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Cover image  
A MIM aerospace engine ferrule 
made for Rolls-Royce by Advanced 
Forming Technology  
(Courtesy MPIF) 

Future directions for 
MIM to be highlighted in 
Beijing
In 2018 the Powder Metallurgy World Congress series returns 
to Asia for the first time since Yokohama, Japan, in 2012. World 
PM2018 will take place in Beijing, China, from September 16-20 
and promises to be an essential event for those in the MIM 
community, as well as those involved in the broader field of PM.
 
In Yokohama, the excellent Special Interest Seminar on Metal 
Injection Moulding revealed for the first time the true extent of 
MIM’s growth in China and the exceptional production volumes 
that were being achieved for MIM components such as those 
used in Apple’s lightning connector.
 
Six years on, Asia’s MIM industry is still growing, with numerous 
MIM components to be found in a diverse range of 3C products, 
from smartphones and smartwatches to laptops. As reported 
in previous issues of PIM International, there are also ongoing 
efforts to encourage the adoption of MIM for larger applications 
such as smartphone frames.
 
There is, however, always uncertainty when it comes to the 3C 
industry, with new product designs introduced on a frequent 
basis. With each new design, the latest innovations threaten 
existing MIM applications, be they components for buttons 
eliminated through pressure sensitive screens, or connectors 
that may be made redundant through wireless charging. 
 
What is certain is that with PM2018 set for the capital of the 
world’s largest MIM producing nation, industry leaders will be 
present to discuss the future of the technology both in Asia 
and worldwide. An impressive MIM Special Interest Seminar 
programme has already been assembled - we look forward to 
seeing you there.

Nick Williams,
Managing Director & Editor 

• At	RYER,	all	our	feedstocks	are	manufactured	to	the	highest	level	of	quality,
with	excellent	batch-to-batch	repeatability.

• RYER	is	the	ONLY	commercially	available	feedstock	manufacturer	to	offer
all	five	debind	methods.

• RYER	offers	the	largest	material	selections	of	any	commercially	available
feedstock	manufacturer.

• RYER	offers	technical	support	for	feedstock	selection,	injection	molding,
debinding	and	sintering.

• Water	Debind

• Custom	scale-up	factors
available

• Large	selection	of	available
materials

• A	direct	replacement	for	all
current	commercially	available
catalytic	debind	feedstocks

• Improved	flow

• Stronger	green	and	brown
parts

• More	materials	available

• Better	surface	finish

• Custom	scale-up	factors
available

• Faster	cycle	times

• 65°C	/	150°F	mold
temperature

CataMIM®

• Solvent,	Super	Critical	Fluid
Extraction	(SFE)	or	Thermal
Debind	methods

• Hundreds	of	materials
available

• Custom	scale-up	factors
available

SolvMIM®

AquaMIM®

CataMIM® the next 
generation of 
MIM/PIM Feedstocks

RYER,	Inc.
42625	Rio	Nedo	Unit	B 
Temecula,	CA	92590 
USA
Tel:	+1	951	296	2203

www.ryerinc.com
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Elnik Systems has been leading the fi eld of Batch MIM furnaces 
and Debinding ovens since entry in the mid 1990’s. Our innovation 
keeps us at the cutting edge with products that work due to 
extensive in house testing. We also service our equipment with 
a well-trained and energetic service team. This dedication and 
excellence in customer service allows Elnik to be the only partner 
you will ever need for the MIM manufacturing process.  
Trust Elnik to be the guide on your way up.
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 The aerospace industry has long been recognised 

as an important potential market for MIM. Dr David 
Whittaker reports on a Special Interest Seminar 
held at the Euro PM2017 Congress that sought to 
highlight some of the opportunities and challenges 
offered by this market from the perspective of 
aerospace OEMs and a MIM parts producer.  

61 PMTi 2017 Xi’an: Titanium MIM comes 
of age as Additive Manufacturing drives 
awareness

 MIM is a leading topic within the PM Titanium 
conference series and, as Dr Thomas Ebel reports, 
it is a technology that is not only maturing in its 
ability to reach the necessary material properties, 
but also in regard to the commercial availability of 
powders and feedstocks.   

75 Isotropic NdFeB hard magnets: MIM 
production using recycled powders with 
and without Nd additions

 Global demand for high performance net-shape 
NdFeB hard magnets is growing at a rapid pace - 
thanks, in part, to the move towards electrification 
in vehicles. Carlo Burkhardt and colleagues from 
the EU’s REProMag project report on an initial 
evaluation of the MIM processing for this material 
and highlight areas for future development. 

 

83 Optimising Metal Injection Moulding feedstock 
properties using capillary rheometry 

  Critical to the success of the MIM process is an under-
standing of the rheological properties of the binder and 
metal powder feedstock used. Malvern Panalytical’s Dr 
John Duffy outlines the role of capillary rheometry in 
the characterisation and optimisation of the properties 
of MIM feedstocks, highlights desirable rheological 
features and offers insights into how they can be 
achieved. 

91 MIM of nickel-free nitrogen strengthened 
austenitic stainless steel from biopolymer 

  Prof Efraín Carreño-Morelli and colleagues from 
the University of Applied Sciences and Arts Western 
Switzerland report on the MIM processing of the high-
nitrogen content austenitic stainless steel P558. This is 
processed using a novel environmentally friendly binder 
that incorporates a polymer produced by bacterial 
fermentation.  
 

Regular features
7 Industry news

97 Events guide 

98 Advertisers’ index 

http://www.elnik.com


December 2017    Powder Injection Moulding International 7Vol. 11 No. 4  © 2017 Inovar Communications Ltd

| contents page | news | events | advertisers’ index | contact | Industry News

Industry News
To submit news for inclusion in Powder Injection Moulding International please contact Nick Williams, nick@inovar-communications.com

The NEW formulation
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(763) 780-8674
 info@dynamicgroup.com 

A LEGACY OF 
PRECISION
SINCE 1977

ISO13485 - ISO9001 Certified 
FDA Registered

Precision Molds
& Molding

Leading international MIM producer Indo-MIM Pvt. Ltd., 
Bangalore, India, has opened its first overseas 
manufacturing facility in San Antonio, Texas, USA. The 
plant, which cost approximately $30 million to build, is 
reported to be the most modern Metal Injection Moulding 
facility to be built in the North American region in over 
seventeen years. 

The new plant is a vertically integrated facility that 
includes in-house feedstock preparation, MIM primary 
operations, in-house heat treatment and a number of 
in-house secondary operations. At full capacity, it is 
expected to provide approximately 300 jobs to the local 
community.

With the establishment of a North American presence, 
Indo-MIM Inc stated that it plans to capture a maximum 
share of the growing US MIM parts market in the coming 

Indo-MIM opens first 
overseas plant in San 
Antonio, Texas

years, and reportedly plans to cater primarily to the 
firearms, medical, military and aerospace industries.

A ribbon-cutting ceremony and plant tour were 
held to inaugurate the plant on October 3, 2017. The 
ceremony was attended by a number of key figures at 
Indo-MIM, including Roland Mover, President Port San 
Antonio, Krishna Chivukula Sr, Chairman of Indo-MIM, 
and Krishna Chivukula Jr, CEO Indo-MIM Inc. Also in 
attendance were several local figures, including Nelson 
Wolff, Bexar County Judge and Sheryl Sculley, City 
Manager.

The March 2016 edition of PIM International featured 
an exclusive profile on Indo-MIM’s rapid expansion and 
plans for maintaining its future growth. To read the 
article, download the digital edition from our free on-line 
archive.

www.indo-mim.com   

Exterior view of the new Indo-MIM facility

The Indo-MIM team at the San Antonio plant

http://www.metal-am.com/contact
http://www.catamold.de/cm/internet/Catamold/
http://www.dynamicgroup.com/product-development/
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+44 (0)1256 305 600
info@mixer.co.uk
www.mixer.co.uk

Mixers for the Metal Injection 
Moulding Industry

Z/Sigma Mixers - Lab Easy 
Clean to Production Z

Double Cone  
Powder Blenders

ZX – Z Blade Extruder 
Mixers 

Various sizes available

During the Plenary Session of Euro PM2017, held 
in Milan, Italy, from October 1-5, 2017, Philippe 
Gundermann, President of the European Powder 
Metallurgy Association (EPMA), presented a ‘Review of 
the PM Industry from a European Perspective’. In his 
review, Gundermann stated that the European Metal 
Injection Moulding sector has experienced strong 
European sales growth over the last twenty years, with 
the industry now experiencing sales ‘above €350 million.’ 
The EPMA reportedly expects the market to grow at a 
rate of 11.3% for the period 2016-2020.

Gundermann stated that European MIM production 
totalled around 2,900 tons of MIM parts, mostly driven by 
Germany, Italy, Spain and France. Stainless steel parts 
make up 50% of MIM shipments, with low alloyed steels 
(25%) in second place. It was stated that, as a result of 
electrification of cars, the use of soft magnetic materials 
will rise significantly from today’s 5% market share.

Of the MIM parts shipped in Europe, 43% were for 
automotive applications, 24% for consumer goods, 17% 
for mechanical engineering, 12% for medical and 4% for 
3C. Gundermann stated that the EPMA sees medical and 
automotive as key sectors for expanding the MIM market.

www.epma.com    

EPMA reports European 
MIM industry growth at 
Euro PM2017

Cremer Thermoprozessalagen GmbH, Düren, Germany, is 
the market leader in continuous debinding and sintering 
furnaces for Metal Injection Moulding, with more than 
seventy-five of its MIM-Master systems installed world-
wide. Founded in 1968, the company’s MIM-Master line 
dates back to 1992 when the first continuous debinding 
and sintering furnace for MIM parts was installed. 

In addition to the MIM-Master system, the company 
also offers smaller batch type furnaces for the processing 
of MIM parts, offering more flexibility than continuous 
furnaces for lower volume production runs. Ingo Cremer, 
Managing Director of Cremer Thermoprozessanlagen 
GmbH, told PIM International that his company was now 
supporting the production of its batch furnaces in China, 
specifically for the Chinese market. Cremer stated, “By 
supporting the production of these furnaces in China we 
are decreasing our delivery times and enabling ourselves 
to become very competitive against other domestically 
manufactured furnaces.” 

The furnaces will be manufactured at a facility in 
Yangzhou Furnace Industrial Co. Ltd, Yangzhou, Jiangsu 
Province. Yangzhou is located in an area where much of 

Cremer MIM batch furnaces 
to be manufactured in China

A Cremer debinding unit at the Yangzhou, Jiangsu 
Province 

China’s PM industry is concentrated and includes firms 
such as GKN Sinter Metals, MIBA and Porite. The team 
there is also available for a quick and sustainable service 
of the MIM-Master fleet in China. 

Furnaces for the international market will continue 
to be manufactured at the company’s headquarters in 
Düren, Germany.

www.cremer-furnace.com   

http://www.metal-am.com/contact
http://cn-innovations.com/
http://www.mixer.co.uk
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• High Alloy Steel
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• Magnetic Materials

• Granulated Powder

Finer Powder Production

Cleaner Powder Production

Shape Control of Powders
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Mr. Ryo Numasawa
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Ms. Jenny Wong
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Mr. Hideki Kobayashi
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Mr. John Yun
dkico@hanafos.com

Taiwanese MIM notebook hinge specialist Shin Zu Shing 
(SZS) is expanding its product lines beyond notebook 
applications to include MIM components for automotive 
parts, medical equipment and machine tools, reports 
Digitimes. The company is understood to be a supplier of 
hinges for Apple’s MacBook series, among others.

It was stated that MIM-processed components can be 
used to replace plastics parts, particularly on new cars 
that feature a large number of data sensors which may 
require heat dissipation or electromagnetic properties.

At present, SZS operates a total of thirty-four MIM 
batch furnaces. As it expands its product lines, the 
company will expand its MIM capacity with two new 
continuous furnaces in 2018. It was stated that as the 
capacity of one continuous furnace is equivalent to the 
combined capacity of six batch furnaces, SZS is expects to 
see a large boost to its MIM capacity.

In 2017, up to 60-70% of SZS’s MIM hinges were 
produced for notebooks assembled in Taiwan and China, 
while the remaining 30-40% were shipped to other coun-
tries; a dramatic shift from 2016, when a reported 30% of 
hinges remained in Taiwan/China and 70% were shipped 
overseas. This change is believed to be due to Apple having 
fully incorporated the hinges into new MacBooks.

www.szs.com.tw   

Omega has been producing watches in Bienne, Swit-
zerland, since 1882 and has been one of the pioneers 
of innovation in the Swiss watchmaking industry. The 
company, which is today part of the Swatch Group, 
has maintained its strong tradition of investing in new 
technologies and methods of production by opening a 
new high-tech factory in Bienne.

The factory will consolidate the steps of watch 
manufacture inside the new building, including watch 
assembly, bracelets and shipping. At the core of 
the building, Omega has installed a fully automated 
storage system the height of three floors, containing 
over 30,000 boxes filled with the stock required for the 
brand’s watchmaking. 

The new building has also been created to house 
Omega’s quality and technical control processes, 
where watches are certified for precision, performance 
and magnetic resistance. Omega is just one of the 
companies in the Swatch Group which uses powder 
injection moulded components for many of its watch 
cases, bracelet parts, etc. PIM ceramic cases used by 
Omega are produced by Comadur in Col-Des-Roches, 
in the canton of Neuchâtel, another Swiss company 

Hinge maker SZS diversifies 
MIM product lines

Omega opens new high-tech 
production centre in Bienne

in the Swatch Group. Omega’s ceramic collection 
includes the coloured cases and rings in the Planet 
Ocean series and the Speedmaster’s Dark Side of the 
Moon and Grey Side of the Moon models.

www.omegawatches.com   

CEO of Swatch Group, Nick Hayek; Head of the Federal 
Department of Economic Affairs, Education & Research 
(EAER), Johann N Schneider-Ammann and President and 
CEO of OMEGA, Raynald Aeschlimann visiting the new 
production facility (© OMEGA Ltd) 

http://www.metal-am.com/contact
http://www.metal-am.com/contact
http://www.ecrimesa.es
http://www.atmix.co.jp/en/e_index.html
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CM Furnaces, long recognized as an industrial leader in performance-proven, high
temperature fully continuous sintering furnaces for MIM, CIM and traditional press
and sinter now OFFERS YOU A CHOICE, for maximum productivity and
elimination of costly down time.

Choose one of our exclusive BATCH hydrogen atmosphere Rapid Temp furnaces.
Designed for both debinding and sintering, these new furnaces assure economical,
simple and efficient operation.

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

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

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

E-Mail:
info@cmfurnaces.com

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

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

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

It’s a matter of choice

www.cmfurnaces.com

High temp lab and industrial furnace 
manufacturer to the world

103 Dewey Street Bloomfield, NJ 07003-4237 | Tel: 973-338-6500 | Fax: 973-338-1625

info@cmfurnaces.com

U.S. Metal Powders, Inc.
AMPAL |  POUDRES HERMILLON

• Specialist distributor of carbonyl iron
and stainless steel powders

United States Metal Powders, Inc. has been a global leader in the production 
and distribution of metal powders since 1918.   Together with our partners and 
subsidiary companies, AMPAL and  POUDRES HERMILLON, we are helping to shape 
the future of the metal injection molding industry (MIM).  

Advanced Engineered Aluminum Powders

• Aluminum alloy powders
• Nodular and spherical aluminum powders
• Aluminum based premix powders

Dedicated Research, Leading Edge Technology, Global Production & Customization

Tel: +1 610-826-7020 (x215)    
Email: sales@usmetalpowders.com 
www.usmetalpowders.com
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The Japan Society of Powder and 
Powder Metallurgy’s MIM Association 
held its bi-annual meeting in Kyoto, 
Japan, on October 20, 2017. During 
the meeting, which comprised 
around forty-five JSPM members, Dr 
Okubo was named as the new MIM 
Association Chairman. 

Dr Okubo, who is Chief Engineer 
at Japanese MIM producer Taisei 
Kogyo, succeeds the Chairman of 
four years, Dr Nakayama, Chief 
Engineer at Castem. Speaking at the 
meeting, Okubo stated, “I take pride 
in our MIM technology being of a high 
standard to be proud of worldwide,” 
and reiterated the Japanese MIM 
Association’s aim of increased 
interaction and collaboration with the 
MIM industry on a global level.

“Market activity has been limited 
to Japan,” he stated. “We want to 
increase communication with the 
international MIM industry and 

JSPM’s MIM Association names 
new Chairman

contribute to the development of the 
world’s MIM industry. I regard the 
Beijing World Congress in 2018 as a 
great opportunity for an international 
exchange.”

The 2018 World Conference on 
Powder Metallurgy, World PM2018, 
takes place from September 16-20, 
2018, in Beijing, China. 

www.jspm.or.jp   

Dr Okobu, Chief Engineer at Japanese 
MIM producer Taisei Kogyo, with 
Castem’s Dr Nakayama

ARC Group Worldwide, Inc., head-
quarted in Deland, Florida, USA, has 
appointed R Brian Knaley as Chief 
Financial Officer. Knaley replaces 
Drew M Kelley, who currently holds 
the position of Interim CEO having 
served as Chief Financial Officer from 
October 7, 2013 to November 30, 
2017.

Commenting on Knaley’s 
appointment, Kelley stated, “We 
are excited to have Brian join our 
leadership team at an important point 
in our company’s evolution. Brian 
understands managing, leading, and 
most importantly, driving results 
in the complex, global advanced 
manufacturing environment. I am 
confident that his accounting and 
finance expertise is well suited to 
guide ARC’s current fiscal discipline 
undertakings as well as long-term 
growth,” he concluded.

www.arcgroupworldwide.com    

ARC Group 
appoints new CFO 

http://www.metal-am.com/contact
http://www.cmfurnaces.com
http://www.usmetalpowders.com
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Do you get sufficient support from your feedstock 
supplier?

Do you get technical service support from A to Z?

PolyMIM, provides you with technical support until your 
process is finished!

PolyMIM GmbH is a manufacturer that offers two different 
binder systems for metal injection molding:

• 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 includes products for mass production for the 
telecommunication and automotive industries as well as the 
high-end sector with our special alloys.

www.polymim.com

PolyMIM GmbH
Am Gefach
55566 Bad Sobernheim, Germany
Phone: +49 6751 85769-0
Fax: +49 6751 85769-5300
Mail: info@polymim.com
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The programme for the MIM2018 International Confer-
ence on the Injection Molding of Metals, Ceramics & 
Carbides has just been published by the Metal Injection 
Moulding Association (MIMA). This leading MIM-focused 
event returns to Irvine, California, USA, taking place from 
March 5-7, 2018. 

In addition to two days of conference sessions, there 
will be an optional Powder Injection Moulding Tutorial 
taking place on March 7 and conducted by Randall M 
German, Professor Emeritus, San Diego State University. 
The event will also include a welcome reception and tour 
at Arburg’s nearby Technology Center (ATC) California.

A tabletop exhibition will be held as part of the event, 
featuring leading international suppliers to the PIM 
industry, including powder suppliers and producers of 
processing equipment. Sponsored by Powder Injection 
Moulding International magazine, the tabletop exhibi-
tion will take place following the technical sessions 
on Tuesday March 6. This provides the opportunity to 
continue to interact with fellow delegates and speakers 
over a drink and extend any ongoing discussions from the 
sessions.

Powder Injection Moulding Tutorial
This optional course, which requires a separate registra-
tion fee, is an ideal way for anyone looking for a solid 
grounding in the technology of PIM to obtain a compre-
hensive foundation in a short period of time. Topics that 
will be covered include:

• Introduction to the manufacturing processes: 
feedstocks, moulding, debinding, sintering, and 
finishing

• Definition of what constitutes a viable PIM component

• Selection of materials based on component expecta-
tions and required properties

• Assessment of the critical features of dimensional 
accuracy and material performance

• Comparison of PIM to competing technologies

• Review of the economic advantages of PIM

• New applications, emerging markets, and examples 
of products never thought possible in net-shape 
manufacturing until PIM

www.mimaweb.org   

MIM2018 conference 
programme published

The EPMA has issued a Call for Papers for its annual 
Powder Metallurgy congress and exhibition, which will 
next be held in Bilbao, Spain, October 14-18, 2018. 
According to the EPMA, Euro PM2018 is set to feature a 
world-class technical programme as well as a 5000m2 
exhibition, showcasing the latest developments from the 
global PM supply chain.

This year’s Euro PM2017 was reportedly attended 
by over 1000 participants. The Euro PM2018 Congress 
and Exhibition, along with social events such as the 
welcome reception and congress dinner, is expected to 
provide excellent networking opportunities within the PM 
industry. The conference programme of plenary, keynote, 
oral and poster presentations will focus on all aspects of 
Powder Metallurgy.

All abstracts should be submitted using the EPMA’s 
online submission form by no later than January 24, 
2018. Abstracts must be between 100-150 words in length 
and give sufficient information to allow the Technical 
Programme Committee to evaluate the proposed 
presentation.

www.europm2018.com   

Paper submissions now open 
for Euro PM2018

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

Submitting news..
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European injection moulding machine 
builders exhibiting at the recent 
Fakuma International Trade Fair for 
plastics processing, Friedrichshafen, 
Germany, October 16-20, 2017, 
forecast good growth in sales for 
2017. 

Both Arburg (Germany) and Engel 
(Austria) stated that they expect 
overall sales for injection moulding 
machines to increase by 8% in 2017, 

Europe’s injection moulding machine 
builders report good year

compared with the previous year.  
KraussMaffei (Germany), now owned 
by ChemChina, expects a sales 
growth of 10%, and SumitomoDemag 
(SHI -Germany) a growth of 17%. 
Wittmann-Battenfeld (Austria) sees 
continuing growth due to low interest 
rates and the relatively weak Euro.  

Engel noted that it was in the 
midst of the most comprehensive 
investment programme in the 

company’s history, with €120 million 
already spent on expansion and 
improvements to its production 
facilities and a further €255 million 
expected to be spent by 2020. 

Wittmann-Battenfeld is said 
to be on course to complete the 
expansion of its Kottingbrunn plant 
by December 2017, which includes 
screw production. The company’s 
expansion of its facility in the 
Czech Republic is scheduled to be 
completed in May 2018, and there 
are also plans to expand its facility in 
Nuremburg, Germany.    

Centorr Vacuum 
Industries offers 
detailed online 
furnace finder 
application
Centorr Vacuum Industries has 
updated its website for custom 
vacuum and controlled atmosphere 
furnaces. The new site now provides 
quick and easy searching of 
furnaces based on application or 
furnace type.

Technical data sheets are now 
also listed for each of the sixty-five 
different furnace configurations 
the company offers in its line of 
laboratory and production furnaces. 
The new site includes:

• Furnace Finder feature 
to quickly select the best 
equipment for your needs

• A ‘Request for Quotation’ form 
to easily gather information for 
receiving a custom proposal

• Ability to be viewed in over 90 
different languages

• Downloads for technical data 
sheets, articles and company 
press releases

• Links for spare parts, field 
service support, used furnaces, 
and toll lab testing.

www.centorr.com/pi   
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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 profitably. 

www.erowa.com
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TaylorMade Golf Company, Carlsbad, California, USA, has 
released a new range of golfing irons containing metal 
injection moulded tungsten weights. The clubs in the 
range, titled TaylorMade M CGB, are ‘game-improvement’ 
clubs – golf clubs designed to improve the performance 
of less proficient golfers by offering advantages such as 
improved swing, weighting and launch (the speed and 
angle at which the ball travels when hit).

Each iron in the new M CGB range reportedly features 
four milled MIM tungsten weights. Seated in individual 
weight ports at the base of the iron, these weights move 
the centre of gravity lower and further back than in a 
typical club. This reportedly makes it easier for golfers 
to swing the club with accuracy and achieve higher 
launching shots. 

In addition, the incorporation of MIM tungsten weights 
increases the MOI (moment of inertia) in each M CGB 
club. A low MOI means that, when a golfer hits a ball 
‘off-centre’, the head of the golf club rotates away from 
the target, making it very difficult to control ball direction 
and speed. A club with a high MOI is more resistant to 
rotation off-target, allowing for greater directional control 
and higher ball speed even on off-centre strikes.

Tomo Bystedt, Senior Director of Iron Product Creation 
at TaylorMade, stated, “The CGB name is iconic and 
represents some of the longest and most forgiving irons 
ever created at TaylorMade. The concept has now been 
recreated with all our latest technology to bring never-
before-seen performance to golfers of all skill levels.”

TaylorMade Golf Company sells golfing equipment, 
footwear, apparel and accessories under the TaylorMade, 
Adidas Golf, Adams and Ashworth brands. In 2014, the 
company posted sales of €913 million.

www.taylormadegolf.com   

Metal injection moulded 
weights offer edge to 
TaylorMade golf clubs

Four MIM tungsten weights are seated in individual weight 
ports at the base of the iron (Courtesy TaylorMade Golf 
Company)

Aluminium powder producer US Metal 
Powders, Inc. (USMP) has appointed 
Benjamin Giralico Director of Sales 
and Business Development at its 
subsidiary, Ampal, Inc., in Palmerton, 
Pennsylvania, USA.

Prior to joining USMP, Giralico 
held a number of sales management 
positions in the metals processing, 
chemical and semiconductor sectors. 
Louise Ramsey Thomas, USMP 

US Metal Powders appoints new Sales 
and Business Development director

President, stated, “We are very excited 
to have Ben join our team and welcome 
him to our company. His focus will be 
on enhancing our sales and customer 
engagement process and developing 
new business opportunities for the 
company beyond the market segments 
we currently serve. Ben brings a wealth 
of technical sales experience and will 
be a huge asset to our team.”

www.usmetalpowders.com   

AT&M and Hebei Hengxin Libang 
Trading Co. Ltd have formed a joint 
venture, with AT&M taking majority 
shares. The new joint venture, named 
Advanced Technology (Bazhou) 
Special Powder Co., Ltd (ATSP), held 
the opening ceremony on the morning 
of October 18, 2017, at its site in 
Bazhou City, Hebei Province, China. 

Since the establishment of the 
joint venture, the company stated that 
all production lines have been moved 
from Beijing to the new Bazhou 
factory, with the addition of atomised 
powder production lines and testing 
equipment, and improvements to 
the production environment and 
operations. 

When fully operational, the 
Bazhou factory is expected to reach a 
production capacity of 10,000 tons per 
annum. According to its founders, it 
will be the largest specialist powder 
manufacturer in China. 

ATSP offers a range of powders 
including Metal Injection Moulding 
powders, Powder Metallurgy powders, 
soft magnetic powders, pre-alloy 
powders for diamond tools, powders 
for auto engine valve seats and 
guides, and powders for filtering 
materials.

www.atmcn.com    

AT&M launches 
joint venture 
company for 
specialist powder 
production

An interior view of ATSP‘s new metal 
powder facility in Bazhou City, Hebei 
Province, China
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CIM feedstock producer Inmatec 
Technologies GmbH, Rheinbach, 
Germany, is expanding its product 
range to include polyoxymethylene 
(POM)-based CIM feedstocks. The 
new range of feedstocks, titled 
Inmapom CIM, is reported to be 
ready for market and Inmatec 
predicts that it will have produced 
more than 300 mt of feedstock by the 
end of 2017. The range features the 
following new feedstocks:

• INMAPOM K3008, alumina 96%, 
for technical parts with good 
wear resistance up to 1200°C

• INMAPOM K3030, alumina 
99.7%, for technical parts with 
very good wear resistance 
and corrosion resistance 
for machinery and chemical 
engineering up to 1600°C

• INMAPOM K3012, ZrO2, 94.5% 
Y2O3– partly stabilised, for 
applications with excellent 
surface quality and reproduction 
of finest details. Combines 
good wear resistance with high 
strength for medical application 
and engineering parts

• INMAPOM K3017-black, ZrO2, 
94,5% Y2O3– partly stabilised, 
for aesthetic applications with 
excellent surface quality and 
reproduction of fine details for 
the watch and ICT industry

During the pre-launch phase of the 
Inmapom range, Inmatec stated 
that its customers had confirmed 
that the material was easy to inject, 
that green part quality showed high 
stability and less flow line effects 
than other systems in the past, and 
that the feedstock works ‘out of the 
box’.

In addition, Moritz von Witzleben, 
Managing Director of Inmatec, 
stated, “With Inmapom feedstocks, 
Ceramic Injection Moulding 
manufacturers can use the fast 
catalytic debinding process.” 

Catalytic debinding technology, which 
is already well known in the PIM 
industry, allows producers to run a 
batch or a fully automated production 
process with continuous 24/7 
operations.

Inmapom reportedly also offers a 
new POM binder system which allows 
customers to use nitric acid grades 
from 65% up to 99%. Conventional 
thermal debinding is also possible, 
allowing customers the freedom to 
decide which debinding system best 
fits their needs. “This is an advantage 
for high volume part production in the 
CIM industry, and in our development 
pipeline are more new INMAPOM 
feedstocks for the dental, ICT and 
automotive industry,” added von 
Witzleben.

Inmapom CIM will be available 
globally for industrial-scale projects, 
with full technical support on-hand. 
The company will present the new 
range at Ceramitec 2018, Munich, 
Germany, April 13-18, 2018.

www.inmatec-gmbh.com    

Inmatec launches a new range 
of POM-based Ceramic Injection 
Moulding feedstocks

Inmapom test bars for technical 
trials, filling studies and surface 
quality control (Courtesy Inmatec)

Germany’s MUT Advanced Heating 
GmbH and Element 22 GmbH have 
established Titanium Generation 
GmbH (TiGen), a joint venture 
focusing on providing process 
technology for the production of 
titanium components by MIM and 
Additive Manufacturing.

TiGen will offer its customers 
equipment for the debinding 
and sintering of MIM and AM 
titanium components. In addition 
to equipment, the company will 
offer engineering support for the 
development of sintering profiles and 
setters for titanium products, as well 
as general engineering support and 
peripheral devices where required.

Under the joint venture, MUT will 
utilise its experience as a producer 
of equipment for thermal debinding, 
sintering and heat treatment for 
metals such as titanium, while 
Element 22 offers thirty years’ 
experience in titanium PM and MIM.

The equipment and engineering 
solutions offered by TiGen have been 
developed by MUT and Element 22 
with a focus on efficient production 
with low operational costs. According 
to TiGen, these solutions also make it 
possible to achieve superior material 
properties.

Some of the titanium MIM and 
AM components made using TiGen 
furnaces are reportedly in use in 
medical devices and implants, on 
commercial aircraft and in other 
components produced at high 
volumes.

www.tigen.de   

Titanium 
Generation joint 
venture focuses 
on MIM titanium 
processing

Download back issues 
free of charge

www.pim-international.com
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China’s 3rd Metal Injection Moulding 
Seminar and Industrial Forum was 
held from October 27-29, 2017, in 
Dongguan, Guangdong Province. 
Organised by the China Powder Metal-
lurgy Alliance (CPMA), China Steel 
Construction Society, the Powder 
Metallurgy Department of the Chinese 
Society for Metals and Shanghai IRIS 
Exhibitions Service Co., Ltd., the event 
was hosted by Dr Han Wei, Secretary 
General of the CPMA and included 
an address by Qu Xuanhui, from the 
Chinese Society for Metals. 

According to the organisers, 
more than two hundred experts 
and visitors from the MIM industry 
attended the event, where a number 
of technical and business focused 
presentations were made. Topics 
discussed during the event included 

Atmos Coffee, Sydney, Australia, is 
seeking crowdfunding via an Indie-
gogo campaign for a new cold-drip 
coffee maker which uses MIM parts. 
The Atmos coffee maker is produced 
from a combination of MIM and 
investment cast 316 stainless steel 
and borosilicate glass, making it both 
strong and food safe.

The Atmos is comprised of two 
bottles, one to hold the water which 
drips over the coffee via an atmos-
pheric valve, and one for collecting 
the drip. When assembled, the Atmos 
‘body’, comprising a steel basket filled 
with ground coffee, an integrated 
filter and an air lock, sits between the 
two bottles.

The coffee maker brews cold-drip 
coffee using atmospheric pressure. 
When the basket is filled with coffee 
grounds and the upper bottle with 
cold water, the water filters through 
the basket into the collection 
bottle. The coffee then flows along 

China’s MIM industry holds third Metal 
Injection Moulding Seminar, looks ahead 
to World PM2018

Atmos develops cold-drip coffee 
maker with MIM parts

the technology available for Powder 
Injection Moulding, emerging issues 
in practical applications for PIM and 
future trends and prospects for MIM 
technology.

Looking ahead to World PM2018, 
the World Conference on Powder 
Metallurgy, which is set for Beijing in 
September 2018, Wei reported that 
the preparations for the event are well 
underway. This will be the first time 
that a PM World Congress has been 
held in China. 

Dr Han Wei revealed that the 
conference will comprise eight 
conference sessions and that the first 
will be a MIM session and the seventh 
a China-Switzerland Advanced 
Materials (Additive Manufacturing) 
forum session.

www.worldpm2018.com    

the grooves on the underside of 
the basket using surface tension, 
collecting in the glass bottle below, 
where it can be stored fresh for five 
days.

By simplifying the design to 
eliminate pipes, funnels and other 
small parts. Atmos’s designers state 
that they have produced a café-grade 
coffee maker which is both simpler 
to use and easier to clean than other 
coffee makers. 

The company states that, “the 
seamless, precise and integrated 
design of Atmos is achieved through 
a cutting-edge process known as 
Metal Injection Moulding, combined 
with Investment Casting.” Following 
manufacture, the metal components 
are laser welded and hand polished. 

Along with working prototypes, the 
Atmos team has reportedly sourced 
all suppliers and manufacturers ready 
for production in February 2018.

www.indiegogo.com   

MIM specialist CMG Technologies, 
Rendlesham, Suffolk, UK, has been 
awarded the newly revised ISO 
9001:2015 certification for its Quality 
Management System.

Rachel Garrett, CMG Managing 
Director, stated, “Companies were 
given a three-year period in which 
to transition to the new standard, 
but we decided to apply for it as 
soon as possible because we want 
our customers to be assured that 
we are fully certified to the updated 
standard. Changes introduced in 
the 2015 revision are intended to 
ensure that ISO 9001 continues to 
adapt to the different environments in 
which companies such as ourselves 
operate,” she continued, “and we are 
delighted that we are one of the first 
companies to be formally certified to 
the new standard due to the strength 
of our system and operation.”

CMG Technologies has been 
providing injection moulded 
components to the medical, 
aerospace, automotive and industrial 
sectors since the late 1990s. “Our 
team of senior engineers has more 
than twenty-five years of experience 
in developing MIM, enabling CMG 
Technologies to become technical 
leaders in our field as the UK’s 
leading MIM producer. This 
certification means our customers 
can continue to be assured that we 
have this official stamp of approval for 
the way we manage our systems.”

Carla Whyte, Senior Client 
Propositions Manager at BSI, stated, 
“CMG Technologies should be 
delighted that they have achieved this 
certification, which will undoubtedly 
give assurance to stakeholders and 
customers that they are carrying out 
best practice in quality management. 
This certification also demonstrates 
that the team is focused on 
continually improving their products 
and services helping them to be more 
resilient.”

www.cmgtechnologies.co.uk   

CMG receives 
ISO 9001:2015 
certification
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According to market analyst Canalys, 
global shipments of smartphones, 
an important sector for the use of 
metal injection moulded parts such 
as connectors, reached 375.9 million 
units in the third quarter of 2017, an 
increase of 5.9% on the same period 
in 2016. 

Samsung shipped 82.8 million 
smartphones in the quarter, up 
8.2% on the previous year, thanks to 
growth in its J-series. Apple shipped 
46.7 million smartphones in the third 
quarter, with the iPhone 8 and 8 Plus 
accounting for 11.8 million units. 

Shipments of older devices, 
such as the iPhone 6s and SE, also 
saw increases in the quarter, and 
the iPhone 7 remained the world’s 
best-selling smartphone after its 
price cut in September, shipping 13 
million units. Huawei ranked third 
with shipments totalling 39.1 million 

Global smartphone shipments 
up 5.9% in third quarter 2017

units in the quarter, up 17% from 
the previous year. Oppo took fourth 
position, with its shipments growing 
by 7.4% to 30 million, while Xiaomi 
Technology saw shipments up 86.9% 
to 28 million. 

Oppo took fourth and fifth place, 
with its A57 and R11 shipping 
7.8 million and 7.2 million units 
respectively, reported Canalys. Apple, 
Google, Huawei and others have all 
introduced new smartphones in the 
period with 18:9 displays and thin 
bezels. 

According to recent research, 
Apple remains the biggest user of 
metal injection moulded parts in 
smartphones, with up to seven parts 
per phone, whilst Huawei and Oppo 
each use up to five MIM parts per 
phone and Xiaomi Technology up to 
four.

www.canalys.com   

Husky launches Ultra SideGate™ Inline 
hot runner for injection moulding 
applications

Industrial injection moulding 
technology supplier Husky Injection 
Molding Systems, Bolton, Canada, 
has released a new type of inline 
hot runner for injection moulding 
applications. According to the 
company, the Ultra SideGate™ Inline 
hot runner has been designed and 
optimised for challenging applications 
with high-balance requirements such 
as long, thin parts and is ideal for part 
spacings as low as 18 mm. The hot 
runner also offers optional tip control 
technology, enabling moulders to 
ensure the best part quality possible 
for challenging applications.

The inline option provides the 
same features of Husky’s standard 
Ultra SideGate, which allows for 
high cavitation moulds with a small 
footprint, offering mould makers 

additional design flexibility. In 
addition, by direct-gating parts with 
Ultra SideGate, Husky states that 
moulders could achieve significant 
materials savings, faster cycle times 
and better performance across a 
wider temperature range during 
injection moulding. The technology 
also allows direct access to individual 
tips without removing the mould 
from the injection moulding machine, 
reducing maintenance time.

The new hot runner is reported to 
leave virtually no vestige on finished 
parts (~0.05 mm vestige). By allowing 
for the use of a single-piece cavity in 
the design of the mould, the quality 
issues that often accompany split 
cavity designs are avoided, such as 
flash on finished parts, which can 
occur if the cavities are misaligned. 

This is particularly critical in the 
medical industry. The Ultra SideGate 
Inline features nozzle tips which are 
mounted separately from the nozzle 
housing into one-piece cavity inserts 
before hot half assembly. According to 
Husky, this approach minimises the 
impact of thermal expansion on tip 
position, which can impact balance 
and gate quality.

Stefano Mirti, Husky’s President 
of Hot Runners and Controllers, 
stated, “Hot runners are the most 
critical component in the injection 
moulding process. This is why we 
are so focused on improving hot 
runner design and performance while 
also finding ways to help customers 
reduce their cost. Ultra SideGate 
Inline is another example of an 
innovation that accomplishes this 
goal. This new technology provides 
the same superior part quality, speed 
and efficiency that our customers 
have grown accustomed to with the 
added benefit of tighter part spacing.”

www.husky.co   

H.C. Starck offers a wide variety of special gas and water atomized high-alloyed metal powders,  
such as Fe-, Ni- and Co-based alloys, as well as customized solutions.

Ampersint@hcstarck.com
www.hcstarck.com

The European Powder Metallurgy 
Association (EPMA) has announced 
that its next Powder Metallurgy 
Summer School will take place in 
Vienna, Austria, July 2-6 2018. The 
popular course is open to young 
scientists, designers and engineers 
looking to gain a broader knowledge 
and understanding of the Powder 
Metallurgy process and applications

The five-day residential event 
consists of a range of lectures 
given by PM experts drawn from 
both industry and academia. Topics 
to be covered will include the 
manufacture of metal powders, 
powder compaction, MIM, modelling, 
sintering, HIP and AM. Participants 
will be able to discuss and solve 
problems as well as get hands-on 
experience of various PM processes.

www.epma.com/pm-summer-
schools   

PM Summer School 
heads to Vienna

http://www.metal-am.com/contact
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Industry News

Alpha Precision Group (APG), St 
Mary’s, Pennsylvania, USA, has 
announced the consolidation of its 
brands – Alpha Sintered Metals 
(ASM), Precision Compacted 
Components (PCC) and Precision 
Made Products (PMP) – to form 
Alpha Precision Group.

ASM manufactures Powder 
Metallurgy and metal injection 
moulded components for the 
automotive, small engine, commer-
cial vehicle, agricultural equipment 
and recreational vehicle markets. 
This year, the company marks its 
50th anniversary, with a primary 
manufacturing focus on products 
supporting increased fuel economy, 
improved emissions and enhanced 
engine performance.

In 2016, O2 Investment Partners 
and Alpha Sintered Metals formed 

Alpha Sintered Metals consolidates new 
acquisitions with company rebrand

the holding company, called Alpha 
Precision Group, to facilitate 
acquisitions in support of ASM’s 
long-term, strategic growth plan. 
The subsequent investments in 
Precision Made Products and 
Precision Compacted Components 
provide new technology, expanded 
capabilities and additional opportu-
nities for ASM in growth markets.

Using PCC’s variable cam timing 
segment, ASM was able to enhance 
its focus on products supporting 
increased fuel economy, while 
PMP’s focus on the medical device, 
aerospace and firearms markets 
made it possible for ASM’s Metal 
Injection Moulding operations to 
target the medical device market.

JoAnne Ryan, APG CEO, stated, 
“The selective integration of the 
three companies has progressed 

exceptionally well and reached the 
point where brand consolidation 
is appropriate. The single brand 
identity reflects the full capabilities 
and strengths of the combined 
company and presents a unified 
approach to the market.”

Going forward, the group will 
operate through two primary 
divisions, APG Sintered Metals and 
APG Metal Injection Molding. The 
APG Sintered Metals division will 
consist of the powder metal opera-
tions of Alpha Sintered Metals and 
Precision Compacted Components. 
APG Metal Injection Molding 
will take on the MIM operations 
of Alpha Sintered Metals and 
Precision Made Products.

According to APG, the 
rebranding effort includes the 
new brand identity, company 
logo, new building signage and 
a consolidated website currently 
under construction.

www.alphaprecisionpm.com   

Ames Lab receives funding to 
commercialise gas atomisation design

The US Department of Energy’s 
Ames Laboratory has received 
$392,000 in funding to commer-
cialise a gas atomisation nozzle 
design used to produce metal 
powders for manufacturing. In addi-
tion, the laboratory will contribute 
in-kind matching funds of equal 
value for the project from private 
sector partner Ampal, Inc., a part 
of the United States Metal Powders 
group of companies.

According to Ames Laboratory, its 
gas atomisation method efficiently 
produces metal powders that are 
customisable, consistently sized 
and spherical, resulting in a smooth 
flow, optimal packing and improved 
quality of produced parts.

The funding is part of the DOE’s 
Office of Technology Transition’s 
Technology Commercialisation 
Fund (TCF), announced recently 

by US Secretary of Energy Rick 
Perry. The funding, totalling $19.7 
million, will support fifty four projects 
across twelve National Laboratories 
involving more than thirty private 
sector partners, and is expected to 
help businesses move promising 
energy technologies from National 
Laboratories to the marketplace.

“We’ll be working with our 
industrial partner to adapt our 
experimental gas atomisation 
nozzle design to increase efficiency 
and control in their manufacturing 
process,” stated Emma White, Ames 
Laboratory metallurgist. “We hope 
that if we can demonstrate the 
advantages of our technology with 
this manufacturer, it will develop 
interest across the industry.”

www.ameslab.gov
www.science.energy.gov
www.usmetalpowders.com   

The Powder Metallurgy Association 
of India (PMAI) has issued a Call for 
Papers for its PM18 International 
Conference on Powder Metallurgy 
and Particulate Materials & Exhibi-
tion. 

The event, scheduled to take place 
February 21-23, 2018 at the CIDCO 
Exhibition Centre in Navi Mumbai, 
India, will once again bring together 
an all topic technical programme and 
an international trade exhibition.

The PMAI has requested that 
abstracts of papers for oral presenta-
tion as well as posters should be 
submitted no later than January 31, 
2018. The comprehensive technical 
programme will include a full range 
of topics.

www.pmai.in/pm18   

Dates announced 
and Call for Papers 
issued for India’s 
PM18

http://www.metal-am.com/contact
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Industry News

Sweden’s Sandvik AB has 
announced the results for its third 
quarter and the first nine months of 
2017. According to the company, it 
has seen good overall growth for the 
quarter, with order intake increasing 
across all business areas. Group-
wide revenues increased by 12% 
compared to Q3 2016, with operating 
profit rising by 28% compared to Q3 
2016.

Sandvik Materials Technology 
saw order intake increase 9% 
to 3,045 million SEK (Q3 2016: 
2,851 million SEK) and achieved 
an organic revenue increase of 
3%. According to the company’s 
report, business momentum for all 
segments was strongest in Asia, 
which reported 14% growth. North 
America reported growth of 12%, 
while Europe saw sales growth of 
9%.

Despite steady growth, Sandvik 
Materials Technology has reported 
an operating loss of -57 million 
SEK. According to the company, 
this was primarily due to a negative 
mix in deliveries, lower profitability 
in the more standardised tubular 

Sandvik reports continued growth and 
appoints new President for Sandvik 
Materials Technology

business and an adverse impact 
from changed metal prices, as well 
as normal seasonal weakness. 
Changing metal prices reportedly 
had an adverse impact of -64 
million SEK on operating profit. 
Changing exchange rates were also 
a factor, having a negative impact of 
-2% on order intake and revenues 
across Sandvik Group.

“Order growth in the third 
quarter was buoyant at 13%,” 
stated Björn Rosengren, President 
and CEO of Sandvik. “Large orders 
were received by Sandvik Mining 
and Rock Technology and Sandvik 
Materials Technology at a total 
value of 500 million SEK.”

“While the third quarter is 
seasonally weak for Sandvik 
Materials Technology, I am 
nevertheless disappointed with the 
business area’s performance,” he 
continued. “We are working hard 
to implement the cost initiatives 
announced earlier that are aimed at 
gradually restoring profitability from 
early next year. For the Sandvik 
Group in general, I am pleased with 
the performance.”

The company also reported that 
it has appointed Göran Björkman as 
President of Sandvik Materials Tech-
nology and member of the Sandvik 
Group Executive Management Team. 
Björkman succeeds Petra Einarsson 
who is leaving the company to join 
packaging specialist BillerudKorsnäs 
as its President and CEO.

“Göran Björkman has with his 
extensive experience the right 
capabilities to lead Sandvik Materials 
Technology going forward. As we all 
know, this business area is experi-
encing a challenging situation. I am 
convinced that Göran Björkman will 
add the strategic, business oriented 
focus that the business area now 
requires,” added Rosengren.

Björkman, age 51, has been 
with the company since 1990 with 
almost twenty years at the materials 
technology operations. He previously 
held the positions of Vice President 
Production at Sandvik Coromant and 
Vice President Production Strategy, 
Sandvik Machining Solutions.

“I want to take the opportunity 
to express my gratitude to Petra 
Einarsson for her devoted contribu-
tions to Sandvik during almost thirty 
years and I wish her all the best in 
her new position as President and 
CEO for the packaging industry group 
BillerudKorsnäs,” added Rosengren.

www.sandvik.com   
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Bronze-graphite composite sliding 
contacts produced by PIM
Sliding electric contacts (electric 
brushes) are devices used to 
transmit current between stationary 
(wires) and moving parts (commu-
tator or slip ring) in electric motors 
or generators. Metal-graphite 
composite materials have the ability 
to meet the wide spectrum of elec-
trical properties required for sliding 
contacts by adjusting the metal 
content whilst the lamellar structure 
of graphite helps to give the sliding 
contacts the required tribological 
properties. Metal-graphite sliding 
contacts are traditionally produced 
by pressing and sintering metal 
powder/graphite mixtures followed 
by grinding of the sintered parts to 
the required shape. Now researchers 
at Chemnitz University of Technology, 
Germany, have investigated the use 
of Powder Injection Moulding as an 
alternative manufacturing process 
to meet the demand for the high 
volume, cost effective production of 
more complex near-net shape sliding 
contacts. 

In a paper presented at the recent 
21st Symposium on Composites 
held in Bremen, Germany, July 
5-7, 2017, and published in Key 
Engineering Materials, (Vol. 
742, 2017, pp 205-212), Husam 
Ahmad and colleagues reported 
on the feasibility of the Powder 
Injection Moulding of bronze (11% 
Sn)-graphite composite to develop 
lead-free sliding contacts with low 

contact resistance and excellent wear 
properties. The researchers looked at 
two approaches to preparing bronze-
graphite composite powders suitable 
for PIM processing. The first approach 
was using mechanical alloying (MA) 
by high energy ball milling to mix 
gas atomised bronze powder having 
particle size < 63 µm with 15 vol.% 
plate-like graphite (purity 99.5% and 
particle size d50 = 9 -14 µm). The aim 
of this approach was to incorporate 
the plate-like graphite particles 
into the metallic particles and build 
a composite powder. The second 
approach involved the use of a simple 
tumbler mixing process for bronze-
graphite material and with graphite 
contents ranging from 2.5, 5, 7.5 and 
15 vol.%. The MA milled and respec-
tively mixed bronze-graphite-powders 
were subsequently blended with two 
types of commercially available water 
soluble binder systems to produce 
the injection moulding feedstock. The 
powder loadings varied between 50 
and 65 vol.%.

Ahmad reported that whilst 
mechanical alloying (MA) is a 
beneficial process for blending 
components which would otherwise 
be insoluble in the liquid state, as in 
the case of bronze and graphite, the 
MA process had a negative effect on 
the reshaping of the spherical bronze 
particles and also on particle size. 
Due to the high impact energy during 
the ball milling, the bronze spherical 

Fig.1 (a) SEM image of mixed bronze-15 vol.% graphite and (b) microstructure 
of injection moulded samples showing bronze particles embedded in matrix 
with graphite and moulding binder. (From paper: ‘Development of lead-free 
sliding contacts based on bronze-graphite composites through PIM’ by H. 
Ahmad, et al. Key Engineering Materials, Vol. 742, 2017, pp 205-212)
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particles were plastically deformed 
and flattened. Work hardening of the 
bronze particles also led to fracture 
and rewelding of the new fragments 
causing an increase in particle size 
up to 148 µm. It was also found that 
the resulting graphite layer on the 
MA bronze powder hindered the 
metal-metal contact and necessary 
inter-particle diffusion during the 
sintering process. Furthermore, 
graphite does not sinter at the 
sintering temperatures used leaving 
the inter-particles isolated from each 
other after sintering. 

The researchers therefore 
focussed on the more simple tumbler 
mixing process to obtain a homo-
geneous mixture of bronze powder 
and graphite to which was added 
the water soluble binder to produce 
the PIM feedstock using a tempered 
sigma-blade laboratory kneader. Bar 
shaped samples 5 x 5 x 50 mm were 
injection moulded on a laboratory 
piston-type Haake Minijet moulding 
machine. The composition of the 
bronze-graphite mixtures produced 
and their mouldability is shown in 
Table 1 and Fig. 1 shows SEM image 
of the mixed bronze/graphite powder 
before (a) and after injection  
moulding (b). 

Powder
Graphite 

content [vol.%]
Powder 

processing

Processability for binder type and amount

Siliplast binder Embemould binder

Binder [vol.%]
Injection 
moulding

Binder [vol.%]
Injection 
moulding

Bronze 
CuSn11

0 -
40 yes 40 yes

35 no - -

2.5

Mixing

40 yes 40 yes

5 40 yes 40 yes

7.7 40 yes 40 yes

15

37.5 yes - yes

40 yes 40 yes

45 yes 45 yes

15 Milling

40 no - -

45 no 45 yes

50 yes 50 yes

Table 1 Composition of the bronze-graphite compounds produced and their mouldability. (From paper: ‘Development of 
lead-free sliding contacts based on bronze-graphite composites through powder injection moulding’ by H. Ahmad, et al. 
Key Engineering Materials, Vol. 742, 2017, pp 205-212)

Debinding of the injection moulded 
parts was performed in two stages. 
The green parts were first solvent 
debound by immersion in water at 
room temperature for a period up to 
22 h and this was followed by thermal 
debinding at 450°C for 1–2 h with a 
heating rate of 0.19 K/min to remove 
the largest portion (97%) of the 
remaining binder. 

The authors stated that the amount 
of binder that can be extracted from 
the as-moulded parts depends on 

several factors such as heating 
rate, temperature and holding time. 
Thermal debinding and sintering for 
the bronze-graphite composite was 
carried out in a continuous cycle 
using 10% H2 -90% N2 atmosphere. 
The samples were sintered at 800°C 
and 825°C for holding time of 2 h. The 
sintered densities achieved at the two 
temperatures and for bronze-graphite 
mixes containing different amounts of 
graphite, are shown in Fig. 2.

www.tu-chemnitz.de   

Fig. 2 Variation in sintered densities for the PIM bronze-graphite composites 
in relation to binder type, graphite content and sintering temperature. (From 
paper: ‘Development of lead-free sliding contacts based on bronze-graphite 
composites through powder injection moulding’ by H. Ahmad, etal. Key 
Engineering Materials, Vol.742, 2017, pp205-212)
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Hot embossing of metal powder 
to produce stainless steel micro 
mould inserts

Hot embossing is a low cost manu-
facturing process for polymer-based 
micro parts. As has been reported in 
papers presented at recent Euro PM 
conferences by researchers at 
the Universities of Porto and also 
Coimbra, Portugal, hot embossing of 
metal powders containing a polymer 
binder, instead of polymers alone or 
bulk metallic alloys, is a new, alterna-
tive manufacturing process capable 
of achieving a high level of complex 
geometries in micro components. 
In the most recent research results 
presented at the Euro PM2017 
Conference held in Milan, Italy, 
October 1-4, Elsa W Sequeiros and 

colleagues reported the use of hot 
embossing of 316L stainless steel 
powder mixed with a polymer binder 
as a promising technique for the 
production of sintered mould inserts 
for the fabrication of polymethyl 
methacrylate (PMMA) micro parts for 
the automotive industry. The study of 
hot embossing metal powder was part 
of ToolingEDGE, an EU-funded project 
aimed at reinforcing Micro Systems 
Engineering and Tooling Industries. 

Sequeiros stated that hot 
embossing of metal powders has 
been adapted from micro hot 
embossing of polymers and Powder 
Injection Moulding and is suitable for 

small series metal parts production, 
providing dimensional precision and 
micro details. This approach requires 
four distinctive steps: (1) preparation 
of metal powder/polymer feedstocks 
(selection and characterisation 
of powder and binder); (2) shape-
forming of the green part component 
by hot embossing; (3) debinding and 
(4) sintering. 

The researchers used a 316L 
stainless steel powder having a 
d50 = 3.6 µm and a d90 = 5.9 µm particle 
size, which was mixed with a M1 
polymer binder system commercially 
used in PIM. The binder composition 
and powder loading in the feedstock 
was optimised for use in micro hot 
embossing of metallic parts taking 
into account the required parameters 
for shape forming, pressure and 
temperatures in the cycle of hot 
embossing. 

The feedstock samples produced 
for hot embossing have a fixed 
solid content equal to 60 vol.%. 
The homogeneity of the feedstock 
was confirmed by SEM images and 
Fig. 1 shows that the powder is well 
surrounded by the binder. 

The hot embossing process
The hot embossing step was done 
using a silicon rubber die to produce 
the green micro mould insert. The 
silicon rubber die was coupled to a 
tensile testing machine equipped 
with an infrared heater chamber. 
The silicone rubber die has one 
specific and studied configuration 
in order to obtain the desired mould 
insert required by the mould making 

Fig. 1 SEM images of stainless steel feedstock for hot embossing: C_M1 (60:40) 
at (a) low and (b) high magnification. (From paper: ‘Micro hot embossing of 
metallic powder as a route to manufacture steel mould inserts – In search of 
optimising parameters’, by E W Sequeiros, et al., presented at Euro PM2017, 
Milan, October 1-4)

(a) (b)

Fig. 2 Stereomicroscopy images of the micro details in green parts processed at different conditions: (a) at 220°C, with 
a cycle of (15/30/15) min and a pressure of 8MPa; (b) at 230°C, with a cycle of (15/30/15) min and pressure of 11 MPa; 
and, (c) at 230°C, with a cycle of (10/30/10) min and a pressure of 8 MPa. (From paper: ‘Micro hot embossing of metallic 
powder as a route to manufacture steel mould inserts – In search of optimising parameters’, by E W Sequeiros, et al., 
presented at Euro PM2017, Milan, October 1-4)
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company. The die and mould were 
sprayed with silicone-free mould 
release agent before each embossing 
step in order to ease the demoulding 
process. 

Pressure, temperature and time 
are said to be critical parameters in 
hot embossing processes. Tempera-
ture should be high enough to 
promote pseudoplastic behaviour in 
the feedstock mixture. The pressure 
must be sufficient to ensure a good 
replication of structures. Temperature 
and pressure must be applied long 
enough to replicate the micro details. 
The authors stated that the time 
required is dependent on the sample 
weight and configuration/geometry. 
The best processing conditions 

were selected by the observation of 
details in hot embossed micro green 
samples.

Three hot embossed green 
samples were made and observed 
by stereomicroscopy in order to 
evaluate the replication of micro 
details. Fig. 2 shows examples of the 
surface of green samples for each 
condition tested. It was verified that 
all the die details were replicated in 
the green samples. This was then 
followed by hot embossing a further 
five parts using the best evaluated 
conditions as follows: 230°C with a 
cycle of (15/30/15) min at a pressure 
of 8 MPa.

These hot embossed green 
parts were debound in two stages 

to remove the M1 binder at a 
heating rate of 1°C/min: (1) 400°C 
(4 h) and (2) 500°C (5 h) followed by 
cooling at a rate of 10°C/min. The 
sintering cycle was programmed 
in two stages with a heating rate 
of 3°C/min to 700°C (1 h) and 2 h 
at 1300°C followed by cooling at 
a rate of 10°C/min. Both cycles 
were performed in argon plus 5% 
H2 atmosphere at a pressure of 
5 Pa and a sintered density of 7.6 
g/cm3 was achieved. Fig. 3 shows 
examples of final sintered stainless 
steel mould inserts which were used 
by the Portuguese mould producer 
Famolde to produce the moulds for 
PMMA micro parts. 

www.fe.up.pt   

Fig. 3 Final hot embossed mould inserts sintered under best conditions: (a) stereomicroscopy image at low magnifica-
tion, (b) stereomicroscopy image at higher magnification and (c) SEM image. (From paper: ‘Micro hot embossing of 
metallic powder as a route to manufacture steel mould inserts – In search of optimising parameters’, by E W Sequeiros, 
et al., presented at Euro PM2017, Milan, October 1-4)

(a) (b) (c)

The EPMA has launched the Fourth 
Edition of its Metal Injection Moulding 
brochure; Metal Injection Moulding, A 
Manufacturing Process for Precision 
Engineering Components. The 
new edition of the 36-page booklet 
contains revised content on the 
MIM production process, technical 
guidelines, design techniques and 
new case studies.

The revisions were carried out 
in collaboration with the EPMA’s 
EuroMIM Sectoral Group members, 
and highlight the benefits of using 

EPMA launches the fourth edition 
of its Metal Injection Moulding 
brochure

MIM components compared to other 
manufacturing processes, such as 
the cost effectiveness of the MIM 
process, the bespoke capabilities 
that MIM components can provide, 
the dimensional accuracy offered 
and the possibility for the tailoring 
of MIM components to customer 
specifications.

The new brochure can be 
downloaded from the association’s 
website, or ordered in hard copy by 
contacting the EPMA.

www.epma.com   
The brochure contains over twenty 
MIM case studies
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Novel MIM route to production of 
high strength Ti-based composites 

Ti-based alloys are widely used in 
applications requiring combinations 
of high strength, good corrosion 
resistance and light weight. 
However, because of the relatively 
high cost of raw materials and the 
poor formability/machinability of 
Ti alloys especially for components 
having complex geometries, efforts 
have been made in recent years 
to develop lower cost production 
routes and cheaper materials. 
Researchers at Yonsei University 
and the Korea Institute of Science 
and Technology in Seoul, have used 
a novel approach whereby complex 
porous Ti shapes can be produced 
by metal injection moulding using 
a lower cost TiH2 powder and then 
infiltrating the sintered porous parts 
with alloying elements such as Al 
or Al-Mg to produce the Ti-based 
composite. The resultant Ti-based 
composites showed a wide range of 
mechanical properties depending on 
the sintering temperature, post-heat 
treatment, infiltration material and 
infiltration time.

Sumin Kim and colleagues 
reported in a paper published in the 
Journal of Alloys and Compounds 
(Vol.715, pp 404-412, published 
online May 2017) that TiH2 powders 
(>99.0% and -200 mesh particle 
size) were mixed with an injection 
moulding binder containing poly-
propylene, polyethylene glycol and 
carnauba wax. The powder loading 
in the resulting feedstock was 53%. 
Test specimens were injection 
moulded and the green parts were 
debound first by solvent extraction 
in deionised water at 65°C for 30 h 
followed by thermal debinding 
at 500°C for 1 h under flowing 
hydrogen. Sintering of the brown 
parts was performed in vacuum to 
decompose the H2 from TiH2 and to 
produce porous Ti parts. The porous 
Ti parts were further sintered at 
1000°C, 1100°C and 1200°C, and 
total porosity and average pore 
diameters for the different sintering 
temperatures are shown in Fig. 1. As 

can be seen the overall porosity and 
average pore size decreased with 
increasing sintering temperatures. 
The Ti parts sintered at 1000°C had 
the highest level of porosity (25.1%) 
and were first used to investigate 
the infiltration of Al by immersion in 
a molten bath of Al for 30 to 90 sec 
at 730°C. They also infiltrated the 
sintered porous Ti with molten 
Al(80 wt.%) - Mg(20 wt.%) for 30 
and 90 sec at 730°C in order to 
investigate whether the mechanical 
properties of the Ti-based composite 
could be further improved. Fig. 2 
shows the schematic of the process 
used for infiltration.

The authors stated that, in the 
case of Al infiltration, TiAl3 was 
produced as the reaction product 
between solid Ti and molten Al. 
Post-heat treatment processing 
was applied after infiltration to 
ensure homogeneity and to promote 
the growth of desirable phases. 
However, the high-temperature 
heat treatment resulted in voids that 
severely degraded the mechanical 

properties of the composite. The 
generation of voids was explained 
by the melting/evaporation of Al, the 
Kirkendall effect, and the difference 
in molar volumes among the 
different phases formed. The main 
cause of strength deterioration was 
said to be the extensive formation of 
brittle TiAl3 even in the early stages 
of infiltration. 

Fig. 1 Total porosity and average pore 
diameter of porous titanium compacts 
sintered at 1000, 1100, and 1200°C 
for 1 h in vacuum. (From paper: ‘A 
novel method to fabricate reinforced 
Ti composites by infiltration of 
Al(Mg) into porous titanium’ by S 
Kim, et al. in the Journal of Alloys 
and Compounds Vol. 715, 2017, pp 
404-412)

Fig. 2 Schematic of the process used to infiltrate Al into Ti pores by immersion 
in molten Al. (From paper: ‘A novel method to fabricate reinforced Ti compos-
ites by infiltration of Al(Mg) into porous titanium’ by S Kim, et al. in the Journal 
of Alloys and Compounds Vol. 715, 2017, pp 404-412)
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To circumvent this problem, 
the authors also used an Al(Mg) 
alloy for the infiltration of the 
porous Ti compacts. The Mg added 
to the Al readily forms an Al(Mg) 
solid solution inside the pores 
and this effectively prevents the 
formation and growth of TiAl3. As 
a result, by a simple process of 
infiltrating second and/or third 
elements into the pores of pure 
Ti for short times (30 - 90 sec), 
in-situ reinforced Ti composites 
could be produced having near-net 
shape with higher strength and 
elongation. For example, an 
excellent UTS of 750 MPa with an 
elongation of 7% was achieved for a 
Ti preform sintered at 1200°C that 
was subsequently infiltrated with 
Al-Mg alloy for 90 sec. The major 
reasons for the enhancement of 
mechanical properties are said to 
be: (i) higher temperature sintering 
of the Ti compact for low porosity, 
(ii) fast infiltration of molten metal 
for the densification of the porous 

Fig. 3 Ultimate tensile strength and elongation of the Ti-based composites 
infiltrated with Al and Al-Mg. (From paper: ‘A novel method to fabricate 
reinforced Ti composites by infiltration of Al(Mg) into porous titanium’ by S Kim, 
et al. in the Journal of Alloys and Compounds Vol. 715, 2017, pp 404-412)

Ti compact and most importantly, (iii) 
suppression of brittle TiAl3 formation 
at the pore surfaces by the formation 
of an Al(Mg) solid solution. Fig. 3 
compares the mechanical properties 
of both the Al infiltrated and Al-Mg 
infiltrated porous Ti compacts as 
influenced by sintering temperature 
and infiltration time.

The authors plan to further 
investigate the dominant 
strengthening mechanisms in this 
Ti composite material, process 
optimisation, and optimum alloy 
composition and post-heat treat-
ment schedule.

www.yonsei.ac.kr  
www.kist.re.kr   

In 2011 Germany’s Continental AG 
entered into the automotive turbo-
charger market, rapidly establishing 
itself with a range of award-winning 
products. Now the company is 
expanding its geographic footprint 
in this segment with the opening of 
its first non-European turbocharger 
plant its site in Jiading, a suburb of 
Shanghai, China. In November this 
new facility started producing the 
RAAX™ turbocharger, developed 
by Continental for the Volkswagen 
Group’s EA888 Gen.3B engine 
platform and in production in Europe 
since 2016 in the Audi A3. 

In the Chinese market, this 2.0 
litre turbocharged gasoline engine 
will debut in the VW Teramont SUV, 
followed by the VW Tiguan and other 
high-volume models. Meanwhile, 
preparations are already under way 
for the next round of expansion. This 
is scheduled for 2018, when produc-
tion of the RAAX™ turbocharger, 
for the same Volkswagen engine, 
will launch at a further site, the 
Continental plant in San Luis Potosi, 
Mexico.

“Right from the start, our 
turbocharger activities have been 
focused on the gasoline segment, 
and now this strategy has been 
vindicated by a sharp rise in demand 
for turbocharged gasoline engines,” 
stated Wolfgang Breuer, Head 
of Continental’s Engine Systems 
business unit, which includes the 
turbocharger product line. “The new 
Chinese facility, where our latest 
technologies will be built to the 
highest quality standards, will secure 
us a strong position in the world’s 
largest automobile market. And by 
next year, when production will also 
launch in North America, we will have 
manufacturing bases across all three 
market regions.”

The RAAX™ turbine technology 
developed by Continental, which first 
went into production in the EA888 
engine platform, improves engine 
response and also increases effi-
ciency. While the most common type 

Continental launches turbocharger 
production in China

of gasoline turbocharger today, the 
radial turbocharger, features a radial 
exhaust gas flow to the turbine wheel, 
the new Continental turbocharger 
features a radial-axial flow – hence 
the name RAAX™. This makes it 
possible to substantially reduce the 
size of the turbine wheels, and to 
reduce the mass moment of inertia by 
approximately 40%. The turbocharger 
therefore develops boost pressure 

more quickly in response to changing 
engine loads. A new solution has also 
been implemented for the wastegate 
valve, which stops boost pressure 
rising too steeply at high engine 
output, based on an electronically 
controlled electric actuator developed 
by Continental.

MIM has been a key technology 
supporting the increased use of 
turbochargers thanks to its ability 
to deliver precision net-shape 
components from a range of difficult 
to machine high-temperature alloys.

www.continental-corporation.com  
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Ti porous MIM microneedle arrays for 
transdermal drug delivery
Microneedle arrays (MAs) in solid, 
hollow or porous forms are said to 
provide pain-free transdermal drug 
delivery, with minimal skin trauma 
and reduced risk of infection. The 
solid forms are mass produced by 
techniques such as lithography and 
etching, photolithography, micro 
moulding, drawing lithography, 
micromachining, laser cutting, etc. 
However, the solid MAs have no 
continuity because they can only 
support the delivery of a limited 
dosage of drug. Hollow MAs with 
single channel microneedles can 
continuously transfer drugs into 
the skin via its holes, providing an 
unlimited dose of drugs. These 
hollow MAs are mostly fabricated by 
the complex and high cost photo-
lithographic method. Porous MAs, 
which can be produced from silicon, 
polymer, ceramic and metals have 

many randomly distributed pores that 
can contain either a liquid or dry drug 
formulation. The drug can be loaded 
into the pores and diffused from the 
microneedle matrix into the skin. 
The interconnecting pores guarantee 
continuous drug delivery. 

In contrast to other types of MAs, 
porous MAs have received relatively 
little research attention in recent 
decades because of the complex 
and high cost fabrication processes 
needed to produce porous MAs having 
satisfactory combinations of biocom-
patibility and mechanical properties. 
Research carried out at the School of 
Engineering, Sun Yat-Sen University, 
and the School of Mechanical and 
Automotive Engineering, South 
China University of Technology, 
both located in Guangzhou, China, 
has been focusing on the use of a 
modified Metal Injection Moulding 

(MIM) process to produce porous 
microneedle arrays using titanium 
(TPMAs) which can be mass produced 
at relatively low cost. According to 
an open access paper published 
on-line in PLoS One (Public Library 
of Science), Vol. 12, Issue 2, 2017, 15 
pp., Jiyu Li and colleagues report that 
the porous Ti MIM MAs have excellent 
mechanical strength allowing the 
penetration of human forearm skin 
without fracturing. 

In the modified microMIM process 
feedstock was prepared with a 
46 wt.% powder loading using Ti 
powder of 5 µm particle size, which 
was mixed with 46 wt.% ethanol 
containing 1 wt.% poly(vinyl butyral) 
as a binder, 6.4 wt.% butyl benzyl 
phthalate as a plasticiser, and 0.6 
wt.% Solsperse 20000 as a dispersant. 
The titanium microneedle array (TMA) 
green body was fabricated by a micro 
moulding method using a PolyDi-
methylsiloxane (PDMS) mould. The 
feedstock was poured into the PDMS 
mould and vibrated by ultrasound. 

Air bubbles were removed by vacuum 
pumping in a vacuum chamber for 
15 min. following which the porous Ti 
MA green bodies were dried in air at 
room temperature for approximately 
48 h. The resulting porous green body 
of Ti MA bonded by the plasticiser 
and binder was then released from 
the PDMS mould when the alcohol 
was completely evaporated; the 
morphology of the green Ti MA is 
shown in Fig. 1 (a). The porous Ti MA 
consists of 6 × 6 micro-needles with 
a spacing of 1 mm between adjacent 
needles to avoid the ‘bed of nails’ 
effect of the MA during drug delivery. 
Fig. 1 (b-d) shows the morphology 
of one of the tips of the green Ti MA 
body and also the structure prior to 
debinding. Its surface is relatively 
rough and the plasticiser and binder 
fill the interstitial spaces in the 
titanium nanoparticle network.

The plasticiser, binder and 
dispersant were decomposed 
during the debinding stage under 
Ar atmosphere at 400°C for 1 hr. 
Only Ti and O elements were left on 
the TPMA surface guaranteeing the 
biocompatibility of TPMA. Solid state 
sintering was then done in argon at 
a temperature of 1250°C for 2 h to 
ensure growth of sintering necks 
and bond strength of TPMA (Fig. 2). 
The final porosity and average pore 

diameter of TPMA were 30.1% and 
1.3 µm, respectively. The tip radius, 
height, diameter at the middle section 
of the microneedle array were 20 µm, 
467.8 µm and 268 µm, respectively. 
Fig. 1 (e-h) shows the sintered 
structure of TPMA. 

Following tests on the penetration 
performance of TPMA the researchers 
concluded that these devices can be 

Fig. 1 Morphology of porous Ti microneedle arrays (a) to (d) in the green state, and (e) to (h) in the sintered condition 
(From paper: ‘Fabrication of a Ti porous microneedle array by metal injection moulding for transdermal drug delivery’, 
Jiyu Li, et al. PLoS One (Public Library of Science), Vol. 12, Issue 2, 2017, 15 pp) 

Fig. 2 Debinding and sintering profile for TPMA (From paper: ‘Fabrication of a 
Ti porous microneedle array by metal injection moulding for transdermal drug 
delivery’, Jiyu Li, et al. PLoS One (Public Library of Science), Vol. 12, Issue 2, 
2017, 15 pp) 

employed as a drug carrier by storing 
dry and liquid drugs in the intercon-
nected pores. The drugs can diffuse 
through the skin as it is punctured by 
the TPMA. TPMA also may be used 
as a breaching device to continually 
deliver the liquid drug through its 
open pores into the skin.

www.sysu.edu.cn
http://en.scut.edu.cn   
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Fraunhofer IKTS develops innovative 
two-component (2C) PIM process for a 
range of unique properties 

A research team at the Fraunhofer 
Institute for Ceramic Technologies 
and Systems (IKTS) and led by Dr 
Tassilo Moritz in Dresden, Germany, 
has recently been focusing on 
developing a two-component (2C) 
Powder Injection Moulding process 
to produce ceramic components with 
a unique combination of properties, 
such as electrical conductivity and 
electrical insulation, or hardness 
and ductility, as well as stainless 
steel–zirconia composites. Now this 
2C PIM shaping method has also 
been used for combining electrically 
conductive and electrically insulating 
sintered glasses. 

Fraunhofer IKTS states that glass 
Powder Injection Moulding offers an 
alternative, powder based route to 

conventional glass component manu-
facturing, which mainly starts from 
a molten glass. PIM allows for large 
scale production of glass compo-
nents with complex geometries, 
structured surfaces and sharp edges 
without any additional costly grinding 
or etching steps. The final product 
properties are attained by debinding 
and sintering of the powder injection 
moulded green glass parts, as is the 
case for ceramic components. 

As a special advantage of using 
the PIM shaping route, additional 
functionality of the glass component 
can be achieved through the addi-
tion of secondary phases, such as 
pigments or graphite in powder 
form. For example, Fraunhofer 
IKTS has developed an electrically 

conductive glass component 
produced by PIM that can be used 
as a heating element because its 
ohmic resistance has been attained 
by the addition of graphite powder. 
The conductivity of the 2C PIM glass 
component is said to lie between 300 

and 1 Ωcm depending on graphite 
content.

To produce this 2C PIM compo-
nent two commercially available 
glass powders (8330 and 8250 
produced by Schott AG) were mixed 
with graphite (KS 15, Imerys) to 
yield distinct electrical conductivity. 
Fraunhofer IKTS states that for 
successful combination of the two 
glasses in a subsequent co-sintering 
process, comparable thermal 
expansion coefficients and compa-
rable shrinking behaviour were 
necessary requirements. Shrinkage 
of the electrically insulating glass 
component was adjusted by adding 
alumina powder. The microstructure 
of a sintered PIM glass composite is 
shown in Fig. 2.

As an outcome of the research 
project, Powder Injection Moulding 
was used to manufacture the 
electrically heatable glass nozzle 
shown in Fig. 1 and crucible 
shown in Fig. 3. The homogeneous 

temperature distribution in the 
PIM glass composite was detected 
in infrared tests. In contrast to 
conventional metal-based compo-
nents for heating applications, the 

Fig. 2 SEM image of a sintered 
glass-graphite microstructure

Fig. 3 Thermo-camera image of a 
heating test of a 2C glass crucible

glass components were found to 
be significantly more compact and 
cost-effective. Heatable nozzles and 
crucibles are shown.

www.ikts.fraunhofer.de   

Fig. 1 Two-component injection 
moulded glass nozzle
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MIM in the aerospace industry: 
Fresh perspectives and new 
opportunities 

MIM for aero engine parts: 
An OEM’s perspective

The aerospace sector is currently 
a largely untapped market for 
MIM applications and the Special 
Interest Seminar held on this 
topic at Euro PM2017 was aimed 
at providing an outlook on what is 
required from the end-users’ point 
of view to increase the portfolio of 
MIM parts that can be produced 
for aerospace applications in the 
future.

An OEM’s perspective, with 
particular reference to aero 
engine applications, was provided 
in a presentation by Dr-Ing 
Enrico Daenicke of Rolls-Royce 
Deutschland Ltd & Co. KG [1]. 
Daenicke identified that, although 
the technology has shown promise 
in its limited application to aero 
engine parts, its full potential has 
not yet been realised. The presenta-
tion addressed the opportunities to 
be pursued and the challenges to 
be addressed in order to enhance 
penetration of MIM technology in 
the aero engine parts market.

Firstly, the opportunities provided 
by MIM were discussed. Of consider-
able significance, the potential for 
MIM as an enabler for component 
cost reduction, based on its near net 
shape capability, was highlighted. In 
fact, in this context, MIM is just one 
of perhaps a dozen near net shape 

technologies under active evaluation 
by Rolls-Royce.

The factors underlying MIM’s 
potential for cost reduction were 
considered. One factor identified was 
improved resource efficiency, with 
regard to high material utilisation 
levels and lower energy consumption, 

The aerospace industry has long been recognised as an important potential 
market for Metal Injection Moulding. However, this sector’s unique 
requirements, combined with the limited public exposure given to successful 
applications to-date, have resulted in low market penetration. As Dr David 
Whittaker reports, a Special Interest Seminar held at the Euro PM2017 
Congress, October 1-5, 2017, sought to highlight some of the opportunities 
and challenges offered by this market from the perspective of aerospace 
OEMs and a MIM parts producer. 

MIM in the aerospace sector

Fig. 1 MIM levers manufactured by Schunk Sintermetalltechnik for adjusting
vanes in Rolls-Royce aero engines [1]
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relative to competing, conventional 
manufacturing processes. The 
impact of MIM in reducing the 
number of process steps was also 
highlighted, using the example of 
aerofoil manufacturing. For this type 
of application, MIM offers a significant 
reduction in process steps compared 
to conventional manufacturing routes 
such as forging and machining. The 
potential importance of the increased 
design freedom provided by MIM was 
emphasised, as was the improved 
choice of material compared with 
conventional processing. 

MIM’s material advantage
Whereas, in conventional manu-
facture, material choice can be 
limited by processability issues, MIM 
offers a very high level of flexibility 
in material choice. In principle, 
nearly every material could be made 
available in powder form and could be 
consolidated by sintering. There is a 
large established powder supply chain 
and choice of powder manufacturing 
processes, for example gas or water 
atomisation. Candidate materials, 
of particular interest for aero engine 
application, were identified as stain-

less steels such as 17-4 PH, titanium 
alloys, nickel based superalloys such 
as IN718, IN713LC and cobalt based 
superalloys.

Process simulation 
The final area of opportunity was 
identified as being the potential use 
of process simulation or modelling. 
Modelling could be usefully employed 
in a number of areas, including 
identifying designs and materials 
processable by MIM, identifying 
suitable moulding parameters, iden-
tifying distortion and shrinkage risks 
in designs, reducing the number of 
iterations in obtaining conforming 
parts, and optimising furnace 
loading. However, the relative dearth 
of relevant input data for simulation 
and the need for simulation models 
to be validated were also identified as 
current limitations and these issues 
ought to be included in the list of 
challenges.

Rolls-Royce’s first flying MIM aero 
engine part
An example was then given of an 
application where these opportuni-
ties have been realised. The part, 
a lever for a variable stator vane 
system (Fig. 1), was the first flying 
MIM part in a Rolls-Royce aero 
engine. Fig. 2 shows the design 
modifications that were made to 
enhance its ability to be processed by 
MIM. The performance capability of 
this 17-4 PH stainless steel part was 
reported to be near to forged product 
standards.

MIM’s cost reduction potential 
has been proven in this first 
application and material, process 
and quality specifications have been 
defined and established to control 
the process. The application was 
first implemented in 2011 and now 
provides the baseline for future 
engines.

The challenges for MIM
Turning to the challenges to be 
addressed, the first to be identified 
could be described as a two-way 
communication problem. There is 
the well-recognised issue of the 
continuing lack of fundamental 
MIM process understanding on the 
part of OEMs and a consequent low 
confidence level in the capabilities 
of the process. This is coupled with 
a lack of understanding among MIM 
producers of the specific require-
ments for aerospace components.

The second challenge relates 
to the aerospace sector’s strict 
validation requirements, with 
respect to material performance 
and degradation, product tolerances 
and quality. A high level of validation 
effort is required to qualify each 
new material, new manufacturing 
process, new geometry, new equip-
ment and new supplier. Overall, 
validation efforts for aero engine 
parts are more exacting than for 
parts in other industry sectors.

A further challenge relates to 
the low production volumes, but 
high numbers, of different part 
geometries associated with aero 
engine applications. The latter of 
these issues might be turned into 
an opportunity for MIM by using the 
technology’s capability for combining 
numerous different part geometries 
into a single integrated part.

Potential candidates for MIM 
application might include ferrules, 
levers, dampers, dowels, washers, 
lockplates and sleeves, as shown 
in Fig. 3. For such applications, 
annual part volumes might be as 
low as 1,000, but could be as high 
as 100,000. An advantage over other 
industries, however, might be the 
relatively long contract periods in 
the aerospace sector.

Design considerations also feature 
in the list of challenges. For current 
engines, a retrofit using an estab-
lished design is the only option for the 
introduction of a MIM part, meaning 
that there is little or no opportunity for 
‘design for MIM’. For future engines, 
however, the full design freedom 
capabilities of MIM could be used 
and the technology’s full potential 
realised.

The current size and weight limita-
tions of MIM parts were also seen as 
being an impediment to penetration 
of this market. The speaker defined 
these limitations as being <10-30 mm 
in size and <30 g in weight. An attack 
on these limitations would clearly 
broaden the range of potential 
applications.

Managing distortion
Finally, there are a number of 
challenges related to the control of 
defects that can be introduced in 
the MIM process. Distortions can be 
introduced in green parts or during 
the sintering process. In green 
parts, potential causes of distortion 
might lie in the cooling regime after 
moulding, resulting in residual 
stresses or different local particle 
loading, leading to segregation. Green 
part distortion needs to be taken into 
account in tooling design, or, as the 
speaker put it, “make the tooling 
wrong to get the part right”. The main 
causes of distortion in sintering were 
defined as being gravity, dependent 
on part orientation and sinter support, 
and friction between material and 

Fig. 2 Schematic showing how the lever was redesigned for MIM production [1]

Fig. 3 Potential MIM applications in aero engines. Note that images are for illustration purposes only and do not 
reflect actual part size [1] 

A PW1524G during testing in West Palm Beach (Photo © Pratt & 
Whitney) [2]

In contrast to their race to embrace Additive Manufacturing technology, 
aerospace companies are less forthcoming about their developments 
relating to MIM. It was therefore of some significance when, in 2015, 
US-based aerospace producer Pratt & Whitney announced that its 
PurePower® PW1500G engines would include MIM components, as well 
as being the first to feature entry-into-service jet engine parts produced 
using Additive Manufacturing [2]. 

MIM AT PRATT & WHITNEY
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ceramic and different shrinkage due 
to different material distribution.

Currently, development activities 
on these issues are largely based 
on trial-and-error and the need for 
the use of simulation tools to reduce 
the number of iterations and to 
shorten development times was again 
highlighted (Fig. 4). This brings back 
into focus the issues currently limiting 
the use of simulation modelling, 
discussed earlier.

The challenge of porosity
Porosity is also inherent in the MIM 
process. This may be in the form of 
micro-pores or macro-pores. Micro-
pores are typically of a size below 
30 µm and can be covered by material 
testing. Macro-pores, however, are 
generally of a size above 100 µm and 
may be caused by air entrapment or 
binder agglomeration. Their effect, in 
terms of size, shape and location, on 
mechanical properties remains to be 
determined.

Depending on the application, 
macro-pores may or may not be 
acceptable. If they are not acceptable, 
robust NDT procedures or a final HIP 
treatment may be required.

The challenges of 
introducing MIM parts in the 
aerospace sector

A further OEM perspective was 
provided by Dr-Ing Sébastien 
Richard of Safran Group, France [3]. 
Dr Richard began by placing the 
aerospace industry’s current interests 
in MIM in context. Among the objec-
tives defined by the Advisory Council 
for Aeronautics Research in Europe 
(ACARE), a huge pressure to reduce 
both component costs and environ-
mental impact has been identified. In 
order to increase material yield, near 
net shape powder-based processes 
are coming under serious considera-
tion. As a part of this consideration, 
there is a renewed interest in Metal 
Injection Moulding.

Although MIM is a well-established 
process for some end-user sectors, 
its current penetration of the 
aerospace market is very limited. 

However, this does not signify a 
lack of interest, as evidenced by 
recent levels of patent activity. An 
analysis, carried out by Safran, 
of PIM patents filed in the period 
1990 - 2013 demonstrates that 
several aerospace OEMs and Tier 1 
suppliers are in the vanguard of this 
activity (Fig. 5). For instance, GE lies 
in second place, while Safran itself is 
placed fifth. It is, therefore, reason-
able to conclude that all of the major 
players in the sector are working on 
this topic, although, for reasons of 
confidentiality, there has been little 
communication between them.

The speaker’s analysis was that 
currently the number of ‘eligible’ 
aero engine parts to be considered 
for MIM application is limited by 
the technology’s requirement for 
high production volumes, by the 
achievable product sizes and by 
perceived limitations in relation 
to the performance levels offered. 
In relation to production volumes, 
the highest production rate for 
aero engines in Safran is for the 
Leap engine, targeted at 2,000 
per year. Potentially eligible parts 
would preferably be ones that are 
duplicated within the engine.

Critical and non-critical  
applications
In relation to the (perceived) 
performance levels of MIM parts, 
aerospace applications can be 
separated into two categories, non-
critical and critical. For non-critical 
parts, failure has no consequence 
in terms of safety, whereas, for 
critical parts, failure would have 
either a limited or catastrophic 
effect on safety. The sector’s current 
philosophy would therefore be to 
introduce MIM parts on existing 
engines to replace non-critical parts 
originally made using conventional 
processes. The aim would then be 
to use such applications to build 
in-service feedback and to increase 
trust in the technology.

The proportion of component 
applications that meet all of the 
criteria discussed earlier is identi-
fied schematically in the overlap 
area, shown in Fig. 6.

Fig. 4 Modelling of green part, brown part and sintered part distortions [1]

Volume comparison of the MIM superalloy vane in the green and sintered 
state (Courtesy MTU Aero Engines GmbH) [4]

Four MIM superalloy vanes brazed 
together to form a vane cluster  
(Courtesy MTU Aero Engines 
GmbH) [4]

MTU Aero Engines GmbH of 
Munich is Germany’s leading 
aero engine manufacturer and an 
established global player in the 
aerospace industry. In September 
2010 PIM International reported 
that, as part of MTU’s drive to 
improve the efficiency and perfor-
mance of advanced aero engines, 
the company had been looking 
at MIM as a more cost-effective 
manufacturing method for complex 
shape compressor vanes located 
in the high pressure compressor 
of aero engines which operate at 
elevated temperatures [4]. One 
such engine is the Joint Tech-
nology Demonstrator Programme 
engine (JTDP03) which has been 
developed jointly with Pratt & 
Whitney (P&W) in the USA.

According to an unclassified 
report written by MTU researchers 
Siegfried Sikorski, Max Kraus and 
Dr Claus Müller, MIM stator vanes 
made from gas atomised nickel 
base superalloy powders capable 
of operating at temperatures of up 
to 650°C, have been engine tested 
with a view to replacing vanes 
made from forgings or castings. 
Forged vanes require time 
consuming and costly milling or 
electro-chemical machining (ECM) 
whereas cast vanes had lower high 

cycle fatigue (HCF) strength and did 
not guarantee acceptable quality 
for the thin leading and trailing 
edges. MIM superalloy vanes are 
said to have HCF properties close 
to those of the forged material.

MTU did not revealed the 
specific composition of the argon 
atomised nickel-based superalloy 
used to produce the MIM vanes, 
stating only that it is a proprietary 
alloy material. Nearly 100% mate-
rial usage gives MIM a significant 
cost advantage despite the high 
cost of the nickel-base superalloy 
powder used as a starting material, 
states the report. The powder is 
sieved to obtain the desired particle 
size distribution and optimum 
powder filling in the MIM feedstock.

CASE STUDY: SUPERALLOY VANES

MIM in the aerospace sectorMIM in the aerospace sector

Brown geometry Sintered distorted geometry

Test performed at different gaps

Large gap

Fig. 5 MIM patents filed from 1990-2013 (Source: Safran internal report) [3]
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MIM’s sticking points
The presentation then discussed 
what the speaker referred to as 
a number of ‘sticking points’. In 
general terms, these sticking points 
can be considered to relate to 
misunderstandings between MIM 
producers and aerospace manufac-
turers.

On the one hand, MIM producers 
need an enhanced understanding 
of aerospace requirements, which 
are defined by the airworthiness 
authorities. A civil aircraft engine, 
for instance, must be certified for 
five times its real commercial life, 
full process traceability is required 
in order to be able to trace the chain 
back in case of an incident and, 
because MIM is currently considered 
to be a ‘special process’, key 
characteristics must be defined and 
must be under control.

On the other hand, the lack of 
MIM process understanding in the 
aerospace sector means that Metal 
Injection Moulding is perceived as a 
process with many empirical rules 
and numerous process steps, each 
of which can inherit defects from 

its predecessor. All of this leads 
to a relatively moderate degree of 
confidence in the technology. The 
inescapable conclusion is that closer 
collaboration between suppliers and 
end-users is essential.

Process considerations
There are issues that must be 
addressed throughout the MIM 
process route. A number of these 
issues relate to the powder employed. 
Powder particle size distribution 
strongly impacts the injection and 
sintering stages. Here, there is a need 
for sensitivity analysis to support 
process robustness. This will be 
time-consuming and expensive, and 
appropriate simulation modelling 
would therefore be useful in this 
context. 

Currently, powder compositional 
requirements are often derived from 
those used in conventional processing 
and these may not necessarily be 
appropriate for MIM and may have a 
significant impact on powder price. 
Again, optimisation of powder compo-
sitional selection may introduce a 
considerable testing programme. A 

sensitivity analysis would also be justi-
fied in relation to powder morphology. 
In addition, cross-contamination of 
powder with foreign particles due to 
inappropriate cleaning practices may 
be a danger and, therefore, implies 
a need for close collaboration with 
powder suppliers.

Further downstream in the MIM 
process, batch-to-batch consistency 
of feedstocks in terms of rheology 
and powder loading is essential in 
ensuring green part accuracy and 
quality and work is required in this 
area. Once feedstock production is 
under control, there is a need for 
control of the accuracy of green parts 
after de-moulding. Here, improved 
simulation tools are needed to 
model mould filling (with and without 
conformal cooling) and particle/
binder segregation. Simulation tools 
are also needed to reduce distortions 
during debinding and sintering and 
to optimise sintered microstructural 
control.

For a given material, the MIM 
microstructure obtained will be 
different from that arising in a 
conventional process. Relevant post-
MIM process stages to address this 
issue might involve the development 
of modified heat treatment schedules 
and/or the use of Hot Isostatic 
Pressing (HIP) to achieve full density. 
In the speaker’s view, such develop-
ments ought to be pursued by the 
aerospace manufacturers themselves, 
on the basis of their established 
in-house knowledge of the relevant 
materials.

The development of a MIM aerospace 
fuel nozzle
The next part of the presentation 
provided an example of a MIM part 
developed at Safran. This application 
was a fuel nozzle, which was the result 
of a three-year development project 
with France’s Alliance-MIM. This part 
was required to operate at a maximum 
temperature of 900°C, to be subjected 
to creep and high temperature oxida-
tion and to pass a permeability test. 

The previous standard process 
used a starting material of Hastelloy X 
extruded bar, with the composition 
shown in Table 1 and with room 

Fig. 7 The MIM fuel nozzle after joining and sintering. CT scans, right, show the complex internal structures [3]

temperature yield strength and 
UTS of >240 MPa and >440 MPa, 
respectively. The four sub-parts were 
then machined from the barstock, 
assembled and joined by brazing and 
the assembled part was finally heat 
treated.

The alternative MIM process 
comprised the injection moulding of 
the four sub-parts, machining in the 
green state to remove sprues and to 
introduce the drilled holes, assembly 
of the sub-parts, debinding, joining of 
the sub-parts by diffusion bonding in 
a co-sintering process step and final 
heat treatment and machining.

The developed MIM part (Fig. 7) 
was validated in terms of sintered 
part quality and dimensions, 
heat-treated microstructure, integrity 
and strength of the diffusion-bonded 
area, process reproducibility, pull 
and mechanical tests, permeability 
testing and functional testing. The 
prototype MIM parts were found to 
satisfy these requirements in all 
regards.

The speaker then returned to 
Fig. 6 and considered the technical 
barriers to be overcome, in order to 

expand MIM’s capabilities in terms of 
all three criteria, expand the area of 
overlap and increase MIM’s potential 
parts portfolio (Fig. 8).

To achieve an increase in the 
size of MIM parts, the speaker 
proposed the mastering of the 
injection process and of control of 
part distortion, through the extensive 
use of appropriate simulation tools 

and an enhanced understanding of 
the MIM process steps, as major 
requirements.

In order to make the technology 
suitable for lower production volume 
applications, there is a need to reduce 
the number of iterations to save time 
and costs in new part development. 
The ideal target would be to make 
this development process ‘right first 

Fig. 6 Current potentially eligible aero engine parts for MIM application [3]

High 
volume Low

criticality 

Small size 
Potentially eligible parts 

Aircraft engine 
parts 

Fig. 8 Future potentially eligible MIM parts for aero applications [3]

Aircraft engine 
parts 

High and 
medium
volume 

Low + 
medium 
criticality 

Small and 
medium size Tomorrow’s 

potential parts 

Table 1 Chemical composition of Hastelloy X [3]

Ni Cr Fe Mo Co W C Mn Si B

47 22 18 9 1.5 0.6 0.1 < 1 < 1 < 0.008

MIM in the aerospace sectorMIM in the aerospace sector
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from the current position. To-date, 
the aerospace parts targeted for 
MIM production have been designed 
initially for conventional manufac-
turing processes. The ability to design 
for MIM production from the outset 
would bring increased cost benefits. 
He reiterated that this would require 
an increase in confidence levels in the 
capabilities of MIM technology on the 
part of OEM designers. More feedback 
on the capabilities of the current suite 
of ‘retrofit’ MIM applications could 
play a vital role in this context.

MIM components for 
aerospace actuation 
systems

Finally, a MIM parts maker’s perspec-
tive was provided in a presentation 
from Pedro Pablo Rodriguez, 
Research & Innovation Manager at 
MIM-tech Alfa, Spain, which focused 
on the potential application of MIM 
components in aerospace actuation 
systems [6]. As with several other 
MIM parts makers, this company is 
part of a group, which also includes 

Fig. 9 Power control unit for secondary flight control 
system [6]

Fig. 10 Spoiler actuator [6]

investment casting capability, and 
was established after the parent 
group recognised MIM as a viable 
competitor to investment casting 
at the lower end of the product size 
range. Consequently, MIM-tech Alfa 
was established in 2004 and since 
then has experienced significant 
annual growth of around 20%. A 
breakdown of the company’s current 
business by customer industry 
sector was presented, showing that 
aerospace is a sector that remains to 
be penetrated.

Published estimates of global 
MIM production by industry sector 
consistently underline that MIM 
is not being used regularly in the 
aerospace industry. However, it has 
been reported in PIM International 
on numerous occasions - and is 
highlighted in the case studies in 
this report - that there is a growing 
enthusiasm for the technology in the 
commercial and military aerospace 
industries. The presentation high-
lighted a small number of established 
applications from past issues of PIM 
International, including a de-icing 
valve holder for the Airbus A380 in 
316L stainless steel and a seatbelt 

time’, although the speaker conceded 
that this would be an extremely 
challenging objective.

To allow MIM to address increased 
criticality in targeted parts would 
be the most challenging objective 
of all and would require extensive 
collaboration between the MIM supply 
chain and OEM designers. In order to 
raise the level of end-user confidence, 
the technology must prove its worth.

Finally, future outlook was consid-
ered. The speaker proposed that 
there is much room for improvement 

component in Fe7Ni0.6C, produced by 
Mimecrisa (see case study). However, 
the speaker then echoed the views 
of the OEM presenters by pointing 
to a disconnect between the normal 
requirements of MIM producers and 
those of the aerospace industry.

On the one hand, MIM producers 
are used to certain requirements 
in terms of lot and part sizes, 
dimensional tolerances, mechanical 
properties and the need for certifica-
tion and validations.

The aerospace industry, on the 
other hand, requires the availability of 
materials that are often outside MIM’s 
normal range, for example nickel-
based superalloys, titanium alloys or 
special steels. Part sizes and, particu-
larly, production volumes would also 
depart from MIM norms. Compared 
with most other customer industries, 
contract timescales are long, but so 
are the required qualification periods. 
The need for certification, testing and 
validation are particularly exacting.

MIM in flight control actuators
With a view to attacking these areas 
of disconnect, MIM-tech Alfa has 
been working on a collaborative 

research project to develop several 
components of the actuators incor-
porated in flight control systems. The 
project, entitled ACCOMIM – Actuator 
Components made by alternative 
Metal Injection Moulding, has been 
funded through the European Union 
Framework Programme 7 Clean Sky 
Joint Undertaking and also includes 
Liebherr and IK4 Azterlan research 
alliance as partners. The objectives 
of ACCOMIM are stated to be the 
development and manufacture of 
metallic prototypes, used for actuator 
flight control parts, by MIM and 
the reduction of weight, cost and 
manufacturing scrap associated with 
conventional production technologies.

The remainder of the presentation 
concentrated on the outcomes from 
this project, in relation to the main 
technical challenges regarding 
microstructure, dimensional toler-
ances and mechanical and magnetic 
properties.

Target component applications 
were contained within ballscrew 
actuators, valve block hydraulic 
systems, power control units for 
secondary flight control systems 
(Fig. 9), spoiler actuators (Fig. 10) 

This MIM low alloy steel seat belt 
component was manufactured 
by Spain’s Mimecrisa for the 
aerospace sector. Weighing 90 g, the 
complex shape is produced from an 
Fe7Ni0.6C steel alloy which, after 
heat treatment, provides a tensile 
strength greater than 1200 MPa. 

It was stated that the 80 mm 
diameter part was outside the 
traditional weight and size range for 
MIM parts. It was important to avoid 
closure of the open window/slides 
in the MIM part by deformation 
during processing. This application 
was first presented as a case study 
at the PM2010 World Congress and 
Exhibition, Florence, Italy, October 
10-14 October, 2010, and reviewed 
in PIM International [5]

CASE STUDY: AEROSPACE SEAT BELT

MIM in the aerospace sectorMIM in the aerospace sector

Fig. 11 A MIM bracket from the spoiler actuator shown in Fig. 10 [6]
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Fig.13 Influence of sintering temperature on magnetic properties of MIM 
parts [6]

During the course of the project, 
a number of issues were identified 
which might present difficulties in 
implementing MIM and for which 
discussion and negotiation with the 
customer would be necessary. The 
first of these issues, as defined by 
the speaker, related to material 
choice. Because of a lack of avail-
ability of the customer’s standard 
materials in MIM feedstocks for the 
preferred route involving catalytic 
debinding, the alternative materials 
17-4 PH stainless steel and FN50 
low alloy steel had to be proposed 
and validated for two applications.

Matching dimensional tolerances 
with those in standard machined 
parts may also be an issue. It 
may well be that the as-machined 
tolerance level is unnecessarily tight 
and may not be needed. However, 
to increase tolerances to typical 
MIM levels would certainly require 
functional verification of the part.
To make a design suitable for 
MIM processing, some adaptation 
may have to be agreed with the 
customer. For instance, some flat 

MIM in the aerospace sectorMIM in the aerospace sector

In September 2011 PIM Interna-
tional reported that UK aero engine 
producer Rolls-Royce plc had been 
looking at the use of Metal injection 
Moulding as a simpler and cheaper 
manufacturing route to the current 
seven-stage forging process used 
to produce nickel-based Inconel 
718 superalloy stator vanes [7]. 
The stator vanes are used in the 
compressors of Rolls-Royce aero 
engines and are made from the 
Nickel-Iron-Chromium precipita-
tion hardenable superalloy because 
of the material’s good creep 
properties at high temperatures. 

In a presentation given at the 
time to a joint meeting of the 
Scottish Association for Metals 
and the Scottish Plastics & Rubber 
Association held in Glasgow, 

The superalloy stator vanes before 
and after sintering [7]

CASE STUDY:  
MIM SUPERALLOY STATOR VANES

Scotland, Andrew Russell from Rolls-
Royce’s laboratories in Inchinnan, 
Renfrewshire, Scotland, described 
the MIM process used to produce the 
superalloy stator vanes. 

He stated that the alloy powder, 
with a particle size of 5–40 µm, 
was mixed with a binder, based on 
polymethylmethacrylate (PMMA) 
and a water soluble polymer, and 
is fed into a conventional plastic 
injection moulding machine to form 
moulded preforms. The preforms 
are then subjected to a debinding 
process using solvent extraction 
with water, followed by a thermal 
process to depolymerise the PMMA, 
the decomposition products being 
vacuum extracted. This, stated 
Russell, is a critical stage because 
of the associated shrinkage and the 

temperature profile and component 
support both have to be carefully 
controlled. Tolerances of +/- 0.5% 
can be achieved. The final step is 
a single forging stage followed by 
finishing processes.

The advantages of MIM over the 
conventional forging sequence are 
said to be reductions in component 
times, raw material waste and 
energy consumption.

surfaces may be needed to avoid 
sintering distortions. It may also 
be necessary to agree with the 
customer the means of dealing with 
‘new’ MIM-specific defect types. 
For instance, standard, machined 

and main and tail rotor actuators. The 
spoiler actuator targeted (Fig. 10), was 
an Airbus A380 fly-by-wire electrohy-
draulic servo-actuator. This is used to 
reduce wing lift during landing, quickly 
and strongly, by raising dedicated wing 
control surfaces against the air flow 
over the wing profile. Further hydraulic 
actuators are used in the control of the 
ailerons, rudder and elevator.

Fig. 12 Magnetic coercivity of MIM parts [6]
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One spoiler actuator part 
studied was the bracket shown in 
Fig. 11. In the existing machined 
part, the usual material of choice 
was 15-5 PH stainless steel, but, 
for powder availability reasons, 
this was substituted with 17-4 PH 
in the MIM part. In the ACCOMIM 
project, MIM fabrication of the part 
has been fully demonstrated and 

mechanical property and corrosion 
resistance requirements have been 
satisfied. This application is now in 
the industrialisation phase.

In the same actuation system, 
some small but important mechanical 
parts, associated with the hydraulic 
control, have also been investigated. 
For confidentiality reasons, these 
parts were not illustrated. The mate-
rial used for the MIM parts was an 
Fe-Ni alloy (FN50). The part had both 
mechanical property and magnetic 
property requirements. To-date, MIM 
fabrication and mechanical properties 
have been validated in the ACCOMIM 
project, but further development 
is continuing with regard to the 
magnetic property requirements.

It has been found that the 
magnetic coercivity (Hc) of MIM 
parts is generally higher than for the 
existing machined parts (Fig. 12). 
However, changes to MIM processing 
conditions can be made that will 
reduce magnetic coercivity and, in 
this context, the influence of raising 
sintering temperature is shown in 
Fig. 13.

parts would not show bubbles or 
pores, whereas such defects may be 
apparent in MIM parts. Generally, 
no specifications would be available 
to deal with this issue and it may 
therefore be necessary to propose 

CASE STUDY:  
MIM ENGINE FERRULE FOR ROLLS-ROYCE

A MIM aerospace engine ferrule made for Rolls-Royce by Advanced 
Forming Technology (Courtesy MPIF)

International MIM producer ARC 
Group Worldwide, headquartered 
in Longmont, Colorado, USA, one 
an MPIF Award of Disticition in 
2016 for this aerospace engine 
ferrule made for Rolls-Royce. 
Made of 17-4 PH stainless steel, 
this MIM part provides a conduc-
tive path between the screen and 
the engine, while offering support 
to the single cable and preventing 
the placement of cable loading on 
the screen.

The complex component is 
sintered exactly to net shape, with 
no secondary operations needed 
to meet required dimensional 
specifications. Cost savings were 
the primary driver for the switch 
to a MIM part from one machined 
from bar stock.
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additional post-process operations, 
such as HIPing.

Overall, the speaker concluded 
that there are specific aerospace 
parts that can be manufactured by 
MIM. However, to translate such 
opportunities into production, MIM 
parts makers would need to generate 
additional capabilities, in terms of 
certification, testing and validation, 
and close cooperation with customers 
would be needed to agree the types of 
changes to material choice, toler-
ance requirements and design, as 
discussed earlier.

The ACCOMIM project, however, 
has been able to demonstrate that 
actuator components for flight 
control systems can be manufactured 
competitively by MIM.

Conclusion

There was a good degree of unanimity 
in the views of the three presenters, 
with firm agreement that enhanced 
penetration of the aerospace 
components market can come only 

through close collaboration between 
end-users and the MIM supply base. 
The importance of developing and 
applying suitable simulation models 
was also highlighted as being of great 
significance in enhancing various 
aspects of MIM process and quality 
control, with a view to increasing 
confidence levels in the technology.

Author

Dr David Whittaker
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PMTi 2017 Xi’an:  
Titanium MIM comes of age as 
Additive Manufacturing drives 
awareness

In September the fourth International 
Conference on the Powder Metallurgy 
of Titanium, PMTi 2017, took place in 
Xi’an, China, continuing the success 
of this specialised technical confer-
ence series. More than 150 attendees 
from twenty-two countries listened 
to eighty-five oral presentations and 
discussed numerous poster presenta-
tions, all dealing with the powder 
metallurgical processing of titanium 
and its alloys. While, as at all current 
conferences on Powder Metallurgy, 
Additive Manufacturing (AM) is an 
increasingly important topic, Metal 
Injection Moulding holds its position 
as a well-established manufacturing 
technology. Furthermore, it appears 
that MIM is even benefiting from AM. 
There is an increase in the number of 
powder manufacturers on the market, 
the price for Ti powder is falling and 
metal powder based technologies 
are becoming ever more accepted 
- even for the production of critical 
components. Customers establishing 
contact with metal powder for the first 
time via AM are now starting to take 
note of the benefits of MIM when high 
numbers of parts are required.

Compared to the previous 
conferences in this series, the MIM 
presentations at PMTi 2017 went 
into more scientific detail rather 
than simply reporting on initial 
successes in the application of the 
technology to produce parts with 
acceptable ductility and strength. 

It appears that the MIM of titanium 
is now an established technology. 
Feedstocks, including guidelines 
for processing, are commercially 
available, specialised equipment can 
be purchased and a high number of 
MIM titanium components are on 
the market. Unfortunately, many of 

Fig. 1 The city of Xi-an, Shaanxi Province, famous for the Terracotta Army, 
hosted PMTi 2017 (Photo courtesy Dr Thomas Ebel)

The PM Titanium conference series, first held in Brisbane, Australia, in 2011 and 
then in Hamilton, New Zealand (2013) and Lüneburg, Germany (2015), is a key 
international event for those involved in the powder metallurgical processing 
of titanium and its alloys. MIM has been a leading topic within the conference 
since the start and, as Dr Thomas Ebel reports, it is a technology that is not only 
maturing in its ability to reach the necessary material properties, but also in 
regard to the commercial availability of powders and feedstocks. This combination, 
together with a growing appreciation of metal powder-based manufacturing thanks 
to the rise of AM, paints a positive outlook for the industry.
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these parts are not promoted as 
being manufactured by MIM, to avoid 
competitors becoming aware of this 
cost-efficient technology for the 
manufacture of their own products. 

However, the number of titanium 
parts is still small, whether they are 
processed by Powder Metallurgy 
or conventional processes. At 
the start of the conference, Z Zak 
Fang from the University of Utah, 
USA, pointed out that the only 
major reason for the still-limited 
number of titanium applications 
is cost [1]. Consequently, a 
significant number of the 
presentations focused directly on 
cost reduction, for example through 
the production and application of 
less expensive powders or, more 

indirectly, by generating a scientific 
understanding of the roles of 
microstructure, interstitials or 
alloying element additions in order 
to achieve more robust processing 
conditions and enhanced properties. 

The first plenary presentation 
was made by Ma Qian from RMIT 
in Melbourne, Australia, focusing 
exactly on this topic, among other 
issues explaining the role of 
interstitials like oxygen and carbon 
[2]. Besides the need for lower 
powder costs, the application of 
near-net-shape processes, such 
as AM and MIM, is essential in 
driving down the price of titanium 
components. This opportunity 
was illustrated in nearly all of the 
presentations given on MIM.

MIM of titanium using 
non-spherical powder

As a first example, the aim of the 
study of Ali Dehghan-Manshadi et 
al. from the Queensland Centre for 
Advanced Materials Processing and 
Manufacturing, Australia, was the 
development of a process for the 
production of complex titanium parts 
for industrial applications using inex-
pensive non-spherical powders [3]. 
This required an understanding of 
key processing variables, materials 
parameters and the development 
of metallurgical solutions to ensure 
the required properties for high-
performance applications.

Dehghan-Manshadi used HDH 
(hydride-dehydride) titanium powders, 
which, according to the author, 
are cheaper by a factor of ten to 
twenty compared with gas atomised 
powders. The disadvantages of using 
this powder type are its rather poor 
flowability during moulding and the 
occurrence of some internal porosity. 
Thus, composition and preparation 
of the feedstock and the debinding 
process were the two main focuses 
of the development to ensure proper 
mould filling and further processing 
without distortion. 

As binder components, paraffin 
wax, high density polyethylene 
(HDPE) and stearic acid were used. 
The optimal powder loading was 
determined as being 59 vol.%, which 
is significantly less than typical 
values used with spherical powders. 
Binder and powder were mixed under 
argon in a sigma-blade kneader and, 
subsequently, extruded ten times 
to achieve high homogeneity of the 
feedstock. 

It was established that the 
minimum time for solvent debinding 
in hexane at 50°C was 20 hours. To 
assess appropriate parameters for 
thermal debinding, thermogravimetric 
analyses (TGA) were performed and 
revealed that very slow heating with a 
rate of 1 K/min up to a temperature of 
550°C avoids distortion of the parts, 
despite the narrow temperature range 
for decomposition of HDPE. Sintering 
time and temperature were varied 
and 2 hours at 1250°C led to the best 

results. Fig. 2 shows the complete 
furnace cycle.

The final density was around 97% 
of the theoretical value of the mate-
rial. Tensile tests were performed 
using standard dog-bone shaped 
specimens. Table 1 shows the results 
as a function of sintering temperature 
and compares them to ASTM standard 
titanium Grades 2 and 3.

It is obvious that, despite the use 
of the irregular shaped powders, very 
good properties were achieved. The 
overall performance is positioned 
between Grades 2 and 3. However, 
elongation is relatively low, even 
though it may be deemed sufficient 
for many applications.

An overview of the 
processing of parts from 
titanium hydride powder

Besides the use of hydride-dehydride 
powders, it is also possible to use 
the hydrided powders directly. The 
price of these powders is typically 
around 60% of that for gas atomised 
powders. Further advantages lie in 
better sintering activity and lower 
sensitivity to oxygen uptake during 
processing. Because the hydrogen 
occurs in its atomic form, it is capable 
of removing part of the surface oxides 
during dehydriding, which takes place 
at elevated temperature as part of 
the process cycle. Efrain Carreño-
Morelli et al from the University of 
Applied Sciences and Arts Western 
Switzerland, Sion, gave an overview 
of PM processing of TiH2 powders, 
performed in Sion [4]. In addition to 

MIM, he reported on cold compaction, 
tape casting and Additive Manufac-
turing using a novel technique of 
solvent jetting on polymer-powder 
granule beds. 

The powder used had a D50 value 
of 20.3 µm and a low oxygen content 
of 0.07 wt.%. However, the nitrogen 
value of 0.14 wt.% was comparably 
high. TGA and DTA measurement on 
the powders helped to determine the 
dehydriding temperature range from 
450 to 800°C. For MIM, a feedstock 
was prepared with a powder load of 
60%, similar to the value in the study 
of Dehghan-Manshadi. In contrast to 
Dehghan-Manshadi, Carreño-Morelli 
used low density polyethylene (LDPE) 
instead of HDPE. Solvent debinding 
of the wax was performed using 
heptane. Sintering parameters were 
1200°C for 4 hours. 

Using hydride powders means an 
additional linear shrinkage of about 
6% during hydrogen removal due 
to the phase transformation from 
fluorite-type to hexagonal close-
packed structure. Thus, the overall 
shrinkage as difference between 
green and sintered part was rather 
high, measured at 20%.

Fig. 3 reveals the tensile test 
results of the sintered specimens. 
Oxygen content was 0.30 wt.%, which 
is lower than the requirement for 
ASTM Grade 4 (0.4 wt.%), while the 
strength is significantly higher than 
required. The elongation corre-
sponds to the minimum value of 
Grade 4. The density of the sintered 
part was 97.1% of the theoretical 
value for titanium. Interestingly, 
the nitrogen content decreased 
to 0.027 wt.% during processing. 

Fig. 2 Complete furnace cycle to process HDH powder [3]

Sintering
Temperature (°C)

Tensile
Strength (MPa)

Elongation
(%)

Relative
Density (%)

Shrinkage
(%)

1300 392 10 97.3 13.68

1250 395 12.5 96.5 13.62

1200 384 12 94.4 13.46

1150 345 6 92.2 13.11

ASTM Grade 2 
(mill-annealed) 

345 >20   

ASTM Grade 3 
(mill-annealed)

445 >18

Table 1 Results of tensile tests compared to ASTM standard [3]

Fig. 3 Tensile test result of MIM processed TiH2 [4]
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Fig. 6 Effect on grain size of using fine and coarser powders. In the latter case, 
different amounts of TiB2 are added [5]
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Thus, all requirements for Grade 
4 titanium are fulfilled. In addition 
to test specimens, experimental 
watch bracelet segments were also 
successfully produced (Fig. 4). The 
achieved geometrical tolerances 
and the weight deviation were in the 
range of 0.5%.

Carreño-Morelli et al. also 
mixed TiH2 powder, with a D50 value 
of around 10 µm, with spherical 
Ni-powder (D50 6.9 µm) to manufac-
ture shape-memory components. 

Sintering led to a residual porosity 
of 2.5% and yielded a NiTi matrix 
with some Ti-rich regions. Thus, the 
shape-memory effect observed was 
not optimum, but probably sufficient 
for many applications. Depending 
on the load applied, some residual 
deformation was detected. However, 
recoverable deformation in the 
range of 4% under applied stress 
was achieved, proving the general 
feasibility of this manufacturing 
approach.

Furthermore, TiH2 was used by 
Carreño-Morelli and co-workers to 
produce porous material through the 
application of spaceholders made 
from NaCl and PMMA, respectively. In 
the case of NaCl, 50 vol.% particles 
with a size between 300 and 500 µm, 
were added to the binder. The 
main ingredient of the binder was 
polyethylene-glycol (PEG), in addition 
to the components mentioned previ-
ously. Thus, water debinding was able 
to remove the NaCl particles and PEG 
in one step. In comparison, PMMA 
particles were spherical, with a size of 
around 600 µm, and were removed in 
a bath of acetone. 

For both spaceholder materials, 
the sintering parameters were 
4 hours at 1000°C and 1200°C. A 
porosity of 36% and 43% was achieved 
for NaCl and PMMA spaceholders, 
respectively. The mechanical proper-
ties tend to be higher in the case 
of NaCl spaceholders. Here, for a 
sintering temperature of 1200°C, a 
Young’s modulus of 10 GPa (similar 
to that of cortical bone) and a yield 
strength of 271 MPa were measured. 
On the other hand, the usage of 
PMMA spaceholders and sintering 
at 1000°C led to an interconnected 
porosity (Fig. 5), which is very attrac-
tive for cell in-growth. 

Thus, by varying spaceholder 
type and sintering temperature, the 
properties of the porous material can 
be adapted to biological needs. This 
study proves that using low-cost TiH2-
powders is suitable for the intended 
purpose of biomedical products.

Advanced MIM Ti alloys for 
aerospace applications: 
improving fatigue properties

Further improvement of properties 
of MIM processed titanium alloys, in 
particular fatigue properties, was the 
topic of several presentations. Hideshi 
Miura et al from Kyushu University, 
Japan, presented a number of studies 
on this matter [5]. The influence of 
grain size on fatigue was studied by 
comparing two different Ti-6Al-4V 
powders (gas atomised, median 
size 31.4 µm, and plasma atomised, 

median size 15 µm) and with a partial 
addition of TiB2 (median size 1.36 µm). 

During sintering, TiB2 converts to 
TiB, effecting pinning of the beta grain 
boundaries. The binder ingredients 
were paraffin wax, carnauba wax, 
atactic polypropylene, ethylene vinyl 
acetate polymer and di-n-butyl 
phthalate (DBP). The powder loading 
was 65 vol.%. TiB2 powder was added 
with 0.06, 0.12, 0.24 and 0.40 mass% 
of boron. Different sintering param-
eters were chosen, depending on the 
powder used. The coarser powder 
mixed with TiB2 was sintered for 
4 hours at 1350°C, while the sintering 
temperature of the finer powder was 
varied between 1150 and 1300°C, 
with a sintering duration of 2 hours. 
In order to evaluate the influence of 
porosity, subsequent HIP treatment 
was applied to some of the sintered 
samples.

Sintered density was significantly 
higher for the samples prepared 
from fine powders. At 1300°C, 98% 
of theoretical density was achieved, 
compared with around 96.5% 
measured on the samples made 
from the coarser powder. Fig. 6 
summarises the results with regard 
to grain size, as a function of the 
differently prepared samples.

It is obvious how the addition of 
titanium borides decreases the grain 
size. However, using fine powders, 
processed at rather low sintering 
temperatures, shows a similar effect 
on grain size. Interestingly, the study 
showed that tensile properties are 
more influenced by density and 
oxygen content than by grain size. 
In fact, for non-HIPed specimens, a 
decreasing strength with decreasing 
grain size was observed, due to the 
higher porosity of samples with 
smaller grains affected by the specific 
sintering parameters. 

In contrast, the fatigue properties 
appear to follow a Hall-Petch 
relationship as shown in Fig. 7, 
proving clearly the importance of a 
fine microstructure for good fatigue 
behaviour. HIP improves the fatigue 
strength further. However, detailed 
analysis shows that the effect of HIP 
depends on the size of pores and 
grains. The larger defect defines the 

type of crack initiation, meaning that 
the closing of pores plays a significant 
role only when the size of the pores 
exceeds the grain size.

A further study, reported 
on by Miura, aimed at both the 
improvement of properties and cost 
reduction. The aim is to replace 
rather expensive vanadium with Fe, 
Cr and Mo. By introducing more 

beta-phase stabilising elements, 
solution strengthening is enhanced, 
thus, higher strength of the alloys is 
expected. 

For this investigation, the blended 
elemental approach was chosen, with 
even aluminium being added in its 
elemental form, which may lead to 
Kirkendall porosity during diffusion. 
However, the results showed no 
significant effect in this respect. 
Sintering was carried out under 
vacuum, applying a special setup and 
using getter material to minimise 
contamination by oxygen and carbon. 

The tensile results were corrected 
by the empirical equation σ(MPa) = 
700 cO(mass%) + 10 ρ(%) − 315 with 
regard to actual oxygen content cO 
and density ρ and normalised to 98% 
density and 0.3 wt.% oxygen.

Figs. 8 and 9 show the tensile 
results for the four different 
alloys investigated. As shown, the 
tensile strength could be improved 

significantly in all cases. However, 
the effect on ductility depends on 
the element added. While Cr and Mo 
generally show a beneficial behaviour, 
Fe tends to decrease the elongation 
to fracture. In the end, the best 
combination of strength and ductility 
was found to be based on the alloy 
Ti-6Al-12.5Mo, sintered at 1150°C 
and achieving 1100 MPa ultimate 
tensile strength and 8% elongation to 
fracture. This study proves once more 
the importance of developing new 
alloys adapted to MIM.

Fig. 5 Porous material intended for orthopaedic applications, manufactured by 
MIM using TiH2-powder and PMMA-spaceholders [4]

Fig. 7 Hall-Petch-like relationship of fatigue strength and grain size [5]

“By introducing more beta-phase 
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strengthening is enhanced, thus, higher 
strength of the alloys is expected”
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Fig. 8 Tensile strength of four different alloys processed by MIM [5]

Fig. 9 Elongation of four different alloys processed by MIM [5]

Fig. 10 Surface structure of Ti-6Al-4V 
sintered above the beta-transus, 
revealing the size of the beta-grains 
during sintering [6]

Fig. 13 Microstructures of Ti-6Al-4V prepared by MIM from powder smaller 
45 µm. Left: no C-addition; right: addition of 5 wt.% graphite [6] 
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High density Ti6Al4V 
produced by Metal Injection 
Moulding

Louis-Philippe Lefebvre et al, from 
Canada’s National Research Council, 
highlighted the possibilities of using 
fine powders and adding carbides to 
a Ti-6Al-4V alloy [6]. Fine powders, 
smaller than 20 or 25 µm, are quite 
readily available at present as SLM 
and EBM processes do not typically 

use this fraction. This affects also 
the price and, thus, fine powders are 
becoming more attractive for MIM.

The authors used Ti-6Al-4V powder 
with a size smaller than 20 µm for the 
investigation and sintered at different 
temperatures. The idea was to avoid 
sintering in the pure beta-phase 
region, as is normal practice, which 
enhances grain growth and results in 
the formation of the lamellar structure 
by passing the beta transus during 
cooling. Fig. 10 shows the footprint 
of the size of beta grains during 
sintering as residuals on the surface, 
probably caused by an evaporation-
condensation process and making 
high-quality surface finishing difficult.

In the study, a wax-polymer 
feedstock was used and sintering 
time was 2 hours. Fig. 11 shows 
densification as a function of sintering 
temperature. It is obvious that the fine 
powder yields high densities, even on 
sintering around the beta transus. 
This is not observed in the case of the 
standard fraction (smaller than 45 
µm). In this figure, the dependence 
of the microstructure size on the 
sintering temperature relative to the 
beta transus is also visible. 

Very fine grain size is achieved 
when the powder is sintered below 
the beta transus temperature. 
Furthermore, no lamellae are visible. 
However, density of the material 
sintered at 950°C is only 93%, while 
sintering at the beta transus tempera-
ture of 995°C yields more than 97% 
density, while still providing a very fine 
grain size of around 10 µm.

In all cases, the oxygen 
content remained in the range of 
0.25- 0.32 wt.%, thus ductility should 
not be negatively affected. The results 
of tensile tests are shown in Fig. 12. 
The specimens sintered at 995°C 
reveal excellent strength and good 
ductility, owing to their high density 
and fine grain size. However, the best 
compromise of strength and ductility 
is provided by the material sintered 
at 1050°C, with an exceptionally 
high elongation. Here, the grain size 
observed was around 17 µm. 

The tensile tests prove how easily 
the tensile properties can be tailored, 
just by the variation of the sintering 

parameters. Furthermore, other than 
the specimens sintered at 950°C, 
all other samples showed tensile 
properties exceeding the requirements 
of ASTM B348 for wrought Ti-6Al-4V 
significantly, even without a further 
densifying HIP process. When the 
authors also applied HIP, it was shown 
that HIP does not work in the case of 
material sintered at 950°C, because 
its sintered density was too low (93%) 
to provide closed porosity. However, in 
the other cases (995°C and 1050°C), 
further densification close to 100% 
was achieved.

In the second part of his talk, 
Lefebvre presented results from 
an investigation on C-addition to 
Ti-6Al-4V. The idea was to improve 
densification and reduce grain size. 
Here, powder of the size fraction below 
45 µm was used and 1 wt.% graphite 
was added. Sintering parameters 
were set at 8 h at 1250°C. During 
heating to sintering temperature, the 
added carbon reacts with titanium and 
5 wt.% TiC is formed, stabilising the 
grain boundaries at high temperature. 
In Fig. 13, the strong positive effect on 
grain size and density is visible. The 
grain size is reduced by about a factor 
of 2.5. The significant effect on density 
is shown in Fig. 14. This effect is also 
shown to apply for CP-titanium and 
finer Ti-6Al-4V powders. The probable 
reason for the higher densification is 
the fact that hindering grain growth 
means that the pores remain at 
the grain boundaries, where faster 
diffusion takes place.

Interestingly, the combination of the 
powders finer than 20 µm, reported on 
previously, and the addition of carbon 

950°C 1050°C 1200°C

Fig. 11 Microstructures of Ti-6Al-4V samples made from powder smaller than 20 µm and sintered at different 
temperatures; left: 950°C (below beta transus); middle: 1050°C (slightly above beta transus); right: 1200°C [6]

Fig. 12 Results of tensile tests performed on Ti-6Al-4V fabricated by MIM from 
fine powders (smaller 20 µm) and sintered at different temperatures [6]
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did not lead to an improvement in 
densification, especially not for the 
samples sintered at temperatures 
below 1200°C. Here, even a significant 
decrease in density was observed. 
However, in the case of the CP-Ti 

powder, finer than 45 µm, an improve-
ment of tensile properties by about 
100 MPa in strength and nearly 4% 
in elongation was achieved by the 
addition of graphite. 
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Fig. 14 Dependence of density on addition of 1 wt.% graphite to three different 
titanium and Ti-6Al-4V powders, respectively [6]

Fig. 15 Profile of thermal debinding cycle applied for all binder systems 
tested [7]
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A binder system for TiMIM 
using a low temperature 
backbone polymer

The excellent properties offered by 
MIM are inherently connected with 
the use of an appropriate binder, 
providing both flawless filling of the 
mould and avoidance of contamina-

tion of the alloy during thermal 
treatment. Although suitable binder 
systems are now commercially avail-
able, there is still ongoing research 
in the field of binder development. 
The motivation is either the further 
reduction of impurities, better 
flowability and green strength, or 
the avoidance of toxic substances in 
the binder or during debinding. At 

this conference, two presentations 
reported on the matter of binder 
development.

Hongzhou Zhang et al., from 
the University of Auckland, New 
Zealand, introduced work on the 
development of a binder system 
containing a backbone polymer with a 
decomposition temperature as low as 
possible [7]. The idea is to minimise 
reactions between binder and 
titanium by decreasing the debinding 
temperature and paying attention that 
no residuals are left after debinding. 
One condition was that the binder 
should be eco-friendly and, therefore, 
as the solvent debindable component, 
polyethylene glycol (PEG), which can 
be removed by a simple water bath, 
was chosen. 

From a recent study, an interesting 
polymer, named ‘Q’ by the authors, 
was found to provide a decomposition 
temperature well below 400°C. In the 
work presented at the conference, 
Zhang compared different binder 
compositions with respect to green 
strength, rheology, residuals and 
debinding behaviour. Cracking after 
solvent debinding occurred in one 
case, so that composition was not 
suitable for further investigation. 
For the metal powder, gas atomised 
Ti-6Al-4V was chosen, with a particle 
size finer than 45 µm. The solid 
loading was 65 vol.% and the oxygen 
content was 0.11 wt.%. 

In addition to Q, poly methyl 
metacrylate (PMMA), poly vinyl 
acetate (PVAc) and stearic acid (SA) 
were partial ingredients of the binder 
systems investigated. Fig. 15 repre-
sents the thermal debinding profile 
applied for all binder systems.

It was found that Q alone does not 
fulfil the requirements with regards to 
green strength and it was, therefore, 
necessary to add some PMMA. A 
composition of 76% PEG, 17% Q, 
5% PMMA and 2% SA (called binder 
B) provided good green strength. 
However, the rheological properties 
were not optimal. Decreasing the 
amount of PMMA from 5% to 3% led 
to cracks after solvent debinding. 
Therefore, an additional polymer was 
included to improve the compatibility 
between PEG and the backbone 

polymers. PVAc was used for this 
purpose and, finally, the composition 
76% PEG, 17% Q, 3% PMMA, 2% 
PVAc and 2% SA appeared to be a 
promising recipe (binder D). 

Firstly, rheological measurements, 
including a comparison with a 
commercial PEG-based feedstock, 
showed good properties. In Fig. 16, 
the TGA measurements for the two 
binder systems B and D are shown 
and compared. Because of the 
PVAc as an ingredient of binder D, 
the amount of residuals is a little 
higher and decomposition is also 
slightly delayed. PVAc decomposes at 
temperatures above 400°C. However, 
chemical analysis of the parts after 
debinding, in terms of O and C 
content, revealed only a very small 
difference (binder B: O = 0.25 wt.% / C 
= 0.03 wt.%; binder D: O = 0.26 wt.% / 
C = 0.04 wt.%). Further experiments 
are necessary; however, the first 
results are promising.

Comparative rheology 
measurements and 
assessment of TiMIM 
feedstocks

For both binder development and 
continuous quality control, the appli-
cation of appropriate characterisation 
methods to assess the properties 
of a feedstock is essential. There is 
still discussion about the best and 
most easiest to use techniques, and 
whether results from laboratory 
experiments are transferable to 
processing of the feedstock on an 
injection moulding machine. 

Paul Ewart, from Waikato 
Institute of Technology, Hamilton, 
New Zealand, reported on studies 
comparing results on the rheological 
properties of feedstocks, gained from 
both specialised laboratory equipment 
and standard MIM processing devices 
[8]. In the latter case, a batch mixer 
equipped with a torque sensor was 
used to assess mixing torque, screw 
work and specific mechanical energy. 
For laboratory work, an extrusion 
capillary set developed by the author 
came into application, attached to a 
twin-screw extruder. Furthermore, a 

flow tester capillary rheometer, DTA 
and TGA gave additional information 
about the feedstock and binder 
properties.

For the studies, HDH Ti-6Al-4V 
powder was mixed with a binder 
consisting of six different compo-
nents: carnauba and beeswax, 
polyethylene glycol PEG8 and PEG20 
and linear low density polyethylene 
LLDP and polypropylene PP. The 
ratio between these components was 
varied to form six different binders, 

which were analysed and compared 
by the aforementioned methods. In 
this comparison, the feedstocks were 
ranked with respect to their specific 
properties. As an example, Fig. 17 
shows the viscosity versus L/D ratio of 
the extruder used, and the relation-
ship was approximated with a power 
law trend.

In conclusion, it was shown that 
each different method revealed the 
same ranking of the feedstocks; 
thus, results from the laboratory 

Fig. 16 TGA measurements on binders B and D described in the text [7]

Fig. 17 Comparison of six feedstocks with regards to viscosity versus L/D ratio 
of the extruder used [8] 
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Fig. 18 Dependence of tensile properties on sintering temperature of MIM 
processed Ti-12Mo [10]

Fig. 19 Open circuit potential measurement in simulated body fluid (SBF) of 
MIM processed Ti-12Mo compared to CP-Ti and Ti-6Al-4V [10]

can be applied to those gained using 
standard production equipment and 
vice versa. Furthermore, this means 
that control of feedstock can be 
performed during production using 
standard manufacturing equipment.

Biocompatibility of 
components produced by 
TiMIM

One of the most attractive application 
fields for MIM of titanium is the 
medical industry. Keeping in mind 
that the two existing ASTM standards 
for MIM of CP-Ti and Ti-6Al-4V 
focus on medical applications, it is 
clear that there is much interest in 
the production of medical instru-
ments and even implants by MIM. 
However, to introduce MIM-produced 
components into the medical market 
requires a formal approval, which 
includes tests for biocompatibility. 

Although MIM-produced implants 
have been in use for many years 
without problems, there are still 
concerns that residuals from the 
binder, or residual porosity, may 
affect the biocompatibility of the 
titanium material in a negative way. 
At PMTi 2017, Jobe Piemme from 
Praxis Technology, USA, reported 
on the route a company can follow 
to minimise the effort required for 
approval [9]. 

At the beginning of his talk, he 
showed a comparison of the ASTM 
standard F2885-11 for MIM-fabricated 
Ti-6Al-4V and the corresponding 
F136-13 for the wrought alloy. 
Interestingly, the tolerances for the 
content of most chemical elements 
are higher in the case of the MIM 
standard. This is attributed to the 
initial powder chemistry being 
higher than Ti-6Al-4V ELI, and 
pickup of oxygen during the mate-
rial processing. Not only binder is 
involved, but also mould release 
agents, sintering setter material 
(therefore, γ content is part of the MIM 
standard, but not mentioned in the 
case of the wrought alloy), ceramics, 
solvents and process gases. On the 
other hand, the minimum values for 
strength are higher in the case of the 
MIM standard. This may be due to the 
concerns of customers who do not 
trust the mechanical properties of 
sintered materials.

Piemme pointed out that in 
order to prove process control and 
reproducibility to customers with 
regard to mechanical properties, it 
is sensible to introduce a parameter 
called process capability for all 
relevant mechanical and chemical 
characteristics. The process capability 
is a value calculated on a statistical 
evaluation of the long-term variation 
of a parameter. Through this, the 
company can prove quite easily to 

the customer how stable the manu-
facturing process is, independent of 
the individual part which has to be 
produced.

With regards to proof of biocom-
patibility, an effective way to avoid 
unnecessary repetition of expensive 
and time-consuming tests is to set 
up a document which includes the 
results for a MIM manufactured 
material in general, instead of testing 
each new component. In the USA, 
this document is called the FDA 
Master File. Piemme reported how 
his company set up this file and 
presented the results. The master file 
is basically a risk assessment and 
analysis with respect to:

• raw material properties

• manufacturing material proper-
ties

• manufacturing methods

• final MIM component composition 
and physical properties

• biocompatibility of MIM compo-
nents.

The biological tests were carried 
out in accordance with ISO 10993 
for an implant device in contact with 
bone or tissue. A number of different 
tests had to be performed on the MIM 
material; Table 2 lists the tests and 
their results. A customer can now 
refer to this master file for approval of 
their component, which reduces time 
and costs significantly.

MIM of Ti-12Mo alloy for 
dental applications

The development of Ti-12Mo as a 
MIM-processable alloy for dental 
applications was presented by 
Wei Xu, University of Science and 
Technology Beijing, China [10]. 
The goal is to achieve mechanical 
properties similar to natural teeth, 
i.e. a relatively low Young’s modulus, 
by providing a high amount of 
beta phase and high hardness. In 
comparison to the commercial alloy 
Ti-15Mo, used for bone implants, 
the Mo-content was chosen to be 
as low as possible to ensure still 
nearly full beta phase material and 
maximum hardness, but introducing 
less potentially harmful elements. 

As powders, HDH titanium with 
a particle size finer than 45 µm 
and hydrogen-reduced Mo with a 
size finer than 25 µm were used. A 
purposely designed binder, which 
enabled the low-cost net-shape 
fabrication of this alloy with 
limited increases of oxygen and 
carbon, was used. It consisted 
of liquid paraffin wax, stearic 
acid, low-density polyethylene, 
polypropylene and polyethylene 
glycol, naphthalene, and solid 
paraffin wax as balance. The 
sintering temperature was varied 
between 1100°C and 1450°C, while 
the duration was fixed at 2 hours. 

The determination of O, C and 
N content revealed an increase 
between 0.05 and 0.06 wt.% of 
carbon to around 0.09 wt.%, while 
the oxygen value could be limited to 
an increase of 0.08 wt.% compared 
to the powder for most sintering 
temperatures. This means a typical 
content of 0.43 wt.% for the sintered 
parts. A sintering temperature 
of 1400°C turned out to be 
adequate to provide a homogenous 
microstructure dominated by 
beta-phase and a relative density 
of 97.6%. Fig. 18 shows the results 
from tensile tests as a function of 
sintering temperature. The Young’s 
modulus was between 44 GPa for 
the material sintered at 1100°C and 
73 GPa for the samples sintered at 
1400°C.

Xu also tested the corrosion 
behaviour of MIM processed Ti-12Mo 
by determining the open circuit 
potential (OCP) and potentiodynamic 
polarisation in four different 
physiological electrolytes. In all 
cases. Corrosion resistance was 
superior to CP-Ti and Ti-6Al-4V. 
Fig. 19 shows an example of an 
OCP measurement in simulated 
bodily fluid. As a conclusion, MIM 
processing of Ti-12Mo can provide an 
interesting future material for dental 
applications.

Biomedical applications of 
titanium and nitinol parts 
by MIM

A further talk on biomedical 
applications for MIM titanium alloys 
was given by Jia Lou from Xiangtan 
University, China [11]. The author 
pointed out that, in China, the 
share of domestic companies in 
the medical market is rather small, 
although the country is experiencing 
a strong growth in this area. Lou 
sees an opportunity to improve 

Table 2 Biocompatibility tests and results performed on MIM Ti-6Al-4V [9]

Property Test Result

Cytotoxicity
Minimal Essential Media (MEM) 
Elution test, Score 0-4

‘0‘, passed, no cell degradation

Sensitisation
Guinea Pig Maximisation Sensitisa-
tion Test, Score 0-3

‘0‘, passed, no sensitisation

Irritation or intracutaneous 
reactivity

Intracutaneous reactivity Irritation 
test in rabbits, Score 0-4 (two tests)

‘0‘ and ‘0.1‘, respectively, passed, no irritation

Acute systemic toxicity
Medical device acute systemic toxicity 
test in mice

Passed, ‘no side effects‘

Genotoxicity  Ames Test
Passed, ‘extracts did not meet the criteria for a 
potential mutagen’

Genotoxicity Chromosome aberration assay
Passed, ‘test article is not considered to be 
genotoxic when exposed to CHO cells’

Implantation
Rabbit tibia implant – 13 wk & 26 wk, 
Ranking 0-4

Passed, ‘test article did not cause any tissue 
irritation; considered a non-irritant and is 
considered biocompatible’
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this situation by promoting the 
application of MIM for the production 
of sophisticated medical devices. 

As an example, Lou presented 
an improved dental implant made 
by MIM to overcome the problem 
of mismatch of the Young’s moduli 
of bone and implant, insufficient 
connection strength and unstable 
surface coatings. To overcome these 
issues, a bone implant with a dense 
core and a porous outer shell was 
developed and produced by powder 
co-injection moulding (Fig. 20). After 
sintering, the interface shows a 
transition zone between the dense 
and porous parts, and the outer 
shell features an interconnected 
pore structure ideal for in-growth 
of bone. Animal testing has already 
shown promising behaviour for the 
implant.

MIM of Ti alloys and their 
industrial applications

Peng Yu, from South University of 
Science and Technology, China, 
gave an overview of special issues 
in TiMIM, current research topics 
and industrial applications [12]. It 
was again pointed out that titanium 
accounts for just 1% of MIM material 
processed and that most of the 
powders used commercially are of 
spherical shape. Thus, the high cost 
of powders and the special equipment 
needed might be the main reasons 
for the small volumes produced. 
Most of the current applications are 
in the fields of medical and wearable 
devices. As an example, Yu showed 
surgical forceps, which are success-
fully manufactured from titanium by 
MIM. These require high geometrical 

accuracy, high biocompatibility and 
corrosion resistance and exhibit 
delicate structures at the tip (Fig. 21).

A second example was the arm of 
a pair of augmented reality glasses 
(Fig. 22). The parts are more than 
200 mm in length and have thin wall 
structures of about 0.6 mm. The 
extremely complex curved surface is 
difficult to machine. However, MIM 
was successful as a processing route.

Conclusion

These presentations on MIM 
applications, scientific investigations 
into microstructures and alloying 
elements and the different ways to 
lower costs all prove how vibrant the 
MIM of titanium is, how high the level 
of interest is, and how multifaceted 
the possibilities are for further 

Fig. 20 Dental implant with dense core and porous outer shell made by powder co-injection moulding [11]

Fig. 22 Arm of augmented reality glasses made by MIM of titanium [12] 

Fig. 21 Surgical forceps manufactured by MIM from titanium [12]

improvement. However, two issues 
have to be handled with even more 
effort in the future to give MIM of 
titanium a real boost. 

Firstly, the application of TiMIM 
in the aerospace sector has to be 
progressed, which means that fatigue 
properties have to be understood 
and improved to values common for 
wrought material. The second issue 
is that MIM producers are prohibited 
from promoting the TiMIM products 
that they manufacture, as mentioned 
at the beginning of this review. Too 
many potential customers still do not 
know about the possibilities offered 
by MIM and about the excellent 
mechanical properties which can be 
achieved. 

To solve this issue, the current, still 
-small TiMIM community has to work 
together even more closely in the 
future. Meetings, such as PMTi 2017 
in Xi’an, present great opportunities to 
make this a reality.
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Isotropic NdFeB hard magnets: 
MIM production using recycled 
powders with and without Nd 
additions

The raw materials used for 
permanent magnet production 
are a critical factor in the develop-
ment of a low carbon future as 
envisioned by the European Union. 
The Horizon 2020 project ‘Resource 
Efficient Production of Magnets’ 
(REProMag) aims to address the 
issue of the sustainability of rare 
earth permanent magnets by 
developing an innovative automated 
manufacturing process called SDS 
(Shaping, Debinding and Sintering). 
This will allow the economically 
efficient production of net shape 
or near net shape magnetic parts, 
possibly with complex structures 
and geometries, whilst being 
waste-free through the use of fully 
recycled raw material and a 100% 
material efficiency in the subse-
quent processing steps of shaping, 
debinding and sintering. 

Existing applications for these 
magnets range from headphones 
and microphones to loudspeakers, 
electric motors and electric 
generators, with rapidly growing 
demand forecast for use in drive 

motors for hybrid and electric vehi-
cles. The REProMag SDS processing 
route is based on the use of powder 
obtained from end-of-life rare earth 
magnets by means of hydrogen 
processing for magnetic scrap 

(HPMS) [1,2]. A proprietary binder 
system was developed for producing 
a mouldable SDS feedstock, having a 
chemical composition optimised for 
the processing of the highly reactive 
magnetic powder. NdFeB-based 

Global demand for high performance net-shape NdFeB hard magnets 
is growing at a rapid pace - thanks, in part, to the move towards 
electrification in vehicles. Metal Injection Moulding is a unique net-shape 
processing route that is not only highly efficient in terms of material usage, 
but also offers the potential to use fully recycled raw materials. Carlo 
Burkhardt and colleagues from the EU’s REProMag project report on an 
initial evaluation of the MIM processing for this material and highlight 
areas for future development.

MIM of isotropic NdFeB hard magnets

Fig. 1 A finished MIM SDS magnet with paperclips
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magnets were then processed in a 
modified injection moulding unit and 
subsequently debound and sintered 
under carefully tailored conditions. An 
overview of the project, including the 
processing steps and their associated 
challenges, the influence of the 
debinding and sintering conditions on 
the microstructure and the magnetic 
properties of isotropic sintered SDS 
parts (with and without Nd-additions) 
are presented in this report. Special 
attention is given to temperature 
control, gas pressure conditions 
and atmospheres during thermal 
debinding and sintering.

Introduction

Even though the alloying constituents 
of rare earth (RE) based magnets 
have been classified as Critical Raw 
Materials (CRM) by the EU, there is 
still no large-scale development of 
recycling and associated circular 

economy for these types of materials. 
With the prediction that the global 
consumption of RE magnets will 
double to 150.000 tons in the next 
ten years [3], this problem becomes 
even more important. The creation 
of secondary resource supplies for 
NdFeB magnets is therefore of great 
strategic importance to Europe, and 
research focusing on RE permanent 
magnets should receive the highest 
priority [4] in order not to threaten 
the European goals regarding green 
energy and electromobility.

In order to recycle end-of-life 
(EOL) magnets obtained from a range 
of obsolete electric and electronic 
equipment under the Waste Electrical 
and Electronic Equipment Directive 
(WEEE) or EOL vehicles, devices must 
be separated from the waste streams 
and the magnets liberated from the 
components. Currently, as most 
electronics are shredded, recycling by 
associated chemical and pyrometal-
lurgical routes is energy intensive 

and hence expensive [5], still being 
far from the vision of a ‘circular 
economy’. The highly effective 
Hydrogen Processing of Magnet 
Scrap (HPMS) method to reprocess 
extracted materials directly from 
the NdFeB alloy provides a very 
promising alternative. With HPMS, 
NdFeB magnets decrepitate into a 
friable, demagnetised, hydrogenated 
powder, which can be separated 
mechanically from the remaining 
constituents [2]. 

One of the aims of the EU project 
REProMag is to employ Metal 
Injection Moulding to produce rare 
earth magnets from the HPMS 
powders in a waste-free circular 
recycling economy. MIM is a very 
efficient process with respect to 
raw material consumption and 
allows the production of magnets 
with high geometrical tolerances 
without further machining [6,7,8]. 
However, the MIM process poses 
several significant challenges, 
including the high reactivity of the 
powder particularly with regard to 
oxygen and carbon pickup, which 
often results in poor remanence 
and coercivity in the final magnets 
[6,7,8]. 

In order to address these issues, 
a proprietary binder system was 
developed to produce a mouldable 
SDS feedstock, having a chemical 
composition optimised for the 
processing of the highly reactive 
magnetic powder. Prototypes made 
from the HPMS recycled powder 
(with and without Nd additions) 
were processed in a modified mould 
without magnetic alignment, in 
order to achieve isotropic green 
parts that were subsequently 
debound and sintered under 
carefully tailored conditions.

Materials and methods

The NdFeB powders were produced 
using the HPMS process from 
end-of-life sintered magnets with 
a single composition, as given in 
Table 1. Sintered NdFeB scrap 
magnets were placed on a porous 
metal mesh inside a custom built 

300 l capacity hydrogen reactor 
vessel and then exposed to 1.3 bar of 
hydrogen at room temperature. The 
pressure was kept on a constant level 
during the hydrogenation process 
by introducing more hydrogen to 
compensate for the absorption by 
the NdFeB alloy. This was continued 
until the pressure remained stable 
for 20 minutes, thus signalling the 
end of the reaction. The powder was 
then transferred in a closed container 
into a glove box under a protective 
atmosphere to prevent oxygen and 
moisture intake.

To obtain suitable powder for 
the MIM process, the powder 
was then burr milled within the 
glove box and passed through a 
stack of Retsch sieves, with the 
smallest sieve being 45 µm. WDXRF 
(Wavelength Dispersive X-Ray 
Fluorescence) on a PANalytical PW 
1400 wavelength dispersive detector 
and Rh Kα-radiation was used to 
analyse the chemical composition of 
the recycled powders. Particle size 
distribution was determined using 
a Retsch LA-950 Laser Scattering 
Particle analyser. A Scanning Electron 
Microscope (SEM), Jeol JCM 6000 
NeoScope, was employed to investi-
gate the morphology of the powder. 

The powder was then mixed 
at elevated temperatures under 
a protective atmosphere with a 
proprietary, multi-component binder 
system. In one feedstock variant, to 

protect the NdFeB material against 
possible oxygen intake during the 
subsequent injection moulding 
step, the powder particle surfaces 
were coated completely by binder 
ingredients in a dedicated multi-step 
mixing sequence. 

To produce isotropic magnets, 
the feedstock was injection moulded 
on an Arburg Allrounder 270U 
machine without the presence of an 
external magnetic field. The injection 
moulded parts were solvent debound 
in a LÖMI EBA 200 debinding unit. 
Subsequently, thermal debinding was 
carried out in a reducing atmosphere 
in four trials, with different heating 
ramps between 0.1-2 K min-1 and 
dwell times at various temperatures 
between 300-550°C, followed by 
sintering at 1100°C for one hour 
in an argon atmosphere, using an 
Elnik 3045 MIM furnace. The carbon 
and oxygen contents of the sintered 
samples were measured by hot gas 
extraction on a LECO CS 230 gas 
analyser (C-content) and a LECO 
TS 400 CGHE analyser (O-content). 
The density was determined using 
the Archimedes method. To perform 
room temperature magnetic charac-

terisations, the samples were pulse 
magnetised with a 3.5T field and 
analysed on a Metis HyMPulse pulse 
field magnetometer.

Results 

Powder 
Fig. 3a shows the microstructure of 
the starting material in advance of 
the HPMS treatment using a SEM 
in backscattered mode. The darker 
phase is the Nd2Fe14B matrix phase, 
the light grey/white areas show a well 
distributed Nd-rich phase. As also 
can be seen in Fig. 3b, which repre-
sents the same material at a higher 
magnification, there is some evidence 
of porosity. After the HPMS-treatment 
as described earlier, the particle size 
analysis of the recycled powders used 
for the sample production provided 
the results given in Table 2

SEM micrographs of the recycled 
powders are shown in Fig. 4a and 4b. 
They indicate particle sizes of mainly 
around 10-30 µm, which are close to 
the starting grain size in the sintered 
magnets (~10 µm). However, particle 
size analysis showed a wide distribu-

Fig. 3 SE-SEM images of the starting material before hydrogen decrepitation. There is some evidence of polishing debris 
being subject to the surface

Nd Dy Pr Fe Co B Cu Nb Al

wt.% 27.3 4.42 0.35 61.17 4.44 1.05 0.04 0.87 0.36

Table 1 Starting composition of the recycled NdFeB powder

Table 2 Particle size distribution of the recycled NdFeB powders

D10 [µm] D50 [µm) D90 [µm]

17.02 32.88 58.60
Fig. 2 Schematic of the SDS cycle. MIM is a very efficient process with respect 
to raw material consumption and allows the production of magnets with high 
geometrical tolerances without further machining
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tion of sizes, indicating that some 
of the powder is multi-crystalline 
in nature. In the HPMS process, the 
powder breaks up predominantly 
along the grain boundaries. However, 
some agglomeration of the HPMS 
powder occurs. As these multi-
crystalline areas of the recycled 
material should have a preferred 
magnetic orientation at this stage, 
a subsequent jet milling procedure 
was not carried out. The chemical 
composition of the NdFeB-type 
material used is given in Table 3.

SDS processing
Because of the high reactivity of 
the Nd-rich phase in the magnet 
material, a standard commercial 
feedstock system, based on POM 
(polyoxymethylene/polyacetal), 
cannot be employed for SDS 
processing of the NdFeB-type 
powders [6]. Other binder systems 
based, for example, on methylcellu-
lose dissolved in water or wax based 
systems have either not proven 
to be successful [7] or, because 
of their limited processability, are 
only suitable for laboratory-scale 
production [8]. 

In order to provide a material for 
competitive large-scale manufac-
turing, it was necessary to develop 
a tailored feedstock system. As the 
Nd-rich phase is known to be very 
reactive with respect to carbon (C) and 
to oxygen (O2) to form Nd-carbides 
and/or Nd-oxides, special care has 
been taken in the selection of the 
appropriate processing atmospheres 
and to the mixing and kneading 
process, which was carried out either 
as a single-step or a multi-step 
procedure. 

Based on a powder/thermoplastic 
blend with additives, the chosen main 
binder is soluble in a commercially 
available, cheap and safely 
processable solvent and, thus, is 
subsequently removable in a standard 
solvent debinding reaction vessel. 

The backbone binder is debindable 
in a thermal process in a reducing 
atmosphere at rather low tempera-
tures of approximately 300°C, which is 
beneficial with respect to the reaction 
kinetics of the NdFeB-material in 
its hydrided form. For this work, 
feedstocks based on different binder 
systems were prepared in either a 
single-step or a multi-step procedure 

(including precoating of the powder); 
employing variations of the backbone 
binder content and processing 
with and without a protective 
atmosphere, as described previously 
[9]. All feedstock variants could be 
injection moulded on non-modified 
MIM serial equipment using melt 
temperatures between 110°C and 
150°C. Changeover pressures ranged 
between 500 bar and 1000 bar with 
tool temperatures at 20-30°C for all 
feedstock types.

Discussion
With solvent debinding, feedstocks 
prepared in a single-step procedure 
reached debinding rates of more 
than 93 wt.% of the initial amount of 
base polymer. With the multi-step 
processed feedstock, where the 
powder particles were pre-coated 
with binder ingredients, lower 
debinding rates of only 78 wt.% could 
be achieved [9].

For the subsequent thermal 
debinding, slow heating ramps have 
proven to be beneficial to prevent 
oxygen contamination, confirming 
experiments reported elsewhere 
[6,8]. It was found that, with optimised 

Fig. 4 Secondary Electron Imaging - SEM images of the HPMS recycled powders Fig. 5 SEM images of the sintered SDS-magnets (multi-step processed feedstock)

Fig. 6 SEM images of the sintered SDS-magnets, multi-step processed feedstock with additions of 2% NdH2.7Table 3 Chemical composition of the recycled NdFeB-powders

B Co Dy Fe Nb Nd Pr Mn Ni Si Zr O N C S

wt.% ppm

1.05 4.44
4.33-
4.42

61.14-
63.54

0.87-
1.17

27.28
0.29-
0.35

464
232-
600

596 <20
4130-
5970

222-
490

671 <10

feedstock compositions, heating rates 
of 0.5 K/min are sufficient to avoid 
significant carbon or oxygen contami-
nation of the sintered samples, as 
can be seen from Fig. 5a and 5b. 
This is vital, as, with high oxygen 
contents (>10.000 ppm), both the 
remanence and the coercivity values 
in these studies were found to remain 
unsatisfactory. This can be attributed 
to the excess oxygen expected to be 
concentrated in the grain boundary 
phase. As reported previously, if the 
grain boundary phase is substantially 
oxidised, then liquid phase sintering 
cannot be achieved [10]. 

For samples made out of 
multi-step processed feedstock, 
the thermal debinding temperature 
and switchover temperature from 
reducing to inert gas atmosphere 

turned out to be key parameters 
for a successful treatment. Careful 
parameter optimisation with sintering 
at 1080°C for 1 h under argon led to 
reasonable magnetic properties with 
a remanence of 0.57 T and a coercivity 
value of 970 kA/m, being in the 
range of isotropic sintered magnets 
from non-recycled material with an 
alignment coefficient fφ <50% [11]. 
The coercivity value could be further 
increased to 1256 kA/m with a 
subsequent heat treatment under 
argon atmosphere at 500°C for 1 h. 

The described SDS treatment 
leads to a microstructure that is very 
similar to that of the starting mate-
rial before the HPMS-process (see 
Fig. 3). As can be seen in the SEM 
images in Fig. 5, the light grey/white 
Nd-rich phase appeared to be widely 

distributed and finely dispersed in the 
grey Nd2Fe14B matrix phase.

As can be seen, especially in 
Fig. 5b, the porosity of the samples 
(black areas) is significantly larger 
than in the starting material, leading 
to a relatively low sample density of 
only approximately 7.0 g/ cm³. 

The observed porosity is not 
surprising as the oxygen content 
of the starting sintered magnet, 
and hence of the HPMS powder, 
(4000-6000 ppm) is higher than would 
commonly be observed for a starting 
cast alloy for magnet production 
(typically 300-400 ppm). When 
conventional sintering techniques 
have been applied to reprocess these 
HPMS powders, then similar porosity 
has been observed [10]. To overcome 
this problem, 2% extra rare earth was 

Nd-rich 
Nd-rich 

Pore 

Lighter 
Nd-rich 

Darker 
Nd-rich 

Lighter 
Nd-rich 

Darker 
Nd-rich 

(a)

(a)(a)
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Table 4 Comparison of the magnetic properties of the sample with and without 
Nd-hydride additions

Multi-step processed 
feedstock without 

Nd-additions

Multi-step processed 
feedstock with 2% 

Nd-hydride

Br [T] jHc [kA/m] Br [T] jHc [kA/m]

Sintering only 0.58 956 0.57 997

Sintering +
heat treatment

0.583 1256 0.564 1204

added to the hydrogenated powders in 
the form of NdH2.7, with all other SDS 
process variables remaining constant. 
As can be seen in Fig. 6a, the porosity 
in the sample could be reduced. The 
close-up in Fig. 6b illustrates that the 
oxidised Nd-rich phase of the recycled 
material appears darker and is now 
embedded in a lighter Nd-rich phase 
formed by the added Nd-hydride that 
liquefied during the sintering run. 

EDX analysis of the phases showed 
that the darker phase has an oxygen 
content of 63.4%, whereas the lighter 
one has an oxygen content of only 
9.5%. Table 4 shows the magnetic 
properties of the sample with 
Nd-hydride additions, in comparison 
with the sample without additions.

It can be seen that the additions of 
the hydrides improved the coercivity 
in the as-sintered state, as reported 
elsewhere [2]. However, after a 
subsequent heat treatment (500°C, 
1 h under argon atmosphere), 
the coercivity value is lower when 
compared with that of the heat-
treated sample without Nd-additions. 
It is believed that an optimisation of 
the heat-treatment parameters is 
necessary, in order to benefit from the 
full potential of Nd additions to the 
recycled material. 

The remanence for both materials 
at present is relatively low. This is 
attributed largely to the fact that the 
NdFeB material is not aligned in 
the die during injection moulding. In 
the next series of experiments, an 
aligning field of 1 T will be applied to 
the material inside the die in order to 
produce an anisotropic magnet.

Conclusion

Within the present work, the 
feasibility of a SDS process using 
100% recycled NdFeB powder has 
been demonstrated successfully. 
It has been shown that control 
of oxygen and carbon content by 
suitable selection of the feedstock 
preparation route, solvent, thermal 
debinding and sintering conditions 
is of major importance in obtaining 
reasonable hard magnetic properties 
for an isotropic magnet. Further 
research will be conducted to 
improve the magnetic properties of 
recycled powders with Nd-additions 
and to develop a processing route 
for anisotropic NdFeB magnets by 
injecting the samples into a tooling 
with an applied external field. This will 
then be compared to the properties 
of SDS magnets made from primary 
NdFeB alloys.
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Optimising Metal Injection 
Moulding feedstock properties 
using capillary rheometry

Optimising feedstock properties

Metal Injection Moulding, like all 
Powder Metallurgy processes, offers 
the ability to produce near net shape 
components with minimal waste, 
enabling highly efficient metal 
component manufacture, relative 
to subtractive techniques. Comple-
mentary to Additive Manufacturing, 
MIM is particularly suitable for 
the high throughput production of 
relatively small components and 
delivers uniform, high density parts 
to precise tolerances. MIM already 
has established applications across 
the automotive, aerospace, consumer 
electronics, IT and medical devices 
industries and its use is projected to 
increase further, by 11.9% CAGR from 
2016 – 2025, with developments in 
metal powder supplies helping to fuel 
growth [1].

Crucial factors in the success of 
MIM processes are the rheological 
properties of the binder and metal 
powder feedstock used. These 
influence the homogeneity of the 
molten feedstock, how well it flows 
through the die into the mould cavity 
and the mechanical properties of the 

cooled green body, thereby impacting 
process performance and the quality 
of the finished component. Desirable 
rheological properties are achieved 
by manipulating factors such as 
binder choice, solids loading, metal 
powder properties and the processing 
conditions applied.

In this article, the use of capillary 
rheometry for characterising and 
optimising the properties of MIM 
feedstocks is explored, highlighting 
rheological features that are 
desirable and providing insight into 
how they can be achieved.

Fig. 1 Key stages of the MIM process, from formulation of a feedstock through 
to sintering and production of the finished component

Critical to the success of the MIM process is an understanding of the 
rheological properties of the binder and metal powder feedstock used. 
These influence the homogeneity of the molten feedstock, impacting on how 
well it fills a mould cavity and ultimately the mechanical properties of the 
final sintered component. In this article Dr John Duffy, Product Marketing 
Manager at Malvern Panalytical, outlines the role of capillary rheometry when 
characterising and optimising the properties of MIM feedstocks and highlights 
rheological features that are desirable, along with insights into how they can 
be achieved.
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Understanding the 
importance of feedstock 
rheology in MIM processing

The raw materials in the MIM 
process are a fine metal powder 
and a compatible polymeric 
binder system, typically a multiple 
component mixture, addition-
ally incorporating dispersants, 
plasticisers, stabilisers and inter-
molecular lubricants. The purpose 
of the binder system is to combine 
with the metal powder to produce 
a feedstock that will exhibit good 
flowability – rapidly filling what can 
be a complex mould – and solidifying 
to form a part that maintains its 
shape when extracted from the 
mould. To produce a MIM feedstock, 
metal powder is mixed with the 
molten binder and the resulting 
blend is cooled and granulated.

In the MIM process, component 
manufacture begins with pres-
surised injection of the molten 
feedstock into the mould, under 
temperature-controlled conditions. 
The viscosity of the feedstock is 
critical at this point, influencing both 
the stability of the flowing mixture 
and the ease of mould filling. Lower 
viscosities tend to be associated with 
an increased risk of powder-binder 
separation and heterogeneity in the 
filled mould, but may be desirable 
from the perspective of rapid and 
complete mould filling. After filling, 
the mould is cooled, allowing the 
part to solidify, and then opened 
to allow removal of the ‘green 

body’ – the unsintered component. 
High viscosity at lower temperatures 
results in a strong green part 
that maintains its integrity during 
subsequent processing.

Debinding, the next process 
step, may be a single- or two-stage 
process involving a range of binder 
removal technologies, including 
solvent-based and/or thermal 
processes. For example, where the 
bulk of the binder system is water 
soluble, aqueous debinding may 
be the initial step, with any higher 
melting point/non-water soluble 
polymers burnt out at a later stage. 
The resulting brown body is then 
sintered, i.e. heated to a temperature 
below the melting point of the metal 
powder such that the individual 
particles coalesce to form a solid 
mass. Because of the amount of 
binder used, sintering is associated 
with significant shrinkage of the 
component. Effective temperature 
control is therefore essential to 
retain component shape. 

Exploring the factors that 
impact feedstock rheology

The number of variables that impact 
feedstock rheology mean that there 
is substantial opportunity to precisely 
optimise it to meet processing 
requirements. These variables can 
be classified as being associated 
with the metal powder, the binder 
system or the applied processing 
conditions.

The influence of the metal powder
Systems such as MIM feedstocks, 
which contain a suspended solid, are 
often described as having a relative 
viscosity, a viscosity relative to the 
continuous phase alone – the binder 
system. Relative viscosity increases 
with particle/solids loading, particu-
larly at high loadings when particles 
are forced into close proximity. Under 
these conditions, relative viscosity 
can be highly sensitive to particle 
concentration, an effect described 
by models such as that proposed by 
Krieger and Dougherty [2].

Such models highlight the 
existence of a maximum packing 
fraction, in this case indicating that 
there is a maximum volume of metal 
powder that can be added to the 
binder system before it effectively 
‘jams up’, acquiring infinite viscosity. 
MIM feedstocks are constituted below 
this concentration, but typically have 
a relatively high particle loading – in 
the region of 50-60% by volume [3,4]. 
At these concentrations, particle-
particle interactions are significant 
and influence viscosity. 

The properties of the metal powder 
particles also impact feedstock 
rheology, particularly particle size and 
shape [5]. For example, for a given 
volume fraction, decreasing particle 
size will increase the number of 
particles present, thereby increasing 
the number of particle-particle 
interactions. This results in a higher 
effective volume fraction and higher 
viscosity. With respect to particle 
size distribution, a wide span of 

dissimilarly sized particles packs 
more efficiently than a monodisperse 
sample and will consequently exhibit 
lower viscosity. Smooth particles 
also reduce viscosity by causing 
less deviation of the liquid flow field 
around them (see Fig. 2).

The influence of the binder
The core component of a binder 
system is typically either a wax 
or polymer, selected on its ability 
to promote desirable fluidity in 
the feedstock, taking into account 
factors such as powder interac-
tion, debinding requirements and 
commercial constraints. Ther-
moplastics such as polyethylene, 
polypropylene and/or polymethyl 
methacrylate (PMMA) are addition-
ally incorporated to enhance the 
strength of the green body, with 
other polymeric/organic additives 
used as, for example, surfactants/
dispersants [4, 6, 7]. 

The viscosity of molten polymers 
is directly related to their molecular 
weight, with longer chain/higher 
molecular mass binders associated 
with higher viscosity. Identifying 
binder components with suitable 
melt viscosities for optimal feedstock 
performance therefore typically 
involves measurements of molecular 
weight, using a technique such as gel 
permeation chromatography, and the 
development of an understanding of 
the relationship between molecular 
weight and performance.  

The influence of temperature and 
shear rate
The fact that viscosity reduces with 
increasing temperature is useful in 
MIM because of its association with 
the development of strength in the 
green body. However, the shape of 
the viscosity/temperature profile of a 
MIM feedstock, which is complicated 
by the multicomponent nature of 
the binder system, demands careful 
consideration within the context of 
the processing temperature. While a 
steep drop in viscosity with tempera-
ture is helpful, excessively low 
viscosity at processing temperatures 
increases the risk of powder-binder 
separation during injection [4,6].

The other processing condition 
that has a marked effect on feedstock 
viscosity is the applied shear rate. As 
discussed earlier, the solids loading 
of MIM feedstocks is such that there 
is significant interaction between 
the metal particles within them. As 
the shear applied to such systems 
is increased, these interactions can 
be overcome, giving rise to shear 
thinning or pseudoplastic behaviour, 
where viscosity decreases at higher 
shear rates. This behaviour is typical 
of MIM feedstocks and means that 
viscosity must be measured over 
a range of relevant shear rates to 
robustly understand how the feed-
stock will behave in the process, when 
at rest under low shear, for example, 
or during injection, when the applied 
shear is much higher.

Introducing capillary 
rheometry

Capillary rheometers, or more accu-
rately capillary extrusion rheometers, 
are routinely used to study the flow 
properties of polymer melts and 
are a useful tool for the rheological 
characterisation of MIM feedstocks. 
An important attraction is the ability 

to apply much higher shear rates 
than are generally accessible with 
a rotational rheometer, to measure 
flow properties under typical 
processing conditions. The capacity 
to study extensional/elongational 
properties, the behaviour of the 
feedstock as it emerges from a die, 
is also beneficial for process-related 
studies. 

As illustrated in Fig. 3, advanced 
capillary rheometers comprise 
a temperature-controlled barrel 
incorporating one or more precision 
bores, each fitted with capillary 
dies at the exit. As the polymer 
melt is extruded through the dies 
at a defined flow rate, pressure 
transducers record the associated 
pressure drop. Pressure drop is a 
function of viscosity, which can there-
fore be calculated from the resulting 
data. Extrusion of the polymer at 
different rates enables investigation 
of the correlation between shear rate 
and viscosity, which can be described 
by the power law:

η = kγn−1

 
where η = viscosity,                       γ = shear rate, 
k = consistency, and η = power law 
index [3, 4]

Fig. 2 The size, size distribution (left) and shape (right) of metal powders within a MIM feedstock all have an impact on its 
rheological properties [3]

Fig. 3 Illustration showing the basic operation of a capillary rheometer with 
sample extruded through a die and the associated pressure measured using a 
transducer
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The power law, or more specifi-
cally n, is a useful way of quantifying 
the impact of shear rate on viscosity. 
For Newtonian fluids, viscosity is 
independent of shear rate and n 
is 1. For non-Newtonian, shear 
thinning fluids, n is less than 1, lower 
values indicating more pronounced 
shear thinning characteristics. 
Determining values of n is therefore 
a useful way to compare and contrast 
the rheological characteristics of 
different MIM feedstocks. More 
specifically, measurements of 
viscosity as a function of shear rate 
can be used to determine viscosity 
under process relevant conditions. 

For successful injection moulding, a 
feedstock must exhibit a viscosity of 
less than 1000 Pascal seconds (Pa.s) 
in the shear range 102 – 105 s-1 that is 
typically applied during the injection 
process [3, 8]. Testing under these 

conditions can be carried out easily 
using a capillary rheometer.

In addition to robust investigations 
of the effect of temperature and shear 
rate on viscosity, capillary rheometers 
can be usefully applied to investigate 
certain other phenomena associated 
with the elongational flow of polymer 
melts including: 

Die swell
A polymer will typically swell as 
it exits a die as a result of elastic 
deformation at the inlet to the die, 
with the extent of die swell influenced 
by the length of the die through which 
the polymer is extruded. 

Flow instability/melt fracture 
If the tensile stress within a polymer 
melt becomes too great - for example, 
as the melt flows from a large 
cross-section to a smaller one as in 
a MIM process - then it can fracture, 

creating discontinuity or instability in 
the flow. The effect of melt fracture 
can be reduced by increasing the 
length of the die or increasing 
processing temperatures to reduce 
viscosity

Wall slip 
An underlying assumption in the 
calculation of rheological properties 
from capillary rheometry data is that 
the material at the wall of the die 
is stationary – the ‘stick’ condition. 
In fact, this condition is not met by 
polymer melts, which deviate from 
it at a critical applied stress, above 
which the melt exhibits a combina-
tion of shear and plug flow. Where 
slip does occur, values of critical 
stress and slip velocity are useful 
for predicting how the melt will flow 
in a mould and extrusion profiles. 
These values can be determined from 
capillary rheometry experiments.

Case study: Using capillary 
rheometry to investigate the 
rheology of an Inconel 718 
feedstock for MIM applica-
tions

An experimental study was carried 
out by researchers at the University 
of Sheffield to investigate the 
properties of a water-soluble binder 
system based on polyethylene glycol 
(PEG) for the MIM of Inconel 718 [4]. 
Feedstocks were produced using PEG 
of different molecular weights in a 
binder system that also contained 
polymethyl methacrylate (PMMA) 
and stearic acid (SA). Solids content, 
PMMA and SA concentration were 
kept constant for each feedstock, at 
59% by volume, 15 wt.% and 2 wt.% 
respectively, to determine the impact 
of PEG molecular weight on the 
processability of the feed. Seven 
different feedstocks were produced 
using samples of PEG ranging in 
molecular weight from 1500 to 20000 
(PEG1500, PEG4000, PEG6000, 
PEG8000, PEG10000, PEG12000, 
PEG20000). Capillary rheometry was 
used to investigate the rheological 
behaviour of each feedstock.

Fig. 4 shows the particle size 
distribution of the Inconel 718 
powder used (as supplied by Sandvik 
Osprey UK Ltd). Produced by a 
process of inert gas atomisation, 
this powder is made up of the highly 
spherical particles preferred for MIM 
applications, on account of their 
flow and packing properties, and is 
relatively fine with Dv50 of 8.42 µm 
(where Dv50 is the size below which 
50% of the powder population lies on 
the basis of volume). Fine powders 
are advantageous for MIM processes, 
sintering rapidly to form a finished 
component with high density. 

With respect to the binder, PEG 
confers fluidity during the injection 
process, while PMMA gives the 
green body strength and SA acts 
as a surfactant, promoting wetting 
of the metal powder and inhibiting 
agglomeration. It is therefore 
the properties of the PEG, more 
specifically the molecular weight of 
the PEG, which must be tailored to 
control feedstock rheology. Figure 
5 shows rheological data for each 
of the feedstocks, measured over 
a range of temperatures and shear 
rates using a Rosand RH 2000 
(Malvern Panalytical, Malvern, UK). 
The capillary die used in the tests 
was 16 mm in length with a diameter 
of 1.5 mm.

All of the feedstocks produced 
exhibit the shear thinning behaviour 
desirable for MIM applications. 
However, it is clear that the 
molecular weight of the PEG affects 
sensitivity to both shear rate and 
temperature. At low shear rate, the 
viscosity of the feedstocks is closely 
similar and largely independent 
of temperature. However, the 
viscosity of feedstocks produced 
with higher molecular weight PEG 
(e.g. PEG12000) is substantially 
less sensitive to temperature than 
that of feedstocks produced with 
lower molecular weight PEG (e.g. 
PEG 4000/PEG8000, see Fig. 5. For 
a MIM feedstock, low temperature 
sensitivity can be beneficial, allowing 
processing under different conditions 
and making product quality less 
susceptible to the effects of internal 
frictional heating. 

Fig. 4 Particle size distribution data for the Inconel 718 powder highlights its 
fineness, with the distribution centred on a Dv50 of 8.42 µm (Mastersizer 3000, 
Malvern Panalytical, Malvern, UK) 

Fig. 5 The viscosity of MIM feedstocks produced using higher molecular weight 
PEGs shows relatively low sensitivity to temperature and shear rate (compared 
with feedstocks produced with lower molecular weight PEG) 

“For successful injection moulding, a 
feedstock must exhibit a viscosity of 
less than 1000 Pascal seconds (Pa.s) 
in the shear range 102 – 105 s-1 that is 
typically applied during the injection 

process.”

100°C

120°C

140°C

Lo
g 

sh
ea

r v
is

co
si

ty
 (P

a.
s)

Log shear rate (/s)

PEG 8000

1
0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

100°C

120°C

140°C

1.5 2.0 2.5 3.0 3.5

Di
ffe

re
nti

al
 D

is
tr

ib
uti

on
 (v

ol
.%

)

Cu
m

ul
ati

ve
 D

is
tr

ib
uti

on
 (v

ol
.%

)

Particle diameter (μm)

IN718 particle size distribution

0 0

Differential

Cumulative

10
20
30
40
50
60
70
80
90
100

1

2

3
4

5
6

7
8

0 5 10 15 20 25 30

Lo
g 

sh
ea

r v
is

co
si

ty
 (P

a.
s)

Log shear rate (/s)

PEG 12000

1
0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

100°C

120°C

140°C

1.5 2.0 2.5 3.0 3.5

Lo
g 

sh
ea

r v
is

co
si

ty
 (P

a.
s)

Log shear rate (/s)

PEG 4000

1
0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

100°C

120°C

140°C

1.5 2.0 2.5 3.0 3.5

http://www.metal-am.com/contact
http://www.metal-am.com/contact


Powder Injection Moulding International     December 201788 © 2017 Inovar Communications Ltd   Vol. 11 No. 4

| contents page | news | events | advertisers’ index | contact |Optimising feedstock properties

Higher molecular weight PEG 
feedstocks also display less sensitivity 
to increases in shear rate (i.e. they 
are less shear thinning). This effect 
is summarised in Fig. 6, which shows 
the gradient of the viscosity – shear 
rate plot for all the samples – 
essentially (n–1) from the power law 
fit – measured at 120°C. As molecular 
weight increases, n decreases, 
indicating that the effect of shear rate 
is less marked.

Though the low melting point 
and high solubility of low molecular 
weight PEG make it a highly attractive 
binder, these results suggest it 
may be less than optimal from the 
perspective of rheological proper-
ties. Low molecular weight PEG 
feedstocks exhibit very low viscosity 
under the high shear conditions 
needed for rapid mould filling, even 
at low processing temperatures. 
Higher molecular weight analogues, 
on the other hand, retain a higher 
viscosity and may therefore prove 
more resistant to powder-binder 
separation, a problem associated with 
low feedstock viscosity.

Conclusion

The rheology of a MIM feedstock 
defines its performance in the 
process and directly influences the 

Fig. 6 A plot of the gradients of the viscosity – shear rate plots shows that shear 
thinning behaviour becomes less pronounced in feedstocks produced using 
higher molecular weight PEG samples 

quality of the finished component. 
An optimised feedstock exhibits 
good fluidity across the processing 
temperature range of interest, at the 
same time developing high viscosity 
upon cooling to produce a robust 
green body. Capillary rheometry is a 
useful tool for the characterisation 
of MIM feedstocks that permits 
detailed investigation of the impact of 
shear rate and temperature, under 
process relevant conditions. Its 
application enables the selection and 
optimisation of binder systems that 
meet the demanding requirements of 
MIM processes, as illustrated by the 
described case study.
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MIM of nickel-free nitrogen 
strengthened austenitic 
stainless steel from biopolymer 
based feedstock

Nickel-free MIM stainless steel

Stainless steels for surgical and 
dental prosthetics must meet several 
requirements, among which are 
good biocompatibility, absence of 
ferromagnetism, high corrosion 
resistance and a good combination of 
strength, ductility, fatigue endurance 
and wear resistance. In addition, the 
use of nickel-free stainless steels is 
important to avoid the harmful effects 
of nickel-ion release in the human 
body [1-2]. Similar requirements are 
of interest also for the jewellery and 
watch industries. Several develop-
ment studies and production from 
the 1990s have shown that nitrogen 
combined with molybdenum and 
manganese can effectively replace 
nickel as the austenite formation 
element and increase the corrosion 
resistance [3-5]. In high-nitrogen 
austenitic stainless steels processed 
by Powder Metallurgy, nitrogen can 
be added via the sintering atmosphere 
[3,6]. A wrought alloy grade (P558, 
Böhler) and a MIM feedstock with 
polyacetal binder, which is removed 
by catalytic debinding (Panacea, 
BASF), are commercially available. 
For the latter, different sintering and 

solid state nitriding conditions have 
been extensively studied [7-8]. 

Cost issues and market 
considerations have limited the use 
of PM nickel-free steels until now. 
In the case of MIM, the development 
of new environmentally friendly 
systems can offer new opportunities 

for widespread use of nitrogen 
strengthened stainless steels. 
Compared with polymers derived 
from oil, natural polymers offer the 
advantage of better biocompat-
ibility, biodegradable character 
and sustainability. MIM binders are 
usually multi-component, composed 

Fig. 1 MIM is a key production process for precision components in a wide 
range of industries, from watchmaking, jewellery and consumer electronics to 
critical applications in the automotive, medical and aerospace sectors. Many of 
these markets have an interest in the development of cost-effective nickel free 
stainless steel alloys

Nickel-free stainless steels are of high interest for medical and dental 
applications, as well as consumer goods where contact with the skin is a 
consideration. In this paper Prof Efraín Carreño-Morelli and colleagues 
from the University of Applied Sciences and Arts Western Switzerland 
evaluate the MIM processing of the high-nitrogen content austenitic 
stainless steel P558. This is processed using a novel environmentally 
friendly binder that incorporates a polymer produced by bacterial 
fermentation. 
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of a filler phase (which provides 
good flowability), a surface active 
phase (to ensure good wettability 
of the powder by the binder), and 
a backbone phase (which provides 
green part strength). Among the 
natural polymers which can be used 
as filler phase, there are natural 
waxes such as carnauba wax. 
Castor oil, seed oil and stearic acid 
are biosourced surfactants. Finally, 
as a backbone phase, one can 
notably cite polyhydroxyalkanoates, 
bio-derived polyethylene, polylactic 
acid and polysaccharides.

Polyhydroxyalkanoates (PHAs) are 
natural polyesters synthesised by 
a large number of microorganisms 
under nutrient-limiting conditions 
and excess of carbon source. Several 
applications of PHAs, including 
bioplastics, fine chemicals, implant 
biomaterials and biofuels, have been 
developed in recent decades.

In this reported work, biosourced 
PHA polymers are used as backbone 
phase (removed by thermal 
debinding) for the powder injection 
moulding of nickel-free P558 
stainless steel. 

Experimental

The selected backbone polymer 
was a PHBV copolymer, which is a 
polyhydroxyalkanoate-type polymer. 
It has been synthesised [9-10] by 
cultivating Ralstonia eutropha DSM 
428 soil bacteria in a chemostat at 
a dilution rate of D = 0.1 ± 0.01 h-1 
under the conditions of simulta-
neous limitation by carbon (butyric 
and/or valeric acid) and nitrogen 
(ammonium). Polymer solutions 
were extracted directly from dry 
biomass with CH2Cl2 and recovered 
using a pressure-filtration unit. 
After further steps of distillation, 
recrystallisation and purification, the 
polymer was characterised by NMR 
in a Bruker 400 MHz spectrometer 
(Bruker, Billerica, Massachusetts, 
USA). The thermal properties were 
determined by DSC measurements. 
Paraffin wax (PW, Sigma Aldrich 
Chemie GmbH, Buchs, Switzerland) 
and two polyethylene glycol grades 
with different molecular weight 
were used as a second feedstock 
component: PEG 4000 (Alfa Aesar 
GmbH & Co KG, Karlsruhe, 
Germany) and PEG 8000 (Sigma 
Aldrich Chemie GmbH). The third 
component was stearic acid (SA, 
Sigma Aldrich Chemie GmbH).

The starting powder (Fig. 2) 
was a gas atomised nickel-free 
steel (Sandvik Osprey Ltd, UK). 
The particle size distribution was 
determined by laser diffractometry 
in a Malvern Mastersizer 2000 
apparatus: Dv10 = 3.01 µm, Dv50 = 
6.05 µm, Dv90 = 9.56 µm, D[4,3] = 
6.22 µm. 

Feedstocks for MIM were 
prepared with the following binder 
formulations:

• 45 wt.% PHBV, 45 wt.% PW, 10 
wt.% SA

• 45 wt.% PHBV, 45 wt.% PEG 
4000, 10 wt.% SA

• 45 wt% PHBV, 45 wt.% PEG 
8000, 10 wt.% SA

The solids loading was 60 vol.%. 
The PHBV-PW based feedstock was 
compounded in a laboratory mixer 
followed by extrusion in the injection 
moulding machine. Compounding 

of PHBV-PEG based feedstocks was 
performed in a modular system 
Thermoscientific Polylab OS, with 
a Rheomix 600 mixer driven by a 
Rheodrive 7 torque rheometer, 
which allowed the production of 
small batches of feedstock. Tensile 
test specimens were shaped with a 
Boy XS injection moulding machine 
(maximum stroke volume 8 cm3), 
into a two-half mould thermalised at 
40°C. The nozzle temperature was set 
up at 120°C. Green parts were solvent 
debound in water at 50°C for 20 h, 
then thermally debound at 500°C for 1 
h and sintered at 1270°C for 3 h under 
nitrogen in a Nabertherm VHT08-
16MO MIM furnace (Fig. 3). Selected 
samples were annealed at 1150°C 
for 1 h and water quenched. Density 
measurements were made by the 
Archimedes method. Metallographic 
samples for SEM observation were 
polished and etched with Glyceregia 
etchant (15 cm3 HCl, 10 cm3 glycerol, 
5 cm3 HNO3) at room temperature for 
2 min. The constituent phases were 
determined by X-ray diffractometry 
(X’Pert Pro PANalytical) using a Cu 
Kα source (λ = 0.154060 nm). The 
mechanical properties for both 
as-sintered and solution annealed 
specimens were evaluated by 
tensile tests, which were performed 
according to DIN EN ISO 6892-1 
method B in a Zwick 1475 machine. 
The carbon and nitrogen contents 
were measured by melt extraction 
with LECO devices. 

Results and discussions

NMR spectroscopy (Fig. 4) 
allows the identification of the 
synthesised PHBV copolymer 
as Poly-(3-hydroxybutyrate-
co-3-hydroxyvalerate), named 
P(3HB-co-3HV). It is constituted of 
two monomers: 3 hydroxybutyrate 
(20 mol.%) and 3-hydroyvalerate 
(80 mol.%). The measured values 
for glass transition temperature 
and melting point temperature were 
-12°C and 96°C respectively. PHBV 
confers good injectability to the 
multicomponent binder. Moreover, its 
stiffness provides good strength to 
both green and brown parts. 

Green parts from PHBV-PW based 
feedstocks exhibited better green 
strength than those moulded from 
PHBV-PEG based feedstocks (among 
which the use of PEG 8000 led to the 
best results).

Sintered P558 parts (Fig. 5) exhibit 
a density of 7.46 ± 0.08 g/cm3 and a 
linear shrinkage of about 15%. The 
measured X-ray diffraction patterns 
showed only peaks originating from 
the austenite γ phase, confirming 

Table 1 Chemical composition of P558 stainless steel powder 

Fig. 3 Thermal cycle for thermal debinding and sintering of P558 steel

Fig. 4 P(3HB-co-3HV) natural polymer structure and NMR characterisation

Fig. 5 MIM P558 austenitic stainless steel green (top) and sintered (bottom) 
specimens

Fig. 2 P558 stainless steel gas atomised powder and its particle size 
distribution
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Table 2 Mechanical properties of MIM P558 stainless steel compared with a reference wrought steel
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steel processing details YS [MPa] UTS [MPa] A [%]

MIM P558
as sintered

from PHBV-PW-SA-steel feedstock 640 800 16

from PHBV-PEG4000-SA-steel feedstock 620 814 9

from PHBV-PEG8000-SA-steel feedstock 643 846 7

MIM P558
solution annealed

from PHBV-PW-SA-steel feedstock 600 900 25

from PHBV-PEG4000-SA-steel feedstock 541 905 30

from PHBV-PEG8000-SA-steel feedstock 587 942 32

Böhler P558
solution annealed

wrought, reference material ≥ 520 ≥ 850 ≥ 45

the fully austenitic character of the 
sintered steel (Fig. 6). The specimens 
are non-magnetic, with a total 
absence of attraction by strong 
NdFeB magnets, which is also a 
confirmation of the fully austenitic 
character of the sintered steel. The 
metallographic observation reveals a 
microstructure of austenitic equi-
axed grains with some visible twins 
and rounded porosity typical of MIM 
materials (Fig. 7). 

Measured values for yield stress 
(YS), ultimate tensile strength 
(UTS) and elongation (A) for both 
as-sintered and solution annealed 
parts are summarised in Table 2 and 
compared with the reference P558 
commercial steel [1]. Sintering under 
nitrogen atmosphere is a key step 
for improving mechanical properties 
by a solution hardening mechanism 
due to a large amount of interstitial 
nitrogen. However, limited cooling 
rates achieved during furnace cooling 
can lead to the precipitation of 
chromium nitride precipitates, which 
has little influence on the yield and 
ultimate strength, but significantly 
reduces ductility [11-12]. Then, a 
solution annealing treatment followed 
by quenching is needed. The carbon 
and nitrogen contents were 0.15% and 
0.90% respectively, with no significant 
increase between the as-sintered 
and annealed conditions. It has been 
suggested that the nitrogen level 
must be kept below 0.95% to avoid a 
ductile-to-brittle transition [3]. The 
tensile behaviour of both as-sintered 
and solution treated parts, processed 
from PHBV - PEG 8000 - SA - steel 
feedstock, are shown in Fig. 8. This 
feedstock formulation has led to the 
best mechanical performance. Both 
tensile strength and ductility are 
improved after solution annealing and 
quenching, which is due to the effec-
tive dissolution of Cr2N precipitates 
present in the as-sintered mate-
rial [8]. The strength of MIM P558 
meets the values of the reference 
steel. Ductility values of about 30% 
are lower than the reference value 
of 45% for wrought steel, but good 
enough for a large variety of potential 
applications (e.g., watch cases and 
bracelet segments).

Fig. 6 X-ray diffraction patterns of as-sintered and heat-treated MIM P558 
stainless steel

Fig. 7 SEM observation of as-sintered MIM P558 austenitic stainless steel

Fig. 8 Tensile behaviour of MIM P558 austenitic steel (from PHBV - PEG 8000 - 
SA - steel feedstock) for as sintered (a) and solution treated (b) conditions

Concluding remarks

Biosourced P(3HB-co-3HV) 
co-polymer has been processed by 
bacterial fermentation, then charac-
terised and used in the formulation 
of MIM feedstock in combination 
with stearic acid and paraffin wax 
(heptane soluble) or polyethylene 
glycol (water soluble).

Nickel-free austenitic stain-
less steel with good mechanical 
properties has been processed. The 
feasibility of using P(3HB-co-3HV) 
natural polymer as a backbone 
binder constituent has been 
assessed. 

Despite PEG being produced 
from ethylene coming from the 
petrochemical industry, its use as 
a second feedstock constituent to 
replace paraffin wax is a more envi-
ronmentally friendly option, because 
of its water soluble character. The 
development of fully biosourced MIM 
binder is in progress. 
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