The MIM 
process was reported to deliver a 
30%–40% cost saving over alterna-
tive manufacturing processes. The 
part, manufactured by SolidMicron 
Technologies Pte Ltd., Singapore, 
won an award of distinction in the 
Automotive Engine category in the 
2012 MPIF PM Design Excellence 
Awards competition.

MIM in the automotive sector

Fig. 12 MIM sealing seat parts used in a direct fuel injector assembly (Courtesy 
MPIF)

Fig. 13 A MIM bus nozzle used in a selective catalytic reduction system 
(Courtesy MPIF)
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Other MIM automotive 
applications 

The following additional case studies 
offer insight into the range of applica-
tions for MIM automotive components 
and the benefits that the technology 
brings. 

Bus nozzle used in a Selective 
Catalytic Reduction (SCR) system
The MIM bus nozzle, shown in Fig. 13, 
is used in the Selective Catalytic 
Reduction (SCR) system of European 
commercial vehicles. The nozzle 
performs the SCR function using 
urea and compressed air to reduce 
the NOx produced during combustion 
to N2 and H2O. Made of an austenitic 
stainless steel (HK30), the MIM part 
employs a patented technology that 
uses a removable polymeric insert 
to form the highly complex internal 
undercut channel, a feature the 
manufacturer believes was impos-
sible to achieve using conventional 
machining. This insert is removed 
during the MIM debinding cycle.

All internal channels are achieved 
directly through MIM, while the top 
threads are machined and Micro TIG 
welding is used to seal the small 
openings left by the polymeric insert. 
Tip flatness is achieved through a 
grinding operation. It is estimated 
that fabricating the nozzle through 
the welding/brazing of multiple 

parts would have increased its cost 
by more than 200%. This part was 
manufactured by Advanced Materials 
Technologies Pte. Ltd (AMT), 
Singapore, and it won the Grand Prize 
in the Automotive Engine Category 
of the MPIF’s 2015 PM Excellence 
Awards competition.

Piston cooling jets
The complex net shaped MIM piston 
cooling jets, shown in Fig. 14, offer a 
significantly reduced manufacturing 
cost compared to machining and are 
reported to offer an ideal solution 
to piston lubrication and cooling 
in automotive engines. The piston 
cooling jets spray oil in targeted areas 
on the engine’s pistons to reduce 
their temperature and a patented 
design effectively directs and controls 
oil flow into the areas that need it 
most. A proprietary alloy composition 
is reported to be used which after 
sintering offers a density of 7.5 g/cm3, 
UTS of 250 MPa and a yield strength 
of 150 MPa.

Design features include a ball 
style flow control check valve offering 
maximum flow efficiency at an 
equivalent pressure to a piston style 
valve and a delayed valve opening at 
low pressure for reduced leakage 
and maintained oil pressure at idle 
conditions. The patented net-shape 
internal oil flow channel increases 
efficiency and oil stream precision for 
hitting tighter target requirements, 

and a patent-pending check valve seat 
geometry reduces noise from opening 
and closing pressure. The parts are 
manufactured by Metaldyne Inc., 
Plymouth, Michigan, USA, a leading 
producer of automotive structural 
Powder Metallurgy parts and Powder 
Forged connecting rods. 

High-pressure hydraulic connectors 
316L stainless steel inserts for high 
pressure hydraulic system connec-
tions used in North American and 
European cars and trucks are another 
high volume MIM application. These 
complex shaped components, which 
feature a 90 degree bend, are used 
in hydraulic lines where the installed 
inserts must pass pressure tests up 
to 225 Bar (3,260 psi) and thermal 
cycling from -40°C to 100°C with 
pressure spikes during cycling. It has 
been reported that the 316L material 
was more than capable of passing 
pressure burst tests up to 700 Bar 
(10,150 psi) in order to qualify for the 
application. Advanced Forming Tech-
nologies (AFT), an ARCMIM company, 
based in Longmont, Colorado, has 
reported that it manufactures millions 
of theses MIM hydraulic inserts 
annually for shipment to locations in 
the US and Europe. 

Spur gear for rear door assembly
This spur gear made for Magna 
Closures, Canada (Fig. 15) is used in 
the rear-door assembly of SUVs to 

MIM in the automotive sector

Fig. 15 MIM parts used in the rear-door assembly of SUVs (Courtesy MPIF)Fig. 14 MIM piston cooling jet 
components [7]
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enable their opening in the event of 
loss of automatic control function. 
Made from 4605 low-alloy steel, 
this MIM part replaced a gear that 
was machined and had the pin 
welded on, and achieved savings 
of around 30%. This gear is a good 
example of MIM’s ability to meet 
close tolerances on concentricity 

and perpendicularity on a part with 
such a lengthy gear profile. The 
manufacturer, Indo-US MIM Tec 
Pvt. Ltd, delivered 720,000 parts 
annually. The part won an award of 
distinction in the Automotive Chassis 
category in the 2014 MPIF Powder 
Metallurgy Design Excellence 
Awards competition.

Clock casing for luxury automotive 
interior 
MIM components are by no means 
limited to structural automotive 
applications, as this MIM clock casing 
for use in a high-end automotive dash-
board demonstrates. The technology 
is able to produce complex parts that 
can be polished to a very high quality 
surface finish and this is reflected in 
the fact that MIM is widely used in the 
watch industry for both luxury and 
mainstream brands. The assembled 
clock is shown in Fig. 16, and the MIM 
case, shown in Fig. 17, was used in 
a Mercedes-Benz AMG vehicle and 
was produced by MIM in order to 
achieve a perceived higher value and 
a cool touch by replacing an original 
metallised plastic part. The clock case, 
which is manufactured in relatively 
low volumes, is produced from 316L 
stainless steel. A unique feature of 
this component is the brushed surface 
effect which is integrated into the 
production tool. The manufacturer, 
OBE Ohnmacht & Baumgärtner GmbH 
& Co. KG, of Ispringen, Germany, has 
developed significant experience in 
the manufacture of parts with specific 
surface finishes, achieved either by 
integrating the surface into the tool 
or by treating the surface of MIM 
parts after production to achieve the 
necessary quality for the luxury goods 
industry. MIM was seen as the only 
possible solution for this product, 
which was developed over a three 
month period. This clock casing is an 
example of how MIM technology can 
be effectively used for low volume, high 
value items.

Opportunities for MIM soft 
magnetic materials

Soft magnetic components already 
represent an important area of 
application for MIM and there are 
encouraging signs that their impor-
tance will increase further. One of the 
main drivers for the use of MIM in the 
processing of soft magnetic materials 
is the higher achievable sintered 
density levels compared with conven-
tional production methods, ensuring 
enhanced levels of key soft magnetic 

MIM in the automotive sector

Fig. 16 A 316L MIM clock casing for use in a high-end automotive dashboard. 
A unique feature of this component is the brushed surface effect which is 
integrated into the tool (Courtesy OBE Ohnmacht & Baumgärtner GmbH & Co. 
KG) [8]

Fig. 17 The 316L MIM automotive clock body without the clock mechanism 
(Courtesy OBE Ohnmacht & Baumgärtner GmbH & Co. KG) [8]
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properties such as low coercivity. 
Additionally, MIM’s net shape 
capability ensures high material 
utilisation in applications that often 
utilise relatively expensive material 
types. Emerging designs of magnetic 
devices are increasingly calling for 
soft magnetic cores with the type of 
3-dimensional shape complexity that 
MIM is ideally placed to deliver.

In the automotive sector, there are 
many MIM soft magnet applications 
for actuators, sensors, motors and 
solenoids in the growing number 
of electromechanically activated 
auxiliary systems such as braking, 
traction, stability and other control 
systems. A particularly important 
automotive application is the 
solenoid armature in the diesel 
engine common-rail fuel injector 
system. In [10] it was identified that 
a MIM Fe-3%Si armature compared 
favourably with a wrought Fe-2.5%Si 
armature in terms of magnetic 
properties. Fe-Co alloys are also used 
in this type of application to generate 
high forces in small volumes and to 
minimise switching times. This type of 
application is well-established in both 
Europe and North America and Japa-
nese MIM suppliers are becoming 
increasingly interested in them as 
they seek to combat over-reliance on 
the market for printer yokes. 

Although MIM soft magnets have 
already generated significant market 
penetration, there are pointers 
towards new growth opportunities 
and new applications for MIM soft 
magnetic parts can be expected from 
the continuing growth in electro-
mechanically activated automotive 
systems. The extension of opportuni-
ties for 2-colour MIM technology can 
also be expected, a process in which 
a part is manufactured with two 
differing feedstocks. For instance, 
a filed patent from Bosch [11] for 
an electromagnetically actuable 
valve, calls for the manufacture of 
magnet armatures for fuel injection 
that comprise soft magnetic sectors 
separated by webs of insulating 
(ceramic) material to reduce eddy 
current losses. This development is 
expected to contribute to improved 

fuel efficiency and reduced emissions.

Regional trends in the 
market for MIM automotive 
parts

Historically, there have been 
significant regional variations when 
it comes to MIM’s penetration of the 
automotive components market. 
However, the continuing globalisation 
of the automotive market and the 
increasing sophistication of new 
automotive manufacturing economies 
such as China are now slowly eroding 
these variations. It is in Europe, 
however, where automotive continues 
to dominate MIM output, with nearly 
45% of sales going to automotive 
applications. 

Krishna Chivukula Jr., CEO, 
Indo-US MIM Tec Pvt. Ltd. (Indo-MIM), 
told PIM International, “European 

automotive OEMs and their Tier 1 
and Tier 2 suppliers are still the 
biggest market for MIM automotive 
components. We consistently see 
stable and growing automotive MIM 
programmes coming out of Europe. 
This should be no surprise as the 
European automotive industry is the 
most advanced technologically. In Asia, 
we are starting to see the domestic 
Chinese automotive companies 
begin the process of exploring 
MIM, but they are far behind their 
European competitors in terms of 
MIM component sophistication and in 
terms of design expertise. In general, 
however, they are making sustained 
efforts to catch up. America continues 
to be a tough market for automotive 
MIM parts as most of the purchasing 
decisions have moved off-shore. 
Automotive MIM in America is a rough 

MIM in the automotive sector

Fig. 18 A MIM Fe3%Si solenoid base 
(Courtesy Indo-MIM, India) [9]

The MIM soft magnetic solenoid 
base, shown in Fig. 18 and 
manufactured by Indo-MIM, offers 
the combination of excellent 
magnetic properties and high 
corrosion resistance. Manufactured 
from MIM Fe3%Si, the component 
is 10 mm x 28 mm x 31mm and 
weighs 17 g.

In the customer’s development 
of the part, MIM was attractive 
not only because of the non-
availability of requisite material in 
wrought form, but also because 
of the number of process steps 
that alternative manufacturing 
routes required. These included 
an initial stamping, after which 
magnetic pins had to be welded to 
non-magnetic circular sheet metal, 
which then had to be electroless 
nickel plated. All these processes 
increased manufacturing costs 
and decreased the quality of the 
component. The perpendicularity of 
the pins was difficult to maintain, 
since the pins were being welded 
on to the sheet metal.

The requirement was close 
tolerances added to the suitability 
of the part for MIM. The core and 
cavity in the tool accommodated 
the nine pins, which eliminated 
the welding and stamping opera-
tions, improving the final product. 
Indo-MIM states that it created 
a multi cavity tool to further 
improve efficiencies in high volume 
production.

MIM soft magnetic case study: Solenoid base
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patch to hoe, but, with the right 
groundwork, on the right application, 
you can find interesting programmes 
in the US domestic market. It takes a 
lot of leg work and a lot of patience.”

It has been suggested that one 
reason why MIM producers based 
in North America have not in the 
past focussed their efforts to any 
great extent on the huge automotive 
components market is the substantial 
investment that is required for the 
continuous mass production of 
relatively low cost automotive parts. 
The US MIM industry has traditionally 
focussed on the batch production 
of high added value materials and 
components.

use of MIM in the Asian automotive 
industry, AMT’s Liang Chee Hoo 
commented, “The use of MIM in 
the global automotive industry is 
definitely growing, not only in Europe 
but in Asia as well. We are seeing 
the greater adoption of MIM in 
applications such as fuel injection 
nozzles, exhaust gas management, 
sensors and hydraulic pumps, to 
name just a few. The reason for this 
success is that, with MIM, more 
complex and smaller parts can be 
produced. These parts normally are 
made of high performance materials 
and may be difficult to make by other 
processes.”

The rise of China’s ever-growing 
MIM industry is a complex story. 
Large, sophisticated companies, 
primarily serving the 3C sector, are 
at one end of the spectrum, whilst, 
at the other end, are many much 
smaller operations with limited 
technical ability and predominantly 
domestic technology. There is, 
however, a growing number of 
mid-size Chinese MIM producers 
which now have the technical 
capabilities both to compete on the 
international stage and also to meet 
the quality demands of the automo-
tive sector. This application area is 
becoming increasingly attractive to 
both the medium and large Chinese 
MIM companies thanks to the great 
variety of components and longer 
term orders, resulting in a much 
more financially stable existence than 
offered by the 3C industry, where 
demand is notoriously unpredictable. 

Commenting on the global market, 
Tom Kerscher, Chief Sales Officer 
at Dynacast, told PIM International, 
“The current applications for MIM 
do not seem to be dominated by any 
one particular global region. One of 
the early and large scale applications 
for MIM was - and still is - in VGT 
turbocharger components. This 
technology was initially adopted 
for the small displacement diesel 
engines, common in Europe, and 
diesel light truck engines, popular in 
America. This performance enhancing 
technology is now quite common 
across many vehicle platforms around 
the globe. The use of MIM in fuel 

ARCMIM’s Tom Houck told PIM 
International, “The automotive 
industry has been one of the largest 
MIM consumers and new application 
and products are growing every year, 
with new platforms emerging - mainly 
on the engine side - both for diesel 
and unleaded cars. From a global 
perspective, we see three main 
markets of North America, Europe 
and Asia. The growing demand for 
automotive MIM parts for the Asian 
market is being fulfilled by Asian MIM 
suppliers. However, it is a known fact 
that most of the OEMs are pushing to 
get Asian prices in North America and 
Europe.” 

Giving further perspective to the 

MIM in the automotive sector
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system components, such as injector 
nozzles, armatures, etc., is also 
expanding and is not isolated to any 
geographic region.”

Awareness of MIM 
technology in the 
automotive industry

Despite the successes highlighted 
in this article, there is still a 
widespread belief that awareness of 
MIM technology amongst automotive 
designers and engineers remains at a 
very low level. This lack of knowledge 
is inevitably limiting growth potential 
in the global MIM industry. The 
challenge of raising awareness is 
being taken up by both national and 
international trade bodies as well 
as MIM producers themselves. For 
example, significant work has been 
undertaken to create websites and 
promotional brochures specifically 
dedicated to MIM technology 

through which information is freely 
available on the manufacturing 
process, materials available, design 
guidelines, dimensional tolerances, 
comparisons with other processes, 
case studies, and importantly the 
mechanical properties achievable 
in MIM materials, including those 
used in high loading automotive 
applications. 

The Metal Powder Industries 
Federation (MPIF) in North America 
issued its latest Standard 35 on 
Materials for Metal Injection Molded 
Parts in 2007, and in 2012 the 
International Standards Organisa-
tion issued ISO 22068:2012 which 
specifies the chemical composition 
and the mechanical and physical 
properties of Metal Injection Moulded 
materials. 

In 2004 the MPIF, European 
Powder Metallurgy Association 
(EPMA) and Japan Powder Metal-
lurgy Association (JPMA) collectively 
launched the online Global Powder 

Metallurgy Property Database (www.
pmdatabase.com) which has become 
a free standard properties reference 
source for designers considering the 
use of powder metallurgy products, 
and since 2007 MIM materials have 
also been included. Some data is 
included on the fatigue properties of 
MIM materials which are required 
by finite element analysis (FEA) and 
other design software. The fatigue 
properties available to date demon-
strate that heat treated MIM low alloy 
steels have a very high potential.

MIM producer ARCMIM is 
addressing the issue of awareness 
of the technology by offering a free 
training seminar on MIM once a 
quarter. The company’s Tom Houck 
told PIM International, “Not only is 
MIM poorly known among engineers 
and designers, but it is virtually 
unknown among buyers. We think 
the problem starts at the university 
level and, as MIM suppliers, we need 
to work closer with the universities 
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who have plastics programs to 
implement a MIM curriculum. We 
cannot currently say that MIM is 
the first alternative that comes to 
mind when a designer approaches 
new projects and the reality is that 
most of them are unfamiliar with the 
technology. Designers, engineers or 
buyers with just a basic knowledge 
think that projects of less than several 
million parts are not suitable for MIM. 
These people need to be educated 
and change - MIM is suitable for low/
medium and high volume applica-
tions.” 

Indo-MIM’s Krishna Chivukula Jr. 
commented, “For turbo applications, 
knowledge of MIM is broad and deep, 
but there is still plenty of room left in 
this market for increased penetration 
of MIM via the conversion to MIM of 
selected turbo components as well as 
strong growth prospects on existing 
MIM components. There is also broad 
scope in other non-turbocharger high 
performance automotive applications 
for conversion to MIM. Tier 1 and Tier 
2 suppliers in Europe are still in the 

process of discovering what MIM 
can do as they pursue various cost 
reduction strategies imposed on 
them by the OEMs, which is what the 
market requires. Overall at the OEM 
level there is a good understanding 
of what MIM can do; at the Tier 1 
and Tier 2 level, work still needs to 
be done to increase knowledge on 
how to leverage MIM to decrease 
cost and increase component 
performance. Indo-MIM does a lot of 
work in this area via on-site design 
support, on-site design seminars, 
constant customer education on 
materials development and their 
applications, as well as company-
sponsored technical workshops 
where we educate engineering 
teams on the general MIM process. 
It is a constant effort to increase 
awareness and we try to attack it on 
all fronts.” 

Dynacast’s Tom Kerscher stated, 
“Exclusively designing for the MIM 
process continues to be rare for 
the automotive applications we 
have seen. Education and value 

engineering exercises are the primary 
method for gaining new MIM conver-
sions. However, many new parts are 
designed for MIM or machining, for 
example, to allow for a more cost 
competitive design. The major global 
brands and Tier 1 suppliers are, in my 
opinion, aware of MIM and open to its 
use if cost, quality and supply needs 
can be met.”

Poul Søgaard, Senior Process 
Specialist MIM at Danish MIM 
producer Sintex a/s, told PIM 
International, “The MIM business is 
growing quite nicely in the automotive 
segment. We have more off-the-street 
enquiries than previously, some to 
get a second opinion on price, whilst 
others have heard about MIM for the 
first time. Awareness is much better, 
although they still tend to confuse it 
with casting, so some of the enquiries 
are quite out of specification for the 
process. In my opinion, for the auto-
motive industry to know more, you 
need to be present at their develop-
ment stage and also have discussions 
from their product portfolio, so they 

MIM in the automotive sector
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learn the do’s and don’ts of MIM on 
their own components to give them a 
higher feel for the process. Although, 
I must admit that there is no better 
feeling of professional pride, than 
during the first introduction to a 
process in a company who has never 
heard about MIM before.” 

Challenges specific to the 
automotive market 

For suppliers, the automotive sector 
is notoriously challenging as a place 
to do business, but it nevertheless 
holds significant attraction for MIM 
producers because of the high 
volumes, longer component lifecycles 
and relative stability. 

 Indo-MIM’s Krishna Chivukula 
Jr. explained, “Automotive is the 
largest sector in terms of growth 
prospects for the MIM industry, 
but it is also the most competitive 
in terms of cost. The purchasing 
functions of all major automotive 
OEMs are extremely sophisticated in 
their sourcing strategies. They are 
constantly evaluating the value you 
deliver and are experts at extracting 
better margins from suppliers. A MIM 
supplier is not only in competition 
with other MIM suppliers, but is 
constantly evaluated against other 
forming technologies as well. The 
volumes are incredible, but, from a 
process and product development 
standpoint, you need to realise high 
levels of capability and productivity 
from fairly early in the programme life 
to make the programme a success 
financially. Mistakes in process 
development quickly become costly 
and programmes, once started, are 
difficult to get out of! Most major OEM 
programmes come with significant 
year-on-year cost reductions and 
tough commercials as well. However, 
the benefits from learning to walk this 
tightrope are high as the mind-set a 
company needs to be successful in 
automotive will benefit it in all other 
segments.”

 Commenting on the biggest 
obstacles that the MIM industry has 
to overcome to increase penetration 
into the global automotive industry, 

Dynacast’s Tom Kerscher stated, 
“Automotive is perhaps the most 
demanding market to service from 
a cost, quality and supply reliability 
perspective. MIM has improved on all 
of these fronts in the last decade and 
needs to continue to evolve to gain 
more market share. One particular 
concern that needs to be addressed 
is that of industry capacity. There is 
a large global capacity talked about 
in MIM, but the reality is that only a 
fraction of that base is ready and able 
to meet automotive demands fully 
on quality and delivery reliability. We 
are now seeing consolidation and 
standardisation from the dominant 

suppliers in the industry, of which 
Dynacast is one, that is growing 
industry strength and credibility. The 
same holds true for the suppliers 
of powders and feedstock to the 
industry.”

The ability to multiple-source has 
also been identified as a concern with 
regards to the automotive sector. 
“Uninterrupted supply is critical and 
the automotive industry needs to see 
that these concerns are addressed by 
the MIM industry. Many of the larger 
MIM enterprises, such as Dynacast, 
have multiple manufacturing sites 
that can allow for tool transfers or 
redundant sources of supply. Material 

MIM in the automotive sector
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property standardisation efforts 
like those of the trade bodies such 
as MPIF’s Metal Injection Molding 
Association (MIMA), and common 
process methodologies, such as 
BASF SE’s Catamold feedstock 
system for example, have also 
improved industry acceptance,” 
stated Kerscher.

Opportunities for MIM 
in smaller, higher 
displacement engine 
designs

Globally, there is a clear trend 
towards smaller and higher 
displacement engines, driven by 
ever more challenging fuel economy 
and emissions targets. Indo-MIM’s 
Krishna Chivukula Jr. explained, 
“This creates a unique opportunity 
for MIM. The adoption of smaller 
engines with higher displacements 
means three things in my mind; 
operating temperatures on critical 
systems are going to increase, 
design complexity will increase as 
more functionality has to be built into 
smaller component real estate, and 
corrosion resistance will become 
even more important due to more 
extreme operating conditions inside 
these high performance systems. 

All three of these factors will push 
more and more components into the 
MIM envelope. In order to meet these 
demands, the MIM fabricator must 
have a host of high temperature 
materials developed and the ability 
to customise chemistry to suit the 

application’s requirements. It is also 
a mistake to only focus on engines. 
These factors will drive component 
complexity on all the high perfor-
mance applications in the car - EGR 
Systems, SCR systems, braking 
systems, fuel injection systems, 
sensor systems etc. There is a 
tremendous and continuous effort to 
improve performance in all of these 
systems and it is driving an increase 
in component complexity as well as a 
shift to high performance materials 
with improved temperature, strength, 
corrosion resistance.”

Dynacast’s Tom Kerscher stated, 
“The drive towards smaller, more 
fuel efficient and higher output 
engines relies on advances in turbo 
or supercharging, fuel injection, 
valve train and sensing technologies, 
which are all key application areas 
for MIM. This trend has created a 
number of new MIM opportunities, 
due to the specific demands being 
placed on component intricacy and 
material properties. The primary 
challenge for MIM will be to remain 
cost competitive against traditional 
manufacturing methods.”

Cautioning on future challenges 
for the MIM industry in relation to 
the move towards smaller, more 
power-dense engines, Sintex’s Poul 
Søgaard stated, “The main challenge 

in this miniaturisation is that the 
tolerances on most parts is still 
very fine, meaning that a secondary 
treatment may be needed anyway, 
reducing some of the advantage MIM 
has to offer.”

Outlook and future trends 
for automotive MIM

Commenting on the outlook for MIM 
in the global automotive industry, 
Dynacasts’s Tom Kerscher told PIM 
International, “Over the past ten 
years, the manufacturing capacity 
and sophistication of the global MIM 
industry has increased significantly. 
This scale gives the automotive 
industry higher confidence that MIM 
is a viable, reliable and mainstream 
manufacturing technology that is 
on equal footing with traditional 
metalworking processes. Thus, we 
are expecting that the market for 
MIM automotive applications will 
continue to expand and are working 
on capacity, process and materials 
advancements to capture these new 
opportunities.”

Kercher added that, “while there is 
clearly a steady stream of new appli-
cations, and further growth potential, 
for MIM components used in fuel 
systems, turbochargers, sensors and 
valve train systems, for many of these 
new components microstructure and 
chemistry control is critical to achieve 
the required magnetic, wear or other 
performance properties. Advances in 
powertrain technology have increased 
the need for various types of sensors 
in automotive applications. In-cylinder 
pressure and temperature measure-
ment is generating many new MIM 
stainless steel applications.”

ARCMIM’s Tom Houck believes 
that industry growth lies in the huge 
list of potential new applications 
that can help reduce the automotive 
industry’s costs and contribute to 
overall vehicle weight reduction. “MIM 
parts are coming from cost saving 
projects or new parts. We think our 
best point of entry into the market will 
continue to be conversion opportuni-
ties. Cars and trucks are getting 
smaller and smaller, making our 
components smaller and more critical 
in these tight locations. These smaller 
components help us make up the gap 
on material costs. We need to keep 
working conversion opportunities in 
order to get buyers and designers into 
a MIM state of mind. It is important to 
recognise that MIM use in automotive 

MIM in the automotive sector

“The drive towards smaller, more fuel 
efficient and higher output engines relies 
on advances in turbo or supercharging, 
fuel injection, valve train and sensing 

technologies, which are all key 
application areas for MIM”
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is primarily in fuel pump and turbo 
system applications. The automotive 
segment is mostly untapped. We 
believe technology conversions will 
be the best opportunity for growth, 
especially with the ongoing light 
weighting effort in the automotive 
industry.”

The ultimate goal for the MIM 
industry is of course to increase the 
number of new automotive parts 
specifically designed for MIM, rather 
than from the conversion of existing 
machined or investment cast parts. 
Paul Søgaard commented, “For us, 
we see mostly new parts designed 
for MIM, as it is so hard to introduce 
changes in the automotive industry 
since the recertification is time and 
cost consuming. So, in our experi-
ence, a new Production Part Approval 
Process (PPAP) is most likely only 
initiated in a critical situation. Some 
of the parts might initially have been 
considered for machining, but MIM 
can, in some cases, be superior to 
this, and that is the reason we want 
to get in early in the process and 
not just copy/paste from another 
process. I personally think that the 
automotive sector is the big driver for 
MIM still, and the requirements set 
by the automotive standard are good 
for improving quality and awareness 
in one’s production and therefore 
making production for customers in 
other sectors better, too.”

“The long-term opportunity is 
from new product development on 
parts specifically designed for MIM,” 
concluded Krishna Chivukula Jr., “but 
there are still plenty of conversion 
opportunities for enterprising MIM 
fabricators to cut their teeth on. The 
MIM market is a vast ocean and you 
never know what components are just 
over the horizon; you need to always 
be looking.”
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Fig. 1 Micro precision metal parts

Metal Injection Moulding is a 
manufacturing process that is 
highly suited to the production of 
high volumes of metal parts with 
complex geometries. However, 
certain specifications relating to final 
surface quality (surface roughness) 
and material quality (density and 
hardness) cannot always be achieved 
by MIM processing alone. Different 
finishing methods may therefore have 
to be considered as post-processing 
operations.

In the past, the proper selection of 
post-processing methods was based 
on experience or trial and error. In 
this article, an objective description 
of the influence of different surface 
finishing and heat treatments on 
the quality of MIM parts will be 
given. For this purpose, the surface 
roughness at different positions on 
a part has been investigated to show 
the differences between each of the 
investigated surface treatments. 
It will be pointed out which post-
processing parameter results in 
which roughness values (Ra / Sa) 
and what effects these have on 
dimensional tolerances.

As this article will demonstrate, 
a surface-based roughness 
measurement is a very robust and 
fast method to measure surface 
roughness, as well as the geometrical 
features, with the same measurement 
set. Therefore, the different finishing 
processes applied to the MIM parts 
may be qualified with a sophisticated 
but simple method. 

Introduction

The MIM process combines two tech-
nologies, plastic injection moulding 
and metal powder sintering. Firstly, 
an injectable feedstock is prepared, 
consisting of a plastic binder and 
a very high volume fraction of fine 
metal powder. As with plastics, this 
material is processed into moulded 

Optical metrology in MIM
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parts with a specially designed mould 
on a conventional plastic injection 
moulding machine. After injecting, the 
plastic content is removed, leaving a 
skeleton of metal in the same shape 
as the moulded part, along with a 
small amount of backbone binder. In 
a further step the parts are sintered, 
thereby further shrinking to their final 
size.

The quality of every process step is 
crucial for the final result, especially 
for micro precision parts with very 
tight tolerances. The specifications 
in respect to tolerances, geometric 
shape and the surface quality of MIM 
parts are defined by parameters 
such as the particle size of the metal 
powder, the make-up of the feedstock 
and the process parameters of the 
injection moulding and sintering 
steps.

Firstly, the manufacturing of the 
moulds has to be considered. The 
moulds need to be machined to 
very tight tolerances to ensure the 
geometrical features of the moulded 
parts. This is the reason why the 
cutting tools used to manufacture 
the mould, as well as the cutting 
parameters used, need to be carefully 
considered. Cutting tool quality 
parameters, such as edge radius and 
diverse angles of form milling cutters, 
are necessary in order to manufacture 
the mould to the required high quality. 
For EDM-processed moulds, the 

electrodes, and therefore the quality 
of the cutting tools needed to mill 
the electrodes, should be analysed. 
Some tool quality parameters are 
discussed in [4].

Parmaco Metal Injection 
Molding AG, based in Fischingen, 
Switzerland, investigated the 
influence of mould surface 
roughness on the surface 
quality of the MIM parts. For tool 
roughnesses above 3 µm, the 
surface quality of the MIM parts is 
better than that in the mould due 
to the shrinkage of the part during 
sintering. Within a range of between 
0.6 µm and 3 µm, the surface 
quality of the produced MIM part 
follows the roughness of the mould, 
but, for more highly polished mould 
surfaces, the particle size of the 
metal powder limits the roughness 
of the MIM parts. For example, a 
powder with a mean particle size of 
5 µm leads to a surface roughness 
of approximately 0.6 µm, even if the 
roughness of the mould is much 
smaller than 0.6 µm.

Parmaco’s findings show that 
the surface roughness of the MIM 
part is limited by the particle size of 
the metal powder used in the feed-
stock. To reach the continuously 
advancing customer specifications, 
it is therefore necessary for certain 
applications to improve the MIM 
parts further with post-processing 

operations such as heat treatment 
and vibratory grinding. These 
processes, however, have several 
different effects on the surface finish 
as will be shown in this article. The 
effects of these finishing procedures 
can also be highly dependent on the 
geometry of the part.

It can be assumed that the surface 
roughness of very small geometric 
features tends to vary due to the 
applied finishing processes. The 
effectiveness of these finishing 
processes on very small features is 
of great interest in ensuring that the 
post processed and finished parts 
meet the specified requirements in 
terms of surface roughness levels and 
geometrical dimensions.

Sophisticated measurement equip-
ment, capable of measuring both 
roughness and shape very accurately 
on small complex components, is 
therefore needed. Furthermore, 
a repeatable accuracy, even if the 
surface of the part is non-uniformly 
structured, must be ensured. At 
present, several checking gauges of 
various types are used to check the 
geometrical dimensions. In addition, 
a tactile roughness measurement 
system is used to qualify the surface 
roughness.

As will be shown in this article, the 
optical 3D measurement technology 
from Alicona Imaging GmbH, Graz, 
Austria, offers a very suitable, high 

Fig. 3 Measured 3D dataset with measurement positions 
of roughness measurement reference (1) and functional 
surface (2)

1

2

Fig. 2 Alicona InfiniteFocus G5 measurement device
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resolution methodology for a wide 
variety of investigations, and is 
capable of measuring geometrical 
features and roughness within one 
system. The goal of the experiment 
described in this paper was to 
evaluate the best finishing process 
route, which leads to the specified 
quality of the MIM part, using 
Alicona’s measurement method-
ology.

Sample generation

For the investigation of different 
surface finishing procedures on 
micro geometries, planetary carriers 
produced by Parmaco were used. 
Fig. 1 shows an image of such parts, 
manufactured by Metal Injection 
Moulding.

After sintering, some of the MIM 
parts were Hot Isostatically Pressed 
(HIPed) to obtain a higher density, 
some were hardened and some 
were both HIPed and hardened. 
These four different post-processing 
routes were followed by two finishing 
procedures, vibratory grinding 
using ceramic grinding stones and 
polishing, which uses a grinding 
material with a very small grain 
size. Polishing is capable of finishing 
very small geometrical features 
and is commonly used in the watch 
industry.

Experimental setup

For the measurements, an Alicona 
InfiniteFocus G5 measurement 
device was used (Fig. 2). This 
areal-based optical 3D measurement 
device is based on the technique 
of Focus-Variation and enables a 
robust measurement dataset even 
for surfaces with strongly varying 
structural properties and steep 
geometrical flanks. The Alicona 
InfiniteFocus G5 captures the entire 
surface topographic information 
in combination with its true colour 
information [1]. An example of a 
measured dataset can be seen  
in Fig. 3.

In order to obtain information to 
select a suitable and economical 
finishing process, the surface 
roughness of the planetary gear was 
measured on a reference surface on 
the side flank of the planetary carrier 
disk and on a flank of the gear-wheel, 
which represents a functional surface 
(Fig. 3). This functional surface is 
essential for analysis because it can 
be assumed that some finishing 
procedures will have problems 
when finishing small features. The 
accessibility of fine structures such 
as the tooth flank of very small gears 
is limited by the grain size of the 
abrasive medium used in the finishing 
process. However, the smaller the 
abrasive particle sizes, the more 

time-consuming and expensive the 
vibratory grinding or polishing will be.

Exploiting the benefits of 
this measurement system, the 
surface finishing parameters, as 
well as geometrical dimensions, 
were extracted from the same 3D 
measurement data. The differently 
post-processed MIM parts were then 
analysed with reference to critical 
surface parameters such as surface 
texture and dimensional deviations 
of the gear wheels. Furthermore, 
a comparison between results of 
surface texture measurements and 
profile roughness measurements 
was undertaken in order to show 
the advantage of the surface-based 
roughness measurements.

Results

Fig. 4 shows dataset examples for 
the roughness measurements on the 
surface of the differently finished MIM 
parts. All datasets were measured 
and analysed with the IF-Surface 
Texture Measurement module by 
Alicona to obtain the surface rough-
ness values of interest, at a cutoff 
wavelength of λc=250 µm [3]. The 
surface texture values for all parts are 
listed in Table 1.

In addition to the investigation 
of the surface roughness and the 
influence of the finishing procedures 

Fig. 4 Surface as sintered (1), as sintered and vibratory ground (2), as sintered and polished (3)
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on the MIM parts, the geometrical 
behaviour of the parts was analysed 
using the same datasets. A graphical 
representation of an exemplary 
difference measurement between 
a sintered part and a HIPed part is 
shown in Fig. 5. The results validate 
the expected shrinkage of the HIPed 
part. Furthermore, the deviation of 
the MIM process, resulting in small 
differences in the gear geometry, has 
to be taken into account. 

Interpretation of the 
measurement results

As can be seen in Figs. 6 and 7, both 
of the applied finishing processes 
show approximately the same 
roughness values on the reference 
surface, even if the grain size of the 
polishing stones was completely 
different for the two processes. 
However, the surface roughness of 
the flank of the gear wheel shows a 
completely different behaviour, being 
unaffected by the vibratory grinding 
process because of the size of the 
polishing stones used (see Fig. 8). 
The small polishing stones also lead 
to a more homogeneous surface 
roughness on the reference surface 
(as shown in Fig. 4).

Furthermore, the results show 
that heat treatment can have an 
influence on the resulting roughness 
after surface finishing with the same 
process parameters (see Figs. 6 and 
8). Hardened parts subsequently lead 
to a lower abrasive behaviour in the 
finishing process. HIPed parts show 

No surface finish Vibratory ground polished

Sa of flank of 
gear wheel (2)

Sa of 
reference 
surface (1)

Sa of flank of 
gear wheel (2)

Sa of 
reference 
surface (1)

Sa of flank of 
gear wheel (2)

Sa of 
reference 
surface (1)

Sintered 1.343 µm 1.297 µm 1.180 µm 0.620 µm 0.670 µm 0.778 µm

Sintered and 
hardened

- - 1.413 µm 1.038 µm 1.027 µm 0.819 µm

Sintered and 
HIPed

- - 1.250 µm 0.506 µm 0.773 µm 0.636 µm

Sintered, 
HIPed and 
hardened

- - 1.193 µm 0.895 µm 0.925 µm 0.750 µm

Table 1 Measured surface roughness values

Fig. 5 Difference measurements of gear wheels

Fig. 6 Roughness of finished surfaces at different heat treatments

Fig. 7 Roughness of ground parts
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almost the same surface quality as 
sintered parts (see Fig. 6).

Fig. 9 shows the values of 
three profile-based roughness 
measurements [3] on the reference 
dataset of a sintered, hardened and 
vibratory ground part on different 
profile measurement positions 
(MP1 to 3) on the 3D dataset, 
as indicated in Fig. 10a. These 
profile-based measurements were 
compared to three surface texture 
measurements [2] for the whole 
dataset (MP1), the upper half (MP2) 
and the lower half (MP3) of the 
dataset, see Fig. 10b. It can be clearly 
seen that the roughness values of 
profile roughness measurements 
(Ra) are not as robust as the values 
gathered by areal-based roughness 
measurement (Sa).

After sintering, the produced parts 
reach a density of approximately 
98% of the theoretical density of 
the material. This density can be 
increased by HIPing, which causes 
the remaining pores to close, and the 
material reaches a density value near 
the theoretical density.

Conclusion

In this study, Parmaco and Alicona 
have demonstrated how easily optical 
3D metrology can help to measure the 

surface quality and the geometrical 
features of MIM components. 
Furthermore, a highly accurate and 
robust method for qualifying different 
finishing procedures was found, 
which helps to solve the contradic-
tion between the high quality and 
economical manufacturing of MIM 

parts that need to be finished with 
various finishing processes.

The results of this study show 
that the investigated grinding and 
heat treatment procedures cause 
differences in surface quality when 
very small geometrical structures, 
such as micro gear wheels, have to 

Fig. 8 Resulting roughness of the gear wheel flank after both finishing 
procedures on differently treated parts

Fig. 9 Profile roughness compared to surface texture

Fig. 10a Measurement positions profile roughness  
measurement

Fig. 10b Measurement regions surface texture 
measurements
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be processed. Therefore, for such 
micro precision components, smaller 
polishing stones have to be preferred 
if an overall treatment of the part, 
even in the small geometrical 
features of the gear wheels, is 
needed.

Furthermore, the measurement 
data could be used to show the influ-
ence of the MIM process and HIPing 
on the geometrical specifications, as, 
for example, in the measurements for 
the gear wheel. With this information 
the MIM process, as well as the 
finishing procedures, can be adjusted 
more effectively. For further inves-
tigations, it is proposed to research 
the influence of the shrinkage on 
different geometrical features and 
tolerances. This will allow improved 
mould design, manufacturing process 
and finishing process planning, 
which would lead to the possibility 
of manufacturing more complex and 
even smaller metal parts.

This study also showed that 
areal topographic information of the 
analysed areas gives much more reli-
able and repeatable information about 
surface quality than does profile-
based roughness measurement. This 
is a real benefit in the measurement 
of the roughness of structured 
surfaces, as found in sintered MIM 

parts, where the profile-based 
measurement is strongly influenced 
by the location of the profile line.

The measurement methodology 
provided by Alicona is a very robust, 
exact and fast method to measure 
complex geometrical features as 
well as surface texture on not readily 
accessible areas with a very high 
resolution. Therefore, this study has 
provided a better understanding of 
the MIM process and has facilitated a 
much more sophisticated qualification 
of complex finishing procedures 
on MIM parts, compared with the 
conventional checking gauges and 
profile-based roughness measure-
ments. This methodology enables new 
possibilities for enhancing finished 
MIM parts in order to meet the rising 
expectations of customers.
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Fig.1 LUM X-ray Analyser (Courtesy LUM)

With more than 600 exhibitors and 
15,000 visitors from 93 countries 
attending Ceramitec 2015, this 
major exhibition continues to be 
an important force in the world of 
ceramics technology. Hall A2 of the 
Munich fairground was reserved for 
machinery and equipment for fine 
and refractory ceramics, technical 
ceramics and Powder Metallurgy. 
Under the banner of  “Ceramic 
Applications”, twenty-two technical-
ceramic focussed companies and 
research institutions, a number 
of them with activities in Powder 
Injection Moulding, presented 
processing equipment, materials 
and technical ceramic products on a 
large communal stand. Many other 
companies displayed their products 
and services on their own stands.

Powder and feedstock 
characterisation

A family of analytical instruments 
for the characterisation of powder 
suspensions, compounds and 
dispersions was exhibited by 

LUM GmbH of Berlin, Germany. 
Sedimentation analysis of powders 
that have been dispersed in water 
or oil in the gravitational field can 
be used to analyse the particle size 
distribution. The time required for 
sedimentation can be shortened by 
an integrated centrifuge. 

The homogeneity of particles 
in high solid concentrations of 
powders that are impermeable to 
visible light can be studied with 
the new X-ray analyser (Fig. 1). 

According to LUM, the system 
allows the classification of ceramic 
formulations of high and low 
concentrations, the detection of 
nanoparticles in micron particle 
dispersions as well as the analysis of 
the homogeneity of powder blends. A 
variety of measurement cells allows 
the adjustment of the instrument for 
a wide range of concentrations and 
materials. Special tools are available 
for application in R&D and quality 
control. 

Ceramitec 2015: Part makers 
and industry suppliers on show 
in Munich

Ceramitec 2015, the most important international trade exhibition for 
the ceramics industry, was held from October 20-23, 2015 in Munich, 
Germany. While the exhibition covered the entire supply chain of 
the ceramics industry, Dr Georg Schlieper highlights a selection of 
exhibitors for PIM International that are either directly connected with 
the Powder Injection Moulding industry, or offer technologies that may 
be of interest to readers.

PIM at Ceramitec 2015
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Powder preparation 

The specialist in freeze granulation of 
powders, PowderPro AB of Mölndal, 
Sweden, claims that the homogeneity 
and flowability of ultrafine powders 
can be dramatically improved with its 
freeze granulation process (Fig. 2). 
Freeze granulation offers a technique 
where a powder suspension is 
atomised and instantly frozen in liquid 
nitrogen. Subsequent freeze drying 
results in highly homogeneous gran-
ules. This technique, which, according 
to PowderPro, has distinct advantages 

over spray drying, can be used for the 
preparation of fine ceramic or metal 
powders prior to mixing into a PIM 
formulation. Colloidal processing by 
ball milling in water or a solvent will 
properly remove agglomerates in the 
powder prior to freeze granulation. 
The results are homogeneous 
granules with weak inter-particle 
bonds. Hence, the powder can 
easily be dispersed into primary 
particles within the PIM formulation 
with preserved homogeneity, less 
mechanical treatment and often 
to a higher powder loading than is 

possible with direct mixing. Other 
additives intended to be used in the 
PIM formulation can also be added 
prior to freeze granulation for an 
effective blend. PowderPro provides 
equipment for freeze granulation 
as well as the know-how of powder 
suspension processing.

Compounding feedstock

Bellaform GmbH of Gau-Algesheim, 
Germany, exhibited its new 
laboratory-size shear roller for the 
preparation of small quantities of PIM 
feedstocks (Fig. 3). Bellaform’s shear 
roller mixing systems have proven 
extremely efficient in compounding 
ceramic and metal powder feedstocks 
for PIM technology. They are continu-
ally working processing machines for 
melting, homogenising, dispersing, 
compressing and granulating. They 
achieve a very homogeneous mix of 
all ingredients. Typical applications 
are ceramics, Powder Metallurgy, 
duroplastic compounds, thermo-
plastic rubber or nitrocellulose. 
Depending on the material processed, 
the throughput is between 0.5 and 
12 kg per hour. As a system supplier, 
Bellaform develops not only shear 
roller mixing systems, but also 
complete fabrication lines with opti-
mally coordinated components and 
sophisticated automation. Bellaform 
plants provide individual solutions for 
the production of sections, hoses and 
pipes with a diameter up to 50 mm. 

 
Inmatec GmbH, PIM feedstock 
compounder of Rheinbach, Germany, 
offered services as a supplier of 
customer-specific solutions for 
Powder Injection Moulding. The 
company supplies a wide range 
of standard feedstocks based on 
different ceramic powders that cover 
many technical requirements, but the 
development of customer-specific 
solutions is regarded as the actual 
core business.

The ceramic or metal powder may 
be combined with various binder 
systems. The appropriate polymer 
binder is usually selected according 
to the component geometry or other 
typical requirements. Feedstock 

Fig. 2 Freeze granulation process (Courtesy PowderPro)

Fig. 3 Laboratory size shear roller (Courtesy Bellaform)
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development is done at lab-scale in 
order to minimise the development 
costs with the often expensive raw 
materials. The results can usually 
be transferred to a production scale 
without further adjustment of the 
processing parameters because the 
development is carried out on produc-
tion machines. Inmatec can be a 
development partner, service provider 
and producer at the same time. For 
example, zirconia powders mixed 
with pigments according to customer 
requirements are compounded. This 
gives rise to exclusive feedstocks, 
which can be used in component 
manufacturing for the jewellery 
and watchmaking industry. Further 
products are feedstocks for materials 
with defined coefficients of thermal 
expansion and colours that cannot be 
realised with zirconia.

Injection moulding

Arburg GmbH & Co. KG of Lossburg, 
Germany, presented itself not only as 
a manufacturer of injection moulding 
machines, but also as a supplier of 
expertise in PIM technology. Arburg’s 
PIM expert team (Fig. 4) was on hand 
presenting the extensive range of the 
company’s products and services in 
the PIM sector and offering individual 
consulting to visitors at their stand. 
The company headquarters in 
Lossburg is home to an application-
oriented laboratory where new areas 
of application for the PIM process are 
developed. All processing steps such 
as powder and feedstock preparation, 
debinding techniques, sintering 
and part analyses can be tested 
there under practical conditions. 
The comprehensive PIM laboratory 
is complemented by exemplary 
solutions in process automation, 
consulting and special PIM training 
courses that are held in Lossburg and 
around the world.

Sintering

Netzsch GmbH, of Selb, Germany, 
is a leading supplier of analytical 
instruments for the investigation of 
high temperature processes. Netzsch 

dilatometers (Fig. 5) are found in 
materials research laboratories all 
over the world. They are an indis-
pensable tool for understanding the 
mechanisms of sintering processes. 
At Ceramitec 2015 Netzsch intro-
duced an innovative length measuring 
cell for their dilatometers. The new 
measuring system “NanoEye”, based 
on the interaction of an optoelectronic 
measuring sensor and force levels, 
which can be applied with precision 
by means of an actuator, is at the 
heart of this new instrument series. 
It allows for the application of a 
constant force between 10 mN and 
3 N independent of the expansion or 
shrinkage of the sample. Netzsch 
claims that the system offers an 

unprecedented resolution of up to 
0.1 nm with perfect linearity over 
the entire measuring range of up to 
50 mm.

Another Netzsch innovation is the 
HyperFlash system. The flash method 
is a precise, reliable and efficient 
method for determining the thermal 
diffusivity and conductivity of a variety 
of materials. Netzsch presented the 
world’s first and only Xenon flash 
apparatus for measurements from 
ambient temperature to 1250°C. 
The company advanced into the high 
temperature sector with a compact 
tabletop unit without the use of 
lasers. The LFA 467 HT HyperFlash 
is equipped with ZoomOptics. Its 
ultra-fast acquisition rates of up to 

Fig. 4 Arburg’s PIM experts Marko Maetzig, Hartmut Walcher and Uwe Haupt 
(Courtesy Arburg)

Fig. 5 Netzsch dilatometer (Courtesy Netzsch)
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2 MHz along with extremely short 
pulse times of up to 20 µs offer 
optimum conditions for carrying out 
measurements on very thin and highly 
conductive materials. 

Many manufacturers of high 
temperature sintering furnaces were 
also represented at Ceramitec. The 
focus was on vacuum sintering with 
most of the well-known suppliers 
present, but major innovations were 
not apparent.

Automatic optical quality 
control

A fully automatic system for 100% 
optical quality control was presented 
by RoboWorker Automation GmbH 
of Weingarten, Germany. The system, 
marketed under the name RoboIn-
spect, has been specially designed 

to verify the integrity of green die 
pressed or injection moulded parts, 
but can also be used for the inspec-
tion of sintered or machined parts. 
Cameras and robotic handling 
systems are installed for the inspec-
tion of the part geometry, edges and 
surfaces. The part weight is checked 
with an integrated balance. 

The RoboInspect system is 
capable of inspecting a wide 
range of materials, such as 
metals, including hardmetals and 
non-ferrous metals, as well as 
ceramics. Two linear, four-axis 
systems are installed, one for 
handling the parts and one for the 
inspection cameras or sensors. The 
parts are automatically taken from 
a pallet according to a programmed 
pattern and replaced on pallets 
after the inspection. Various gripper 
types are available to handle the 

parts safely and precisely. All functions 
are operated intuitively via touch 
screen (Fig. 6). 

To a great extent, the geometrical 
details to be inspected can be 
individually defined. Bore diameters, 
radii, angles, lengths, distances, 
areas, cross-sections, shapes and 
contours can all be checked. Straight 
or curved edges can be inspected from 
top, bottom or side and edge defects 
such as flaws, burrs or deviations 
from the required geometry can be 
reliably detected. Surface inspection 
can analyse smooth or structured 
surfaces, colours and automatically 
read recurring marks such as numbers 
or barcode. Surface defects such as 
scratches, colour deviations, coating 
defects etc. are revealed.

Manufacturers of CIM and 
MIM components

An impressive number of manu-
facturers of PIM components were 
represented at the trade exhibition. We 
present an overview of a selection of 
companies in alphabetical order.

 
Bakony Technical Ceramics Ltd., of 
Veszprém, Hungary, produces mainly 
high volume ceramic components 
by isostatic pressing, dry pressing, 
extrusion and injection moulding, 
most of them in alumina, for a wide 
range of applications. One of the 
main products is spark plug isolators 
which have been produced since 1990. 
Today, the company has approximately 
140 employees and a production 
floor space of 4700 m2. Specialty PIM 
products are surgical instruments.

 
COHO Biomedical Technology Co. Ltd, 
of Taoyuan, Taiwan, was established 
in 2001 with the aim of developing and 
produce both metal and ceramic PIM 
components. From the beginning, the 
focus was laid on biomedical applica-
tions. At the exhibition, the company 
impressed with its dental implants 
and surgical instruments made by 
CIM technology (Fig. 7). Other ceramic 
exhibits were knives and hair trimmer 
parts. Metal parts included bicycle 
components and parts for musical 
instruments.

 

Fig. 6 Inspection system RoboInspect (Courtesy RoboWorker)

Fig. 7 Surgical instruments and dental implants exhibited by COHO

PIM at Ceramitec 2015
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Formatec Ceramics bv, specialist 
in aesthetic zirconia parts, based in 
Goirle in The Netherlands, stressed 
its competence in producing CIM 
parts for mechanical applications 
such as high precision gears (Fig. 8). 
Formatec was established in 1998 as 
a spin-off from a plastics injection 
moulding company and, since then, 
has manufactured CIM products 
on a floor space of 1400 m2. Green 
parts machining and post sintering 
operations for high precision and 
aesthetic appearance are essential 
competences. Besides alumina and 
zirconia, Formatec can also produce 
CIM parts from silicon nitride.

 
Kläger Spritzguss GmbH & Co. KG, 
of Dornstetten, Germany, focused on 
its competence in injection moulding 
technology and mould design. The 
family-owned company produces 
plastic and CIM parts and is able 
to design and manufacture hybrid 
solutions of ceramic, plastic and 
metal parts. Kläger started CIM parts 
production in 1996 and describes 
itself as a pioneer of Ceramic 
Injection Moulding technology. The 
parts shown in Fig. 9 are used to 
mask certain areas of the substrate 
in sputtering processes. The smaller 
part has a width of approximately 
15 mm.

 

MID Co. Ltd, of Gwangju, South 
Korea, presented a full range of CIM 
products including aesthetic zirconia 
parts for mobile phones, cameras, 
watches and jewellery, dental 
implants, hair trimmer parts, salt and 
pepper grinding wheels and technical 
applications. An impressive example 
is the perforated mobile phone part 
made of black zirconia shown in 
Fig. 10. The company was established 
in 1999.

 
Oechsler AG, a 150-year-old family 
enterprise from Ansbach, Germany, 
specialises in high precision plastic 
parts including multi-component 
moulding and micro-moulding. 
Components for the automotive 
and medical sector are produced 
and assembled in six plants all 
over the world. Ceramic Injection 
Moulding was adopted many years 

ago to supplement the portfolio with 
decorative zirconia applications in the 
automotive industry. On display was 
a gear selection lever with a black 
zirconia cover used in BMW luxury 
cars (Fig. 11).

 
Philips Ceramics, from Uden, The 
Netherlands, developed PIM compe-
tence with the production of trans-
lucent ceramic components for high 
intensity discharge lamps, starting 
in 2002. Philips’ immense production 
capacities involving a high degree of 
automation, continuous debinding 
facilities and sintering furnaces are 
particularly suited to the cost effective 
high volume production of CIM parts. 
Philips Ceramics has begun to extend 
its product range from light bulbs to 
other technically and aesthetically 
demanding applications, as shown in 
their showcase (Fig. 12). 

 

Fig. 8 Mechanical CIM parts (Courtesy 
Formatec)

Fig. 9 Sputter masks (Courtesy Kläger Spritzguss)

Fig.10 Mobile phone part exhibited by MID
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Rauschert GmbH, with headquarters 
in Heinersdorf-Pressig, Germany, 
is a group of twelve manufacturing 
plants with 1200 employees and 
technical ceramics is only one of 
many different products. Established 
in 1898, the company began 
producing porcelain components 
for electrical applications. Today, 
Rauschert offers a broad range of 
oxide ceramics, silicate ceramics 
and cordierite ceramics with multiple 
forming technologies in small and 
large quantities. The production of 
injection moulded ceramic parts 
began as early as the 1970s. Tradi-
tionally, a strong focus of Rauschert’s 
CIM products is on applications 

in textile machinery. At Ceramitec, 
Rauschert demonstrated its expertise 
in micro-PIM with a selection of oxide 
ceramic parts (Fig. 13).

 
Vibrom s.r.o. of Trebechovice in the 
Czech Republic began the production 
of technical ceramics in 1995. In 2003, 
the company started CIM production 
with supplies to textile machinery, 
but soon aesthetic zirconia products 
were also developed. Since 2014, 
metal injection moulded components 
have also been manufactured. The 
company has 20 employees and, 
besides PIM parts production, 
there is also the production of blast 
media and, to a small extent, the 

company also builds vibration mills. 
Fig. 14 shows Vibrom’s showcase at 
Ceramitec, exhibiting, among other 
things, textile machinery parts, 
aesthetic zirconia products and 
ceramic knives.

The Additive Manufacturing 
of technical ceramics

The ceramics industry is currently 
experiencing new freedom and 
creativity of design, thanks to the 
rapid development of Additive Manu-
facturing technology. 3D printing is no 
longer limited to prototype produc-
tion, but has become a significant 

Fig. 11 Gear selection lever with 
decorative zirconia cover made by 
Oechsler

Fig. 13 MicroPIM parts for textile 
machinery displayed by Rauschert 
(Courtesy Rauschert)

Fig. 14 MIM and CIM parts manufactured by Vibrom

Fig. 12 Showcase of Philips Ceramics at Ceramitec

PIM at Ceramitec 2015

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


December 2015    Powder Injection Moulding International 63Vol. 9 No. 4  © 2015 Inovar Communications Ltd

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

manufacturing tool for customised 
products. With Additive Manufac-
turing, ceramics manufacturers have 
at their disposal a new production 
tool that is complementary to their 
established technology. Far from 
being a threat, it is a real opportunity 
to maintain and renew ceramics 
business in Europe. The two leading 
European developers of Ceramic 
Additive Manufacturing technology, 
3DCeram SAS of Limoges, France 
and Lithoz GmbH of Vienna, Austria, 
presented their products and services 
at Ceramitec.

 
The activities of 3DCeram SAS cover 
the complete ceramics 3D printing 
value chain; on demand production 
services, a 3D printer, specific 
services designed to boost efficiency 
and the supply of a wide range of 
ceramic pastes. The Ceramaker, a 3D 
printer based on laser stereolithog-
raphy, is marketed and used daily 
for production by 3DCeram. It has 
proven itself by printing several types 
of ceramics (zirconia, alumina, and 
hydroxyapatite). 

Stereolithography is a method 
of Additive Manufacturing. The 
Ceramaker uses a mix of a liquid 
photopolymer and a ceramic powder. 
This paste is applied to the build 
plate of the 3D printer layer by layer 
and the polymer is selectively cured 
with a UV laser to build the part. 
When the printing process is finished, 

the green part is removed from the 
printing unit and taken to a work 
place where the part is cleaned from 
excessive powder-binder mix. Finally 
the binder is thermally degraded and 
evaporated. The remaining part is 
sintered to high density. The proper-
ties of AM ceramics are equivalent 
to die pressed or injection moulded 
ceramics. The Ceramaker has a 
building envelope of 300 x 300 x 100 
mm. The layer thickness can vary 
between 0.010 and 0.125 mm. 

 
The latest development of Lithoz 
GmbH of Vienna, Austria, the 
ceramics 3D printer CeraFab 8500, 
was officially launched at Ceramitec 
2015. The device, having a building 
envelope of 115 x 64 x 150 mm 
and a lateral resolution of 60 µm, 
works as a stand-alone system. The 
technical concept is based on Lithoz’s 
patented LCM technology (lithography 
based ceramic manufacturing). The 
exposure unit is equipped with an LED 
light source, which does not require 
any special safety precautions during 
operation. 

The new CeraFab 8500 has the 
same outer appearance as the 
preceding model, CeraFab 7500 
(Fig. 16), only the building envelope 
is larger and the software has been 
further improved for easier operation. 
The CeraFab has been designed for 
high raw material utilisation and low 
energy consumption. The special 

bottom-up technology, i.e. exposure 
from below through a transparent 
bottom, requires only as much 
material as is necessary to form the 
respective layers and the surplus 
material can be reused. Lithoz 
offers alumina, zirconia and calcium 
phosphate as raw materials.

Conclusion

In general, the European ceramics 
industry appears to be optimistic 
that technical ceramics with their 
potential of raw material and energy 
savings, light weight, high hardness 
and wear resistance, biocompatibility, 
will explore new markets in the 
near future. The high demands on 
expertise in materials science and 
know-how in sophisticated processing 
technologies that are required for 
manufacturing CIM products may 
bring back to Europe some of the 
employment in the ceramics industry 
that has been lost during the last fifty 
years.  

Author

Dr Georg Schlieper
Gammatec Engineering GmbH
Mermbacher Strasse 28
D-42477 Radevormwald
Tel: +49 2191 6889274
Email: info@gammatec.com

Fig. 15 Ceramic jewellery part made by Additive Manufacturing (Courtesy 
3DCeram)

PIM at Ceramitec 2015

Fig. 16 CeraFab 7500 (Courtesy Lithoz)
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Fig. 1 Delegates at EuroPM 2015 in Reims, France (Courtesy EPMA)

Feedstock Characterisation 
and Process Simulation

A paper from Kunal Kate and Mark 
Winseck (Oregon State University, 
USA), Ravi Enneti (Global Tungsten 
and Powders Corporation, USA), 
Seong-Jin Park (Pohang University 
of Science and Technology, South 
Korea), Randall German (San Diego 
State University, USA) and Sundar 
Atre (University of Louisville, USA) 
focussed on feedstock properties in 
Ceramic Injection Moulding  
design [1].

For CIM, there is currently no 
reliable design approach to perform 
mould-filling simulations for compo-
sitions that differ from the measured 
feedstock properties. Mould-filling 
simulations are performed using CAE 
design software, such as Autodesk 
Moldflow, Sigmasoft, PIMsolver or 
Moldex3D. These computer simula-
tions need reliable feedstock property 
data and process parameters as 
input variables to simulate injection-

moulding behaviour. With the help of 
these simulations, design engineers 
can analyse mould-filling dynamics, 
identify defect evolution and optimise 
process parameters.

Feedstock properties required 
to simulate mould filling behaviour 
include physical, thermal, rheological 

and pressure-volume-temperature 
(PVT) parameters. In the reported 
work, pre-selected semi-empirical 
models were used, along with 
ceramic filler properties gathered 
from the literature, to estimate 
ceramic feedstock properties. Further 
comparisons of experimentally 

Advances in Metal and 
Ceramic Injection Moulding 
at Euro PM2015

The Euro PM2015 Congress & Exhibition, held in Reims, 
France, from October 4-7 2015, once again proved to be 
an essential destination for those looking to understand 
the latest technical and commercial advances in Powder 
Injection Moulding. David Whittaker reports for Powder 
Injection Moulding International on four papers that cover feedstock 
characterisation, advances in moulding, two-colour MIM and powder 
injection compression moulding.

PIM at Euro PM2015
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measured feedstock properties with 
estimated feedstock properties were 
conducted to look at the nature of the 
scatter in estimates.

The experimental feedstock 
properties of various ceramic material 
systems were obtained from the 
group’s previous work. The ceramic 
material systems considered included 
silicon carbide, aluminium nitride, 
silicon nitride, mullite composite, 
zirconia composite, alumina 
and barium titanate. All ceramic 
feedstocks contained a common wax 
polymer binder. The systems consid-
ered comprise a large majority of the 
ceramic systems used in CIM.

A literature survey was conducted 
to find typical values of filler material 
properties at 300 K. More than fifty 
peer reviewed journal papers and 
several books were reviewed to find 
the filler properties for ceramic 
material systems represented in 
this study. The filler property values 
that were reported for 300 K were 
selected to maintain the consistency 
in comparison between experimental 
and estimated feedstock properties.

The feedstock solid density 
measurement was performed using 
Archimedes principle. An inverse rule 
of mixtures was used to estimate 
solid density of AlN feedstock. The 

solid densities estimated for different 
feedstocks were plotted against the 
experimental feedstock solid density 
in Fig. 2. A coefficient of determina-
tion (R2) value exceeding 0.97 was 
obtained for Fig. 3, which indicates a 
good fit and applicability of the model 
to predict PIM feedstocks densities 
from filler density values in the 
literature.

Specific heat measurements of all 
feedstocks were made using Differ-
ential Scanning Calorimetry (DSC). A 
modified rule of mixtures model was 
used to estimate specific heat. The 
specific heats estimated for different 
feedstocks were plotted against 
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Fig. 2 Comparison of experimental with estimated 
feedstock density of different ceramic feedstocks at 300 K. 
The dotted line is a regression line with an R2 of 0.96 [1]

Fig. 3 Comparison of experimental with estimated 
feedstock specific heat of different ceramic feedstocks 
at 300 K. The dotted line is a regression line with an R2 of 
0.64 [1]
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Fig. 4 Comparison of experimental with estimated 
feedstock thermal conductivity of different ceramic 
feedstocks at 340 K. The dotted line is a regression line 
with an R2 of 0.23 [1]

Fig. 5 Comparison of experimental with estimated viscosity 
of different ceramic feedstocks at 425 K for shear rate 
range of 10 to 10000 s-1. The dotted line is a regression line 
with an R2 of 0.58 [1]
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experimental feedstock specific 
heats in Fig. 3. A coefficient of 
determination (R2) value exceeding 
0.64 indicates a reasonable fit and 
applicability of the model to predict 
specific heat in PIM feedstocks.

A transient line-source technique 
was used to make the thermal 
conductivity measurements for all 
ceramic feedstocks. Measurements 
were performed on a K-system II 
thermal conductivity from 190°C 
to 30°C. The Bruggeman model 
was used to estimate thermal 
conductivity of AlN feedstock. The 
thermal conductivities estimated 
for different feedstocks were plotted 
against the experimental feedstock 
thermal conductivities in Fig. 4. 
A coefficient of determination 
(R2) value of 0.23 indicates a poor 
predictive ability of the model used.

A capillary rheometer was used 
to measure viscosity of all ceramic 
feedstocks. A simplified Krieger 
Dougherty model was used to 
estimate viscosity. The experimental 
feedstock viscosities were plotted 
as a function of estimated feedstock 
viscosities for different material 
systems in Fig. 5. Viscosity 
decreases with increase in shear 
rate for both the experimental and 
estimated data. The coefficient 
of determination (R2) value of 0.6 
supports the general applicability 
of the approach for predicting the 

viscosity of PIM feedstocks.
Measurements for specific volume 

as a function of temperature and 
pressure were made using high-
pressure dilatometry. A simple rule 
of mixtures was used to estimate 
specific volume of AlN feedstock. 
The specific volumes estimated for 
different feedstocks were plotted 
against the experimental feedstock 
specific volumes in Fig. 6. It can 
be seen that there is an increase 
in estimated specific volume with 
an increase in temperature and a 
decrease in estimated specific volume 
is observed with an increase in 
pressure for all material systems. A 
coefficient of determination (R2) value 
exceeding 0.98-0.99 indicates a good 
fit and the applicability of the model 
to predict specific volume for PIM 
feedstocks.

From the presented data, it is 
clear that additional experimentation 
and model development will be 
required, particularly in relation to 
thermal conductivity. However, the 
authors concluded that the findings 
from the current study can be used 
to improve CIM design practices and 
serve as a guide to utilise ceramic 
filler properties from the literature 
to conduct mould filling simulations. 
The models discussed in the paper 
do not specifically address variations 
in material properties with particle 
characteristics (e.g. shape, size, 
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volume of different ceramic feedstocks at 300 K for 
100 MPa pressure. The dotted line is a regression line with 
an R2 of 0.98 [1]

Fig. 7 Principal temperature profiles for dynamic and 
isothermal mould temperature control [2]

te
m

pe
ra

tu
re

 [°
C

]

time [s]

0
50

70

90

110

130

10

T2,iso Tz,VT

TH TK TS

isothermal
dynamicTVT,min

TEntf

TVT,max

20 30 40

agglomeration) but can serve as a 
first step towards eliminating the 
trial-and-error procedures currently 
prevalent in the design of PIM parts.

Influence of mould 
temperature on part quality 
in PIM processing

A paper from Marko Maetzig and 
Harmut Walcher (Arburg GmbH + 
Co. KG, Germany) considered the 
influence of mould temperature on 
part quality during MIM processing 
[2]. The precursor for achieving 
a uniform shrinkage of a MIM 
component after sintering is a 
uniform green part density. The 
authors argued that this could be 
achieved by pressure compensation 
during the injection moulding of the 
green part. If a complete pressure 
compensation within the green 
part can be achieved, this should 
theoretically lead to a homogeneous 
green density distribution. 

To verify this theory, the use of 
variothermal or dynamic mould 
temperature control was proposed. 
This involves a cyclic heating and 
cooling of the mould during the 
injection moulding process and 
is already used for the production 
of MIM micro parts and MIM 
microstructured parts. A principal 
temperature profile for dynamic 

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


Powder Injection Moulding International     December 201568 © 2015 Inovar Communications Ltd   Vol. 9 No. 4

| contents page | news | events | advertisers’ index | email |PIM at Euro PM2015

mould temperature control in 
comparison to isothermal mould 
temperature control is illustrated in 
Fig. 7, where tZ,iso and tZ, VT indicate 
the cycle times for isothermal 
and dynamic (VT) processing 
respectively.

A one cavity test plate mould, 
having a part geometry of 80 mm x 
20 mm x 2.5 mm, was used for all 
experiments. The test mould was 
modified to enable the use of dynamic 
mould temperature control. The 
modifications allowed the cavity to be 

heated up to the melt temperature of 
the feedstock and to be cooled down 
to demoulding temperature quickly 
within one injection moulding cycle, 
as shown in Fig. 8. The mould frame 
surrounding the cavity stayed at 
demoulding temperature.

An Arburg Allrounder 270S 400 – 
70 was used for all experiments and 
Catamold® 42CrMo4 was used as a 
test feedstock.

As a base line, an isothermal test 
series with a constant temperature of 
130°C was carried out. Further test 
runs were conducted using dynamic 
mould temperature control with 
peak temperatures of 150°C, 160°C 
and 170°C. All tests were carried out 
using varying holding pressures of 
100 bar, 800 bar and 1500 bar. The 
demoulding temperature during the 
dynamic test runs was 130°C. 

The mould cavity was heated up 
to the particular temperature and 
the cavity was filled with the speed 
regulated at a flow rate of 10 cm3/s. At 
the switch-over position, the machine 
regulation changed to pressure 
regulation and the holding pressure 
was applied for 40 secs to ensure the 
pressure compensation inside the 
cavity. At the same time, the mould 
temperature was lowered to the 
demoulding temperature allowing 
freezing of the feedstock under 
pressure. The process parameters 
for the test runs are summarised in 
Tables 1 and 2.

The measurements of green 
density showed an increase of the 
density when changing the holding 
pressure from 100 bar to 800 bar for 
all test series. This correlates well to 
previous studies. A further increase 
to 1500 bar, however, did not result 
in a significant rise in green density, 
as can be seen from Figs. 9 and 10, 
for isothermal and dynamic mould 
heating respectively. At this stage this 
observation cannot be explained and 
is the subject of further investigation. 
Thus, it is not yet possible to predict 
final part quality from the green 
density.

The shrinkage of the sintered 
samples was calculated from the 
comparison of mould dimension 
to sintered part dimension and is 

Fig. 8 Cavity temperature of test mould during dynamic mould heating [2]

Dynamic 
test run

Holding 
pressure 

[bar]

Holding 
time [s]

Mould 
temp. 
[°C] 

injection

Mould 
temp. 
[°C] 

ejection

Nozzle 
temp. 
[°C]

Flow rate 
[cm3/s]

1 100 40 150 130 183 10

2 800 40 150 130 183 10

3 1500 40 150 130 183 10

4 100 40 160 130 183 10

5 800 40 160 130 183 10

6 1500 40 160 130 183 10

7 100 40 170 130 183 10

8 800 40 170 130 183 10

9 1500 40 170 130 183 10

Table 1 Process parameters for dynamic mould heating [2]

Table 2 Process parameters for isothermal mould heating [2]

Isothermal 
test run

Holding 
pressure 

[bar]

Holding 
time [s]

Mould 
temp. 
[°C] 

injection

Mould 
temp. 
[°C] 

ejection

Nozzle 
temp. 
[°C]

Flow 
rate 

[cm3/s]

10 100 40 130 130 183 10

11 800 40 130 130 183 10

12 1500 40 130 130 183 10
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shown in Figs. 11 and 12. As can be 
seen for the test runs using dynamic 
mould heating (Fig.12), the shrinkage 
is reduced with increasing holding 
pressure. This is expected since a 
higher holding pressure leads to a 
closer packing of the particles in the 
green part. With isothermal mould 
heating, the shrinkage is lowered only 
for the near gate position and not for 
the far gate position (Fig.11).

For dynamic mould heating, the 
shrinkage values at the far gate 
position are almost identical to the 

Fig. 9 Green density, isothermal mould heating [2]

Fig. 11 Shrinkage after sintering, isothermal mould 
heating [2] 

Fig. 14 Difference in shrinkage, isothermal mould 
heating [2] 

Fig. 10 Green density, dynamic mould heating [2]

Fig. 12 Shrinkage after sintering, dynamic mould 
heating [2]
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values at the near gate position, as 
can be seen in Fig. 12. On plotting 
the difference in shrinkage between 
the near gate position and far gate 
position, it can be seen that, for 
dynamic mould heating, there is 
only a small deviation from the 
zero line for all investigated mould 
temperatures and holding pressures, 
Fig. 13, whereas, for isothermal 
mould heating, there are larger 
deviations (Fig. 14). 

Overall, it was concluded that 
dynamic mould temperature 

control leads to a more uniform 
shrinkage during MIM processing. 
This enables a wider processing 
window for the production of high 
quality MIM components. It could 
be demonstrated that, in contrast to 
isothermal mould heating, the use of 
dynamic mould heating does not lead 
to different shrinkages or distortions 
when applying higher and /or longer 
holding pressures during moulding 
and, therefore, a tighter dimensional 
control of the MIM component is 
possible.
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Advances in 2-Component 
Metal Injection Moulding

Marco Mulser and Frank Peltzoldt 
(Fraunhofer IFAM, Bremen, 
Germany) assessed the ability of 
Two-Component MIM (2C-MIM) to 
combine materials with contrasting 
properties in a single product, 
through a series of case studies [3].

The first case study related to the 
combination of a magnetic (ferritic) 
and a non-magnetic (austenitic) stain-
less steel. The ferritic 430 (X6Cr17) 
and austenitic 314 (X16CrNi25-20) 
grades were selected as they are 
significantly different in chemical 
composition and therefore a distinct 
inter-diffusion was to be expected at 
the interface. 

Sinter-dilatometry was used to 
match the sintering response of 
the materials. It revealed that the 
ferritic steel began sintering at lower 
temperatures and that its densifica-

tion was much faster compared with 
the austenitic steel. However, it is 
also well known that fine particles 
decrease the sintering to lower 
temperatures and densify faster 
compared to coarse particles due 
the difference in specific surface and 
therefore the sintering response could 
be matched by using a finer particle 
size distribution for the austenitic 
steel than for the ferritic steel.

The developed feedstocks 
were moulded into micro-tensile 
specimens on a twin-barrel injection 
moulding machine, with the first 
feedstock being injected into a certain 
part of cavity that was blocked by a 
core. After the core was retracted, 
the second feedstock was injected. 
Co-sintering was carried out at 
several temperatures ranging from 
1250°C to 1350°C and holding times 
between 0.5 h and 3 h. Micrographs 
of the co-sintered micro tensile 
specimens revealed that the final 
shrinkage in thickness was similar 

(Fig. 15). The interface was well 
connected and free from defects. A 
diffusion layer was visible between 
the materials and revealed a 
hardness increase (>300 HV0.1) due 
to the inter-diffusion of alloying 
elements.

In tensile tests, all specimens 
failed away from the interface. In 
other words, all specimens failed in 
the ferritic stainless steel, so that 
the interface was still intact after 
testing. To demonstrate the success 
of the developed material combina-
tion, a two-component solenoid valve 
sleeve was manufactured using a 
sophisticated mould concept. The 
two-component part is a hollow 
cylinder with constant wall thickness 
of 0.65 mm in the green part. It 
consists of magnetic sectors on both 
ends, which are separated by a non-
magnetic sector in the centre. The 
hollow structure of the cylinder was 
generated by an inner cylindrical 
core. The inner austenitic ring was 

Fig. 15 Micrograph of the interface between austenitic stainless steel (314) and ferritic stainless steel (430) (left) and 
the micro hardness profile at the interface (right) [3]

Fig. 16 Interface region of two-component MIM specimens made by co-sintering of 316L and Ti-6Al-4V [3]
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first injected. The space for the ferritic 
material was blocked by another core. 
Then, the two outer ferritic sectors 
were injected simultaneously from 
a second injection unit. To avoid 
typical joint line problems by open 
jet formation, the core was retracted 
slowly by applying hydraulic counter-
pressure while the second feedstock 
was injected. The project successfully 
demonstrated that the material 
combination of ferritic and austenitic 
stainless steel can be processed by 
2C-MIM.

The next combination assessed 
was 316L stainless steel and 
Ti-6Al-4V. A bi-material part of 
steel and titanium can combine the 
corrosion resistance, low density 
and biocompatibility of titanium with 
a ductile and more cost-effective 
stainless steel substrate. It enables 
the development of cost effictive 
functionally graded parts, for instance 
for medical applications. 

In this combination, one basic 
challenge is the existence of a 
eutectic point in the binary Ti-Fe 
system leading to partial melting in 
the interface region above 1085°C 
and, therefore, the essential 
restriction for processing was a 
rather low allowable co-sintering 
temperature, not exceeding 1080°C.

Monolithic MIM samples were 
produced from each of the feedstock 
materials by injection moulding 
and solvent extraction in hexane 
and stacked on top of each other as 
shown in Fig. 16. Co-sintering was 
performed under argon atmosphere 
of 400 mbar for 2 or 4 hours at 
1080°C in a MIM batch furnace. In 
the first trials, the density was rather 

low with a high porosity in both 
materials as shown in Fig. 16 (left). 
The steel especially revealed very high 
porosity, due to the restrictions in the 
sintering temperature. Moreover, the 
feedstocks utilised revealed major 
differences in sintering shrinkage that 
caused distortion of the MIM parts. 
Nevertheless, the contact zone in the 
interface area seemed quite sound 
and a clear diffusion zone was visible. 
This indicated that, in principle, 
combination of these two metal 
classes was possible.

The first approach to optimising 
this material combination was 
to increase the density. Table 3 
summarises the measured final 
shrinkage and density of selected 
powders and feedstocks and shows 
that the use of finer particles 
improved the density significantly 
for both materials and increased the 
shrinkage accordingly. As a result, 
the mismatch in shrinkage that was 
about 4% for the coarse powders 
was decreased to less than 2% 
with the fine powders. In a second 

approach, the sintering holding time 
was increased from 2 h to 4 h. The 
density therefore increased for both 
materials. In a third approach, the 
feedstock composition was optimised 
by increasing the powder loading in 
the Ti-6Al-4V feedstock from 60 vol% 
to 64 vol%. This approach increased 
the density of Ti-6Al-4V, but also 
decreased the shrinkage, so that the 
mismatch in shrinkage between 316L 
and Ti-6Al-4V was increased slightly. 
Fig. 16 (middle and right) shows the 
interface of the co-sintered interface 
with fine powders. The connection 
shows a crack-free interface and the 
porosity was reduced significantly.

The final material combination 
studied was 316L stainless steel and 
a cobalt chromium alloy. Interest 
in this combination is significant in 
that it offers high hardness and wear 
resistance along with a ductile and 
weldable material.

With cobalt chromium (CoCr) alloys 
and stainless steel 316L, a material 
combination was selected that offers 
comparable sintering conditions. 

Fig. 17 Two-component tensile specimens of 316L and stellite 6 after co-sintering (left), micrograph of the interface 
(middle) and mechanical properties after tensile testing (right) [3]

Table 3 Shrinkage and density of 316L and Ti-6Al-4V feedstocks with different 
powder particle size distributions after co-sintering [3]

1080°C, 2 h 1080°C, 4 h

Shrinkage 
[%] 

Density 
[%]

Shrinkage 
[%]

Density 
[%]

316L (<27 µm) 7.0 85.1 --- ---

316L (<5 µm) 14.0 90.9 14.2 92.4

316L (<4 µm) 14.6 94.7 14.9 94.9

Ti6Al4V (<45 µm) 11.2 86.5 --- ---

Ti6Al4V (<15 µm) 13.0 91.9 13.2 93.7

Ti6Al4V (<15 µm) (64 vol%) 12.1 92.6 12.9 94.4

Yield
stength
[MPa]

472 (±23)

628 (±11)

3.6 (±1.0)

Tensile
stength
[MPa]

Elongation
[%]
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Nevertheless, the sintering shrinkage 
had to be adjusted for the materials. 
Using water-atomised powders 
rather gas-atomised MIM powders 
for 316L (<10 µm) and stellite 6 
(<32µm), both materials showed good 
correspondence in terms of sintering 
response due to their less spherical 
particle shape. The final shrinkage 
was matched by using a lower powder 
loading for the 316L feedstock 
(63.2 vol%) than for the stellite 6 
feedstock (64.8 vol%). 

Two-component tensile specimens 
were moulded, debound and 
co-sintered in a continuous furnace 
at standard MIM processing condi-

tions for stainless steels. Fig. 17 
(left) shows the specimens after 
co-sintering at 1260°C under a 
mixture of nitrogen and hydrogen. 
A representative micrograph of the 
interface region is shown in Fig. 17 
(middle). A crack-free and well-
connected interface was obtained. 
The micrograph also shows grain 
boundaries that were formed 
across the interface between both 
materials during co-sintering. The 
inter-diffusion layer was rather thin 
so that the transition in hardness 
was quite sharp. Tensile tests 
revealed a yield strength of 472 
MPa and ultimate tensile strength 

of about 628 MPa, these values 
being comparable with the strength 
of 316L. However, the elongation 
at fracture of 3.6% was rather low 
compared with stainless steel. In 
this case, all specimens broke at the 
interface.

This study showed that a 
conventional stainless steel can be 
connected to other materials that 
possess higher hardness and wear 
resistance by 2C-MIM. The results 
achieved could be transferred to 
other CoCr alloys, which provide 
not only the possibility to improve 
the hardness and wear resistance 
but also provide properties such 
as biocompatibility and excellent 
corrosion resistance.

The authors summarised the 
results from all of these studies by 
providing guidelines for material 
selection and feedstock development 
to ensure effective compatibility 
in 2C-MIM. The identified criteria 
involve chemical compatibility for 
metallurgical bonding, the same 
sintering mechanism for both 
materials, similar sintering shrink-
ages, compatible sintering condi-
tions for co-sintering, a sufficient 
green strength and similar thermal 
expansions.

All of the case studies discussed 
showed that sinter-dilatometry is a 
useful tool for the characterisation 
of the sintering response and for the 
development of potential feedstock 
combinations for 2C-MIM. The 
results achieved with the material 
combinations in this paper showed 
that, to compensate the shrinkage 
of powders with different sintering 
characteristics, several options 
can be accessed. For instance, 
the particle size and the particle 
shape can be an option to control 
and adjust the sintering response 
of two powders. Furthermore, it 
was shown that the inter-diffusion 
of alloying elements can increase 
the strength of the interface. This 
inter-diffusion can be stimulated 
by using high-alloyed steels. It was 
also shown that increasing the solids 
loading of feedstocks is an option to 
simultaneously increase density and 
decrease shrinkage.

Fig. 18 Schematic of the new demonstrator design consisting of both bulky 
cylinder and thin membrane sections. Outer diameter in green state was 
4.8 mm, whereas the membrane thickness can be varied in a range from 
600 µm to less than 200 µm. The sketch also shows the function of the two 
pistons mounted in ejector and die sides. By moving up and down, the volume 
of the cavity can be varied and, after the injection step, the feedstock can be 
compacted further [4]

Fig. 19 Evaluated variants of the runner systems characterised by 2 or 4 
channels, respectively. Square areas of the gates 2 x 0.8 x 0.5mm2 (left) and 4 x 
0.4 x 0.5mm2 (right) [4]
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Accuracy examinations 
in powder injection 
compression moulding

The final contribution in the 
processing advances category came 
from Volker Piotter, Alexander Klein, 
Tobias Mueller and Klaus Plewa 
(Karlsruhe Institute of Technology, 
Germany) and reported on accuracy 
examinations in powder injection 
compression moulding [4].

It is well-known that PIM delivers 
distinctive advantages in large-scale 
manufacturing of metal and ceramic 
products. However, there are 
certain drawbacks, which limit its 
application. One of these restric-
tions concerns the dimensional 
accuracy of the final sintered parts, 
which is often not suitable for high 
value-added products and therefore 
costly re-working procedures have 
to be added. The main scientific 
reason for this lies in poor control 
of sintering procedure, i.e. the 
debound parts undergo densification 
and shrinkage without dimensional 
constraints. Therefore, density 
gradients, internal stresses and 
other inhomogeneities might cause 
significant dimensional deviations or 
even distortions. The usual response 
is to obey certain lay-out rules when 
designing the part geometry. One of 
these guidelines states that varia-
tions of the wall thickness should be 
kept to a minimum. Unfortunately, 
many applications impede adher-
ence to this rule. To make things 
worse, in many cases the most 
filigree sections are the functional 
ones determining the applicability of 
the entire product. 

In view of this, examination of 
parameters affecting accuracy, in 
the case of parts with significant 
wall thickness differences, was 
carried out. A new demonstrator 
design was created for the purpose, 
characterised by a relatively 
voluminous cylindrical ring with a 
thin membrane as quasi sounding 
board on top (Fig. 18). The task was 
to fabricate these membranes to be 
as thin as possible and to investigate 
the square sections and reproduc-
ibility of thickness profiles.

A twin-piston tool was used and, 
for these experiments, the pistons 
enabled a subsequent compression of 
the feedstock in the membrane cavity, 
thus enabling a defined adjustment 
of the membrane thickness. The 
volume of the demonstrator itself was 
0.065 cm3 whereas the entire moulded 
part had a volume of ca. 1.6 cm3. 
Additionally, an extension factor of 
1.167 had to be taken into account to 
compensate the sintering shrinkage. 
The annular cylinder was equipped 
with auxiliary features to facilitate 
mounting in test modules later. The 
melt temperature was set to 165°C 
and tool temperature to 60°C.

The next task was to determine 
the best suitable design of the runner 
system and to identify likely critical 
flow conditions. For both purposes, 
simulations were carried out using 
the software programme Autodesk 
Moldflow. In order to fill the cavity 
as symmetrically as possible, two 
different lay-outs of the runner 
system had to be considered (see 
Fig. 19). The square cut area added 
together was the same for both 
variants. For the 4-point runner 
system, this meant that surface and 
wall effects played a disproportionally 
larger role compared to the 2-point 
design. Usually, such an arrangement 
leads to higher shear stresses, but 
the simulation results showed that 
shear rates would be in an acceptable 
range. Therefore, due to the less 
significant generation of welding 
lines, the 4-point design was finally 
chosen for the tool.

A 17-4 PH stainless steel 
feedstock, with a powder loading 
of 63 vol%, was used and injection 
moulding was carried out on an 
Arburg Allrounder 420C equipped 
with a 15mm PIM injection unit. 
Unsurprisingly, complete filling of the 
membrane by a simple (unaltered) 
injection of the feedstock was limited. 
Several trials, including parameter 
variation, showed that thicknesses 
down to approximately 400 µm were 
feasible. In the case of smaller gaps, 
however, filling became incomplete.

For further reduction of the 
membrane thickness the pistons had 
to come into action so a modified 
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process control was executed by: 

• pulling back the pistons to open 
a relatively wide membrane 
cavity 

• injecting the feedstock into this 
cavity 

• pushing the pistons forward 
until the final membrane 
thickness had been reached 

The green bodies produced by 
this novel method were debound 
and sintered using typical MicroPIM 
parameter sets, i.e. no special 
adaption for the particular sample 
design was necessary. In contrast to 
the pure injection moulding process, 
the smallest membrane thicknesses 
reached were now in the range of 
200 µm after sintering. The related 
variances were approximately ±0.4%. 
Further trials to achieve even thinner 
membranes showed that values 
down to 150 µm are feasible.

However, achievement of 
minimum membrane thickness 
was not the only objective of these 
investigations. In order to transfer 
the results to other geometries, it 
appeared to be of high importance 
to determine the most relevant 
parameters. Therefore, a DoE 
(design of experiment) approach 
was carried out, covering the most 
relevant parameters; namely the 
embossing strength (equates to 
compressing force), the gap width 
(i.e. the distance between die and 

ejector pistons before embossing) 
and the delay time (i.e. the duration 
from end of injection to beginning of 
compression). 

It was ascertained that the 
best and most reproducible 
membrane qualities were achieved 
if the highest compression forces 
(embossing strengths) were used 
and if the cavity had been opened 
as wide as possible before injection 
(gap width). These interdependen-
cies verified that the considerations, 
which had led to the injection/
embossing process control, were in 
principle correct.

In contrast to the other param-
eters, the embossing delay time 
showed no significant influence. 
A meaningful explanation might 
be that the compression of the 
feedstock took place in the interior 
sections of the green body, which 
are much less affected by cooling 
than the sections near to the 
surface, i.e. near to the relatively 
cool piston heads. Many parameters 
may be relevant to this particular 
aspect of process control and 
the experiments to evaluate the 
influence of particular parameters 
and the interdependencies between 
them are being continued by the 
KIT group. Other parameters to be 
examined will be powder loading, 
powder composition (multi-modal 
mixtures), densities and microstruc-
tures.

Author

Dr David Whittaker
231 Coalway Road
Wolverhampton
WV3 7NG, UK
Tel: 01902 338498
Email: whittakerd4@gmail.com

References

[1] Feedstock Properties in Ceramic 
Injection Moulding Design, KH Kate, 
M Winseck, R Enneti, SJ Park, RM 
German, SV Atre, as presented at the 
Euro PM2015 Congress & Exhibition, 
Reims, France, 4-7 October 2015.

[2] Influence of Mould Temperature 
on the Part Quality during MIM 
Processing, M Maetzig, H Walcher, 
as presented at the Euro PM2015 
Congress & Exhibition, Reims, 
France, 4-7 October 2015.

[3] Combining Different or Even 
Contrasting Material Properties using 
Two-Component Metal Injection 
Moulding, M Mulser, F Petzoldt, 
as presented at the Euro PM2015 
Congress & Exhibition, Reims, 
France, 4-7 October 2015.

[4] Accuracy Examinations in Powder 
Injection Compression Moulding,  
V Piotter, AKlein, T Mueller, K Plewa, 
as presented at the Euro PM2015 
Congress & Exhibition, Reims, 
France, 4-7 October 2015.

Inovar Communications Ltd

Sign-up for our metal 
Additive Manufacturing 
e-newsletter 

Download the latest 
issue of the magazine

www.metal-am.com

椀渀 琀栀椀猀 椀猀猀甀攀

倀甀戀氀椀猀栀攀搀 戀礀 䤀渀漀瘀愀爀 䌀漀洀洀甀渀椀挀愀琀椀漀渀猀 䰀琀搀

䴀吀唀 䄀䔀刀伀匀倀䄀䌀䔀 䐀䔀嘀䔀䰀伀倀䴀䔀一吀匀 

䌀伀一䘀䔀刀䔀一䌀䔀 刀䔀倀伀刀吀㨀 䄀䴀倀䴀㈀　㔀

䄀䐀䐀䤀吀䤀嘀䔀 䤀一䐀唀匀吀刀䤀䔀匀 ⼀ 䄀䐀䐀䰀䄀䈀

眀眀眀⸀洀攀琀愀氀ⴀ愀洀⸀挀漀洀

吀䠀䔀 䴀䄀䜀䄀娀䤀一䔀 䘀伀刀 吀䠀䔀 䴀䔀吀䄀䰀 䄀䐀䐀䤀吀䤀嘀䔀 䴀䄀一唀䘀䄀䌀吀唀刀䤀一䜀 䤀一䐀唀匀吀刀夀

嘀漀
氀⸀ 

 一
漀⸀

 ㈀
 匀唀

䴀
䴀

䔀刀
 ㈀

　
㔀

mailto:nick%40inovar-communications.com?subject=
http://www.metal-am.com


December 2015    Powder Injection Moulding International 75Vol. 9 No. 4  © 2015 Inovar Communications Ltd

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

Fig. 1 Prototype of spinal implant cages with dense core and porous surface 
manufactured by MIM [1]

PM Titanium 2015, the third in the 
international series of conferences 
on Powder Processing, Consolidation 
and Metallurgy of Titanium, was 
held in Lüneburg, Germany, from 
31 August to 3 September 2015. 
The conference attracted an attend-
ance of over 130 delegates from 
27 countries. Encouragingly, for an 
area of technology where, to date, 
the high level of R&D activity has 
not yet been matched by significant 
market penetration, several delegates 
from potential end-users were 
present, representing the aerospace, 
biomedical and consumer products 
sectors. Within the ten technical 
session programme, two sessions 
were devoted specifically to the MIM 
of titanium and relevant papers also 
appeared in other sessions.

As well as discussing the MIM 
processing of titanium, the technical 
programme also included a number 
of focussed sessions on Additive 
Manufacturing and conventional 
Powder Metallurgy. Articles 

discussing presentations from these 
sessions can be found in our sister 
publications Metal Additive Manufac-
turing (Vol 1 No 3, Autumn/Fall 2015), 
and Powder Metallurgy Review (Vol 4 
No 4, Winter 2015). Both publications 
are available to download free of 
charge from their respective websites.

Net-shape porous titanium 
medical implants by MIM

Martin Bram (Forschungs Zentrum 
Juelich GmbH, Germany), on 
behalf of co-authors Alexander 
Laptev (Donbass State Engineering 
Academy, Ukraine) and Ana Paula 

MIM developments at PM Titanium 2015

PM Titanium 2015: 
Developments in the Metal 
Injection Moulding of titanium

Following the two previous conferences in the series held in Australia 
and New Zealand, PM Titanium 2015, the 3rd Conference on the Powder 
Processing, Consolidation and Metallurgy of Titanium, moved to the Northern 
Hemisphere for the first time this year. From the 31st of August to the 3rd of 
September the historic German city of Lüneburg played host to more than 
130 delegates from around the world. As Dr David Whittaker reports for PIM 
International, researchers are continuing to advance the capabilities and 
sophistication of the Metal Injection Moulding of titanium.     

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


Powder Injection Moulding International     December 201576 © 2015 Inovar Communications Ltd   Vol. 9 No. 4

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

Cysne Barbosa and Natalia Daudt 
(Universidada Federal do Rio Grande 
do Norte, Brazil), provided a review of 
the powder metallurgical production 
of net-shaped titanium medical 
implants, with particular reference to 
the production of highly porous bone 
implants 

A porous surface of an implant and 
an interconnected network of internal 
pores are useful in two contexts. 
Firstly, they provide implants with 
a natural fixation in the body due to 
soft tissue and bone in-growth and, 
possibly, the formation of a blood 
vessel network inside the porous 
structure. Secondly, bulk porosity 
reduces the Young’s modulus of the 
implant material to a similar level to 
that of a contacting bone, reducing 
the risk of the stress shielding effect, 
which can lead to the bone resorption 
followed by implant loosening.

An attractive route for the manu-
facture of these porous implants is 
through the use of temporary space 
holder particles in the powder mix, 
which can be removed before or 
during sintering by decomposition 
or dissolution. The main challenges 
during the manufacture of porous 
titanium implants are to ensure a 
combination of net-shape forming of 
implants with open surface porosity, 

an interconnected network of pores 
and acceptably low interstitial 
contents (mainly oxygen, nitrogen 
and carbon). 

In the presented paper, several 
PM routes for net-shape fabrication 
of titanium implants were discussed.
The most basic route involves the 
machining of product shapes, in the 
sintered or green state, from pre-
forms, formed by either die pressing 
or cold isostatic pressing. 

However, there are limitations to 
these approaches. Pre-forming by 
die pressing necessitates the use 
of HDH powders, for green strength 
reasons, and such powders generally 
have high starting oxygen content 
and consequent high oxygen content 
in the as-sintered state (see Table 1). 
When machining in the sintered 
state, the interrupted cut involved in 
machining a porous material leads to 
high cutting tool wear and short tool 
lives and smearing of material over 
pores may lead to unwanted pore 
closure. Machining in the green state 
requires a relatively high strength in 
the brittle powder compact to enable 
clamping and machining without 
fracture. The green strength can be 
increased by the addition of a binder 
in the titanium powder/space holder 
mixture. However, this results in 

an additional contamination of the 
implant material.

Metal Injection Moulding has now 
emerged as an attractive processing 
route that obviates the above 
problems. In the manufacture of 
porous implants, the MIM feedstock 
includes titanium and space holder 
powders blended with wax and 
a polymer based binder. Sodium 
chloride or potassium chloride salts 
are usually applied as space holder 
material, due to their stability at 
MIM temperatures and pressures. 
After injection, the green implant is 
debound, desalinated and sintered. 
The oxygen content remains lower 
than values prescribed in ASTM 
standard for surgical implants. 
Recently, Cysne Barbosa, Bram et al 
have successfully applied the space 
holder method and MIM technology 
for the net-shape manufacture 
of geometrically complex spinal 
implants with a dense core and a 
porous surface. The spinal implant 
(cage) obtained is shown in Fig. 1.

Currently, a major limitation in the 
Metal Injection Moulding of titanium 
powder/space holder mixtures is 
shape distortion if the space holder 
content exceeds 55%. Recent process 
variants have, however, emerged 
that promise some alleviation of this 
limitation. Surface plasma treatment 
of a green sample has been found to 
be a prospective solution to increase 
the shape stability and the overall 
and open porosity. Another approach 
to promoting shape stability is the 
vacuum pre-sintering of the titanium 
preform at 750°C without previous 
desalination, i.e. the part still 
contains the salt based space holder. 
The physical reason for the increased 
stability is that the sintering of the 
titanium powder begins at tempera-
tures around 750°C, before intensive 
salt sublimation in vacuum. The 
subsequent increase of temperature 
to 1200°C during final sintering leads 
to the strengthening of the titanium 
network and to the full removal of 
space holder material. Samples with 
porosity of around 62% have been 
successfully manufactured, when 
potassium chloride space holder 
removal by desalination was replaced 

MIM developments at PM Titanium 2015

Powder / Manufacturing process Oxygen Nitrogen Carbon Ref.

HDH powder 0.355 0.030 0.016 [*]

Argon atomised powder 0.18 0.001 0.01 [**]

Cold die pressing, sintering 0.465 0.047 0.059 [*]

Metal Injection Moulding, sintering 0.343 0.027 0.044 [**]

ASTM F 67 Grade 1 0.18 0.03 0.08 [***]

ASTM F 67 Grade 2 0.25 0.03 0.08 [***]

ASTM F 67 Grade 3 0.35 0.05 0.08 [***]

ASTM F 67 Grade 4 0.40 0.05 0.08 [***]

[*] A. Laptev, M. Bram, H.P. Buchkremer, D. Stöver, Study of production route for titanium 
parts combining very high porosity and complex shape, Powder Metall. 47 (2004) 85-92.
[**] N.F. Daudt, M. Bram, A.P. Cysne Barbosa, C. Alves Jr., Surface modification of porous 
titanium by plasma treatment, Mater. Lett, 141 (2015) 194-197.
[***] ASTM F67-13, Standard specification for unalloyed titanium, for surgical implant 
applications (UNS R50250, UNS R50400, UNS R50550, UNS R50700), ASTM International, 
West Conshohocken, PA, 2013 

Table 1 Typical interstitial element contents in titanium powders and parts in 
comparison with ASTM standard specifications [1] 

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


December 2015    Powder Injection Moulding International 77Vol. 9 No. 4  © 2015 Inovar Communications Ltd

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

by vacuum sublimation. This level of 
porosity is within the range recom-
mended in the literature for spinal 
implants.

Where higher levels of porosity 
are required, the authors then 
referred to two further forming 
technologies, which could find future 
application. The Replication tech-
nique involves the use of a polymeric 
precursor sponge (e.g. polyurethane 
foam) as a template. This template is 
infiltrated with a water-based slurry 
containing a fine grained titanium 
powder. The slurry excess is removed 
by a roller under pressure to ensure 
a well-distributed coating on the 
struts. After drying, the polymeric 
sponge is thermally decomposed 
and subsequent sintering results 
in a cellular metallic structure with 
hollow ligaments. Net-shaping of 
such materials is usually achieved 
by machining of the sintered foam. 

Porosity in the range of 80-95% and 
pore size between 100 and 300 µm 
have been reported. This process 
has allowed production of porous 
titanium with the lowest density 
reported in the literature to date.

The building of parts by powder-
bed Additive Manufacturing methods 
can achieve porosity levels above 
90% and pore sizes in the range 
from 500 µm up to several mm 
can be readily achieved. Arcam 
AB has developed the technology 
and machines for production of 
patient-specific implants using data 
derived from computer tomography. 
The data are used to create an exact 
CAD model of the desired implant. 
This model is then realised by the 
EBM machine to build the actual 
part. Both solid and porous parts of 
the implants can be manufactured in 
one processing step. The use of CP 
titanium Grade 2 with particle size 

of 45-100 µm is recommended. The 
resulting mechanical properties are 
in the range of wrought annealed 
titanium and exceed the properties of 
a titanium casting.

The presentation concluded 
with some comments on the 
typical interstitial element contents 
in starting titanium powders of 
various types and in final parts, 
made by either die pressing or MIM 
(Table 1). Generally, for PM titanium, 
interstitial content higher than in 
Grade 3 in the ASTM F67 specifica-
tions is regarded as unacceptable. 
Clearly, the high oxygen content 
in a starting HDH powder used for 
cold die pressing does not allow the 
production of titanium Grade 3. If a 
chemically pure atomised powder is 
used for MIM, the manufacturing of 
a relatively ductile titanium Grade 3 
becomes possible.

MIM developments at PM Titanium 2015

Fig. 2 Double logarithmic plot of viscosity vs. shear rate [2]
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The development of an 
environmentally friendly 
binder system for Ti

Green issues come more and more 
to the fore and a paper, presented 
by Peng Cao (University of Auckland, 
New Zealand) and co-authored by 
Muhammad Dilawer Hayat (also 
University of Auckland), focussed on 
the development of an environmen-
tally friendly binder system, based 

on polyethylene glycol (PEG) and 
polymethyl methacrylate (PMMA), for 
the MIM of titanium.

PEG is the most commonly used 
water soluble binder component 
because of its non-toxicity, solubility 
in water at low temperatures and 
commercial availability. The physical 
properties of PEG are very similar to 
wax; it can be in the form of liquid or 
solid at room temperature depending 
upon its molecular weight. PMMA 
is often employed as the backbone 

polymer in PEG based binder systems 
because of excellent compatibility. 
Moreover, PMMA is a clean polymer 
and leaves little residue upon 
decomposition. This is important 
when processing reactive metals such 
as titanium by MIM.

The first objective of the reported 
work was to establish a relationship 
between PEG molecular weight, 
rheological properties and debinding 
behaviour of feedstocks. To study 
the effect of PEG molecular weight, 
four different molecular weights 
(1500, 4000, 10,000 and 20,000) were 
selected for feedstock formulation 
(designated as Feedstocks A, B, C and 
D respectively), while other param-
eters such as contents of backbone 
polymer and surfactant, powder 
loading etc, were kept constant.

It can be seen from Fig. 2 that as 
PEG molecular weight increases, 
feedstocks show more consistent 
shear rate dependency. The flowability 
of feedstocks is dependent on the 
bonding between metal powder and 
polymeric binder. Increasing PEG 
molecular weight would increase 
the interaction between powder and 
polymeric binder, as a result of the 
increased number of hydrogen bonds 
on the longer PEG molecule chains. 
This enhanced interaction gives rise 
to increased adhesion of binder onto 
the metal powders, which, in turn, 
results in better flowability. 

MIM developments at PM Titanium 2015

Fig. 3 PEG removal rate in feedstocks. The water bath temperature was 50°C. 
Samples made of Feedstock D experienced severe swelling and cracking within 
30 min of debinding [2]

Fig. 4 Double logarithmic plot of viscosity vs. shear rate of different feedstocks at 120°C (left). Green strength 
comparison of two feedstocks (right) [2]
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Fig. 5 Reduction of PEG crystallisation temperature with increasing PVP 
content [2]

Unfortunately, the potential 
benefit of higher molecular weight 
on rheology is compromised by the 
poor water debinding performance. 
The increase in molecular weight 
decreases the mobility of the 
PEG chains in water (solubility), 
because chain lengthening also 
increases the adhesion with metal 
powders. As water penetrates 
into the samples, the dissolution 
of higher molecular weight PEG 
molecules is slower than the speed 
of water penetration and, therefore, 
the sample volume expands. 
Such swelling ultimately leads to 
cracking. In other words, there 
would be an upper limit of the PEG 
molecular weight that can be used 
in feedstocks formulations (see 
Fig. 3).

Surprisingly, the difference in 
removal rate between Feedstock 
B and C is not significant, given 
the viscosity difference, and 
implies that PEG-10000 molecules 
have sufficient mobility for easy 
extraction. Based on the rheological 
properties and water debinding 
analysis, PEG-10000 seems to 
be the optimum choice. Although 
higher molecular weight PEG may 
increase the overall viscosity, the 
overall improvements in feedstock 
properties outweigh this one 
drawback.

Surfactants are generally 
included in binder systems to 
enhance the interaction between 
metal powders and the binder 
components by improving 
properties such as surface wetting, 
spreading, adsorption and binder 
strengthening. The most commonly 
used surfactant, to date, in Ti-MIM 
has been stearic acid (SA).

A series of experiments was 
reported that has shown that a 
lower viscosity of feedstock and a 
higher green strength of injection 
moulded samples can be achieved 
using a liquid surfactant, Fig. 4. 
An approximately 10% increase in 
flexural strength can be achieved 
using castor oil as surfactant 
and, therefore, the resultant 
improvement in quality becomes 
quite significant.

Although the PEG/PMMA based 
binder system has a great potential 
due to its clean nature, it is not 
without potential problems in that it 
can be susceptible to void formation 
during feedstock formulation. 
However, this problem can be 
averted by using a crystallisation 
inhibitor such as polyvinylpyrrolidone 
(PVP). The reported results (Fig. 5) 
have revealed that PVP incorporation 
into the PEG/PMMA binder system 
improves the quality of MIM 
products without compromising 
the environment-friendly nature 
of the binder mixture. As shown in 
Fig. 5, the heat absorption of PEG 
decreases as the PVP content is 
increased. The lowest PEG melting 

energy is observed when the PVP 
content is 32 wt/wt% of PEG. The 
benefits of PVP inclusion into the 
PEG/PMMA binder system are not 
limited to void formation alone; 
it also improves the rheological 
properties of feedstock containing 
lower molecular weight PEG.

The paper also emphasised the 
crucial importance of the solvent 
debinding in controlling final impurity 
contents. The increase in the 
levels of impurity, due to improper 
water debinding, for a typical 67 
vol.% Ti injection moulded part 
containing 1.3 g of PEG is estimated 
in Table 2. It should be noted that 
these calculations are based on 
assumptions that impurity is picked 

Table 2 Increase in impurity contents due to an improper first stage of 
debinding (solvent debinding) [2]

PEG [wt%] 
removed 
after water 
debinding

Initial Impurity 
contents [wt%] 
(GA-Powder)

Approx. increase in impurity 
contents after thermal debinding 

(considering PEG thermal 
decomposition after 400°C only) 

[wt%]

Carbon Oxygen Carbon Oxygen

0

~0.003 ~0.13

~0.186 (6100%) ~0.253 (94%)

50 ~0.0949 (3000%) ~0.1916 (47%)

75 ~0.048 (1500%) ~0.1608 (23%)

90 ~0.0159 (430%) ~0.140 (8%)

Crystallization energies

Heat absorption
0

PVP, 10wt% of PEG
PVP, 30wt% of PEG
PVP, 32wt% of PEG
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Sample Ms [°C] Mp [°C] Mf [°C] As [°C] Ap [°C] Af [°C]

Starting TiNi rod 1.2 -33.3 -77.9 -34.2 -5.1 18.5

Table 3 Transformation temperatures of the TiNi rod as measured by DSC [3]

Fig. 7  Thermal debinding and sintering cycle for MIM TiNi samples

Fig. 6 TiNi rod and related DSC curve showing martensitic transformation [3]

Table 4 Interstitial contents of base powder and MIM specimen [3]

Sample O [wt%] N [wt%] C [wt%]

TiNi powder 0.123±0.012 0.007±0.007 0.086±0.001

MIM TiNi 0.120±0.005 0.004±0.001 0.125±0.002

ASTM F2063 0.05 0.05

Advances in the MIM of TiNi 
superelastic shape memory 
alloys

Finally, the Metal Injection Moulding 
of parts from TiNi superelastic 
shape memory alloys was addressed 
in a paper presented by Efrain 
Carreno-Morelli (University of 
Applied Sciences and Arts Western 
Switzerland) and co-authored by 
J-E Bidaux, A Arnhed, H Giraud, 
M Rodriguez-Arbaizar and L Reynard 
(also University of Applied Sciences 
and Arts) and J Chevallier, F Aeby 
and J-C Giachetto (Dentsply 
Maillefer, Switzerland).

The unique properties of 
TiNi alloys (shape-memory and 
superelasticity) are used in a variety 
of application sectors, such as 
aerospace, biomedical, robotics, 
automotive, etc. Currently, TiNi 
products and components are mainly 
produced by the ingot metallurgy 
route, i.e. typically melt casting, 
hot and cold working, thermal 
treatment and machining. However, 
machining of TiNi is difficult and is 
associated with extensive tool wear 
and cold working is accompanied 
by high strain hardening, leading 
to expensive intermediate thermal 
treatments. 

MIM is currently being inves-
tigated as an alternative for the 
fabrication of TiNi components, 
because it allows net-shape, large 
series manufacture of components. 
Among the main challenges in MIM 
of TiNi are poor sintering activity and 
the high reactivity of TiNi powder 
with oxygen and carbon. Even though 
the impurity content of MIM TiNi 
parts does not meet the require-
ments of the ASTM F2063 standard, 
ductile behaviour could, however, 
be obtained when starting from 
particularly high purity powder. 

In the reported study, fine 
pre-alloyed powders were used in 
order to achieve as high a density as 
possible, with the goal of obtaining 
reliable mechanical properties in the 
as-sintered condition (i.e. without 
any additional operations, such as 
solution or ageing treatments). A hot 
rolled TiNi SE 508 alloy rod (nominal 
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up only after 400°C and that the 
sintering furnace will yield zero 
increment in impurity contents. 
However, in reality, this is not 
the case. The carbon and oxygen 
pick-up may be far higher than 
stated in Table 2. Therefore, the 

authors recommended that, in the 
case of titanium, more than 90 wt% 
of primary binder component 
should be removed during solvent 
debinding in order to keep the 
impurity content under control.
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Spectrum C [at%] Ti [at%] Ni [at%] Phase

Spectrum 1 - 66.4 33.6 Ti4Ni2Ox

Spectrum 2 32.2 45.9 21.9 TiC

Spectrum 3 - 48.8 51.2 TiNi

Spectrum 4 - 49.2 50.8 TiNi

Spectrum 5 - 49.1 50.9 TiNi

Fig. 9 X-ray diffraction patterns of MIM TiNi and starting TiNi powder [3]

Table 5 Local compositions as measured by EDX

In
te

ns
ity

 (a
.u

)

2θ (°)

TiNi
Ni4Ti3

25 30 35 40 45 50

powder

MIM part

55 60 65 70 75 80 85 90 95

composition 50.8 at%) was melted 
and gas atomised by the Nanoval 
process. The relevant transformation 
temperatures of the starting rod 
material were measured by differen-
tial scanning calorimetry (DSC). The 
measured Ms, Mf, As and Af tempera-
tures are shown in Fig. 6 and Table 3. 
The Af temperature was 18.5°C, 
which is below room temperature, as 
expected for a nominally superelastic 
material.

The powder was sieved and 
the fraction below 20 µm only was 
used. The powder was mixed with a 
multi-component polymer binder, 
composed of 55wt% paraffin wax, 
35wt% low density polyethylene and 
10wt% stearic acid. After mixing 
and granulation of the feedstock, 
tensile test specimens were injection 
moulded. Solvent debinding was 
carried out in heptane for 24 hours 
at 50°C and then the parts were 
thermally debound and sintered in 
a combined thermal cycle as shown 

1mm

10µm

20µm

7µm

Fig. 8 SEM observation of MIM TiNi at increasing magnification from (a) to (d) [3]

a b

c d
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in Fig. 7. The density of the sintered 
parts was 6.23 g/cm3 (approximately 
96.6% of the theoretical density).

The interstitial contents in 
both the base powder and the 
sintered MIM parts are shown in 
Table 4 and compared to the ASTM 
F2063 standard for wrought TiNi 
for medical devices and surgical 
implants. Carbon and oxygen are 
the most significant impurities in 
both the TiNi powder and sintered 
specimens (Table 4). Whereas the 
carbon uptake during processing can 
easily be explained by reactions with 
the organic binder or an incomplete 
debinding, the negligible oxygen 
uptake is unexpected and new 
measurements are in progress to 
confirm these data.

The impurity content of the 
MIM TiNi does not meet the ASTM 
standard. However, this was already 
the case for the base powder. SEM 
observations indicate that the 
samples consist of a TiNi matrix with 
small Ti4Ni2Ox and TiC inclusions 
(Fig. 8 and Table 5). DSC data and 
X-ray diffraction observations (Fig. 9) 
also suggest the presence of Ni4Ti3 
precipitates. The specimens exhibit a 
fully superelastic behaviour at room 
temperature with a well-defined 
plateau and full recoverability even 
for strains of up to 4%, without the 
need for additional thermal post-
treatments (Fig. 10). Ultimate tensile 
strengths of up to 980 MPa have 
been achieved. 

Conference proceedings

For anyone seeking greater detail on 
these reviewed papers or access to 
the wider range of papers, relevant 

Fig. 10 Tensile test behaviour of MIM TiNi [3]
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to the Metal Injection Moulding of 
titanium and titanium alloys, the full 
proceedings of the conference will 
be available around the beginning 
of 2016. Those with an interest in 
obtaining a copy of the proceed-
ings can register their interest by 
e-mailing Thomas Ebel at thomas.
ebel@hzg.de 
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