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• A direct replacement for all current 

commercially available catalytic debind 

feedstocks

• Improved flow

• Stronger green and brown parts 

• More materials available and better 

surface finish

• Custom scale-up factors available

• Faster cycle times

• 65°C / 150°F mold temperature

CataMIM®

• Water Debind

• Custom scale-up factors available

• Large selection of available materials

• Solvent, Super Critical Fluid Extraction (SFE) or 

Thermal Debind methods

• Hundreds of materials available

• Custom scale-up factors available

SolvMIM®

AquaMIM®

• 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.

RYER, Inc.  |  42625 Rio Nedo Unit B  |  Temecula, CA 92590  |  USA  |  Tel: +1 951 296 2203
Email: dave@ryerinc.com  |  www.ryerinc.com

www.ryerinc.com

MIM/PIM
FEEDSTOCKS
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Cover image  
A representative selection of MIM 
smartphone parts (Parts courtesy of 
Shenzhen Shindy Tech. Co., Ltd)

China’s MIM industry has come a very long way in a relatively 
short space of time and today accounts for 40% of MIM part 
sales worldwide. Whilst the growth of the smartphone, and the 
consumer electronics sector as a whole, has been the biggest 
driver behind this achievement, within the 3C sector there is an 
ongoing shift in dynamics. 

No longer do international smartphone brands dominate the 
market. The rapid growth of Chinese smartphone producers has 
put more control of product development and the direction of 
innovation in China’s hands. This, of course, is a reflection of the 
broader picture of manufacturing in China, in which the economy 
is transitioning to an innovation-driven model. 

The end result is a rich source of opportunities for China’s MIM 
producers, not only in the 3C sector but also in the automotive 
industry, the rapidly growing medical device sector and beyond. 
Supporting this is a strong commitment to R&D, demonstrated 
through partnerships between MIM manufacturers, research 
centres and academia with the goal of exploring new application 
areas, developing new material systems and overcoming the 
technical barriers that currently limit the further exploitation of 
MIM’s advantages. 

As Prof Yimin Li acknowledges in this issue’s lead article, there is 
also an ongoing awareness in the industry of the need to further 
improve process control in MIM production in order to further 
raise the quality bar of MIM parts. This recognition, which exists 
on an international level, will help the industry to maintain the 
impressive levels of growth that it has achieved over the past 
decade.

Nick Williams,
Managing Director & Editor

China’s MIM industry 
looks to growth through 
innovation 

http://www.pim-international.com


WATCH THE VIDEO

•  Advanced 3D printing of ultra-fine MIM metal powders

•  Largest metal binder jetting system available today

•  3D prints more than 20 metals, ceramics and composites

•  Exclusive technology for industry-leading density, repeatability

•  Quality 3D printing with fast speeds topping 10,000 cm3/hour

BIG METAL PRODUCTION
T h e  X 1  1 6 0 P r o

  

LEARN MORE
exone.com/metal3D

NEW
ExOne’s

10th metal3D printer

http://exone.com/metal3D
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57 MIM in China: Market opportunities and 

research activities 
 Despite a broad economic slowdown, 

manufacturing in China is transitioning to an 
innovation-driven model. The country’s MIM 
industry has grown rapidly with the demand for 
high-performance products; currently, over four 
hundred Chinese MIM companies are active, 
producing a range of small, complex parts. 
New production equipment is also constantly 
emerging and a number of research institutions 
have invested in this field, further promoting 
the development of the industry. Prof Yimin Li 
and associates review the markets, application 
fields, technology and research status of the MIM 
industry in China.   

69 A beginner’s guide to three leading 
sinter-based metal AM technologies 

 To overcome the limitations of currently available 
Additive Manufacturing technologies for metals, 
sinter-based AM methods are seeing increasing 
attention for the single-piece and small to 
medium-scale production of precision parts. 
Current development efforts are concentrated 
on Material Extrusion, Binder Jetting and Vat 
Photopolymerisation, which may also have 
potential to open up the closely related MIM 
market for smaller quantity production runs. 
Prof Dr Carlo Burkhardt presents an overview of 
how these technologies work and highlights their 
current strengths and weaknesses. 

81 MIM superalloys: The effect of lower-cost 
nitrogen atomisation on properties of 
sintered IN713C

 MIM nickel base superalloy parts are today found 
in the most demanding service environments, 
including aerospace and power generation applica-
tions. In the automotive sector, MIM has been 
challenging investment casting for the production 
of IN713C turbocharger wheels. While MIM offers 
numerous advantages, powder cost is a major 
consideration. Here, Sandvik Osprey and Chenming 
Electronic Technology Corp. (UNEEC) explore 
the effect of lower-cost nitrogen atomisation on 
properties of sintered IN713C. 

 
95 Euro PM2019: Innovations in PIM process 

simulation and control   
 A technical session at the Euro PM2019 Congress, 

Maastricht, the Netherlands, October 13–16, 2019, 
focused on aspects of process control, including 
process simulation, in PIM. Dr David Whittaker 
reports on selected papers that covered areas such 
as numerical simulation and analysis with regard 
to sintering, debinding and other steps in the PIM 
process.
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Industry News

Beijing-based researchers 
recognised for their work 
on development and 
application of PIM
Professor Xuanhui Qu and his team from the University 
of Science and Technology Beijing have received China’s 
prestigious National Technological Invention Award of the 
People’s Republic of China for their work on ‘Near-net 
Shape Manufacturing Technology and Applications of 
High-performance Special Powder Materials’. 

The award was presented at the National Science 
and Technology Award Conference, which took place in 
Beijing, January 10, 2020. A presentation event was held 
in the Great Hall of the People, Beijing, with President 
Jinping Xi, Premier Keqiang Li and other leaders in 
attendance to present prizes to the winning delegates.

According to Professor Qu, high-performance 
materials play a critical role in the development of 
cutting-edge technologies, but some of these materials 
cannot be manufactured using conventional processes 
such as machining. This greatly limits their effective 
utilisation and is an obstacle in the development of 
high-tech applications. 

With the increasing demand for lightweighting and 
miniaturisation, component sizes are getting smaller, 
while the geometry of components is becoming ever 
more complex. A further challenge is that conventional 
machining processes are often financially unviable for the 
scale-up of micro-sized parts.

Professor Qu and his team have reportedly spent 
over a decade establishing Powder Injection Moulding 
processes for a variety of materials including refractory 
metals, high-performance iron-based alloys and special 
ceramics. Significant advances were also made by the 
team in processing technologies such as feedstock 
fabrication, binder design, sintering and microstructural 
control.

Thanks to cooperation with leading Chinese MIM firms 
such as Shanghai Future High-tech Co., Ltd., Shanghai, 
China, and Jiangsu Gian Tech. Co., Ltd., Changzhou, 
the team has also been able to establish an industry-
university-research innovation platform, overcoming 

challenges in the further industrialisation of PIM and 
delivering volume production with a high level of process 
stability, precision and efficiency. As a result, common 
applications for MIM now include smartphones, fibre-optic 
communications, laptops, medical devices, electric tools 
and automotive systems.

Professor Qu and his team have published more than 
200 academic papers, authorised over sixty patents, and 
educated more than 300 post graduate students.

www.ustb.edu.cn
www.future-sh.com
www.jsgian.com 
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www.tisoma.de

TISOMA Anlagenbau 
und Vorrichtungen GmbH
Gewerbepark am Bahnhof 3 
36456 Barchfeld-Immelborn
Germany
Phone  +49 36 95/55 79-0               
E-Mail: postmaster@ti soma.de

COMPLETE SYSTEM SOLUTION
FROM A SINGLE SOURCE

 Furnace technology

 Hard metal technology

 MIM-technology

 Special constructions

Our clients do not want explantati ons, but soluti ons to their problems!

Osaka Titanium Technologies 
receives AS9100 certification 
for spherical Ti alloy powder
Osaka Titanium Technologies Co., Ltd., Amagasaki, Hyogo 
Prefecture, Japan, has been awarded JIS Q 9100 (AS9100) 
certification for its TILOP (Pre-Alloy) spherical titanium 
alloy powder. AS9100 is a widely adopted and standardised 
quality management system for the aerospace industry 
and defence sector. 

TILOP (Titanium Low Oxygen Powder) is the brand 
name given by Osaka Titanium Technologies to its method 
of producing titanium powder by gas atomisation for 
Additive Manufacturing and Metal Injection Moulding. OTC 
produces several titanium powders under the TILOP brand 
name, including commercial pure (CP) titanium powder, 
Ti-6Al-4V pre-alloyed powder, both with ranges of powder 
particle size distribution tailored to the customer’s specific 
applications. 

The product’s AS9100 certification recognises it as 
meeting the requirements imposed by the standard for the 
manufacturing and sale of high-performance materials. 
Certification was awarded by the Japan Quality Assurance 
Organization (JQA). 

www.osaka-ti.co.jp 

MIM engineering and 
prototyping specialist Neota 
completes move to its new 
facility
Neota Product Solutions LLC, a provider of Metal Injec-
tion Moulding solutions, has moved into its new facility 
in Loveland, Colorado, USA. The move is expected to 
support the continued growth of the Neota team as it 
offers engineering and prototyping services for MIM, as 
well as both low- and high-volume MIM production. 

The company can provide prototype MIM parts in 
four weeks or less and, using the ‘Neota Approach’, the 
company’s services are designed around three distinct 
phases of part production, with specific resources 
dedicated to each. 

In phase one, Design for Manufacturability (DFM), 
the Neota team assists customers in considering their 
part’s design, material, quality systems, prototyping 
approach, validation plans, cost analysis and project 
planning in order to get their product to market 
as quickly as possible. Phase two comprises the 
design validation and prototyping stage of a part’s 
development, involving functional testing of actual MIM 
parts. 

In parallel with design validation and prototyping, 
Neota’s tool room can produce a multi-cavity produc-
tion tool, so that once the design is fully validated, 
tooling can be completed and made ready for full-scale 
production without any downtime.

In phase three, the production phase, Neota has 
the resources to support full-scale series production. 
The company is, however, also able to facilitate the 
transition of full-scale production to a customer’s 
preferred MIM vendor where necessary. 

In addition to its MIM capabilities, Neota offers 
plastic injection moulding and Additive Manufacturing 
services. 

www.neotagroup.com 

Neota’s new facility in Loveland, Colorado, USA (Courtesy 
Neota Product Solutions LLC)

https://www.pim-international.com/pim-international-publishing-team/
http://www.tisoma.de
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• Magnetic Materials

• Granulated Powder
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Cleaner Powder Production

Shape Control of Powders
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CHINA
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U.S.A and SOUTH AMERICA
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EU
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MIM specialist Gevorkyan announces 
plans for Austrian R&D centre
Gevorkyan s.r.o., based in Vlkanová, 
Slovakia, reports that it will establish 
a new R&D centre in Austria. The 
announcement follows a successful 
2019 for the company, which saw 
increasing turnover of €42 million and 
EBIDTA of €12 million. 

Dipl. Ing. Artur Gevorkyan, the 
company’s main shareholder, 
explained, “We want to be closer 
to our customers, who mainly 
come from Western Europe, and 
at the same time to simplify the 
logistics and organisation of meetings 
concerning new projects between 
customers and our R&D.”

“This idea came after several 
organised meetings with customers 
near the Vienna airport,” he added. 
“Thanks to modern technologies, 
it is basically the same for an R&D 
engineer wherever they are situated 
during the development phase of a 
project. Moreover, engineers will have 
the additional benefit of a few weeks 
out of a main office with its routine 
problems and daily disturbances.”

The company produces and 
supplies metal parts made by 
PM, MIM and HIP technologies 

to customers in more than thirty 
countries worldwide. Its end-user 
sectors include the automotive, lock 
and security systems, garden and 
hand tool, oil, medical, cosmetic 
and fashion industries. In 2018, 
it announced plans to install the 
technology for metal Additive 
Manufacturing at its main facility 
through 2019.

Its team develops over a 
hundred new parts each year 
and manufactures two thousand 
different types of component annu-
ally. A large part of its component 
portfolio is made up of PM and 
MIM components transferred from 
conventional technologies, such as 
casting or machining. To further 
automate production, the company 
added a further fourteen robots to 
its manufacturing lines in 2019.

www.gevorkyan.sk/en 

Gevorkyan develops over a hundred new parts each year and manufactures two 
thousand different types of component annually (Courtesy Gevorkyan)

M. Holland adds BASF metal 
filament to its offering
M. Holland Company, Northbrook, 
Illinois, USA, a distributor of 
thermoplastic resins, has announced 
an expanded distribution agreement 
with BASF 3D Printing Solutions, 
Heidelberg, Germany. Adding to its 
portfolio of AM products and services, 
M. Holland is now distributing 
Ultrafuse® 316L, BASF’s stainless 
steel composite filament. This 
filament can be processed using 
standard Fused Filament Fabrication 
(FFF) machines and debinding and 
sintering processes.

“We are excited to broaden our 
existing relationship with BASF 
and are fortunate to be among the 
select organisations authorised to 

distribute Ultrafuse® 316L,” stated 
Haleyanne Freedman, Market 
Manager, 3D Printing at M. Holland. 
“This metal polymer composite 
filament is a groundbreaking and 
industry-changing product that is 
also cost-effective. Our clients can 
leverage this distinct material to 
complement existing plastic injection 
moulding opportunities and a wide 
array of other applications.”

“By expanding our distribution 
partnership with M. Holland to now 
include our Ultrafuse® 316L metal 
filament for Additive Manufacturing, 
we are able to make the printing of 
metal parts more accessible and 
affordable to manufacturers,” added 

Firat Hizal, Head of Metal Systems, 
BASF 3D Printing Solutions. “As 
we expand our presence in North 
America, customers can quickly and 
reliably create stainless steel parts, 
utilising their existing printers and an 
established debinding and sintering 
network.”

This distribution arrangement 
follows a prior agreement with BASF, 
and enhances a growing portfolio of 
AM materials from suppliers Henkel, 
Owens Corning and 3DXTech. This 
highlights M. Holland’s commitment 
to strategic growth in the AM market. 
The company is also focused on how 
ancillary materials can complement 
its already extensive portfolio of 
materials and services, including 
consulting support, prototyping and 
equipment selection.

www.mholland.com 

https://www.pim-international.com/pim-international-publishing-team/
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Our metal injection molding feedstocks – available in POM-based (Advacat®) 
or wax-based (Advamet®) binder systems – will allow you to produce  
world-class precision parts for the aerospace/defense, automotive, firearms, 
industrial, and medical/implantable markets.

www.ampmim.com

GAIN A MATERIAL ADVANTAGE WITH 
AMP’S MIM AND PIM FEEDSTOCK

n  Tight dimensional control 
n  Higher yield
n  Enhanced cracking resistance
n  Excellent green strength
n  Superior homogeneity
n  Lot-to-lot consistency
n  Alloys never made obsolete

Medical/ImplantablesAutomotive Firearms

NOW offering...
Toll Processing and Material  
Rejuvenation Services

Industrial

For more information visit www.ampmim.com or  
contact Chris@ampmim.com  
or 724-396-3663

See AMP at Booth 322-324
June 27 – July 1, 2020
Montreal, Canada

https://www.pim-international.com/pim-international-publishing-team/
http://www.ampmim.com
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TAV VACUUM FURNACES SPA
ph. +39 0363 355711

info@tav-vacuumfurnaces.com

www.tav-vacuumfurnaces.com

ADVANCED VACUUM 
TECHNOLOGIES 

FOR THE PIM INDUSTRY  

Years of customer feedback to combine 
innovation and reliability. Entrust to our cutting-
edge know-how to enhance your production 
with economical benefits in terms of cost and 
lead time reduction.

Our product range to process metallic or 
ceramic powders includes:           

• HIGH TEMPERATURE VACUUM SINTERING           

• DEBINDING/SINTERING FURNACES           

• DEBINDING/PRE-SINTERING FURNACES           

• HIGH PRESSURE SINTER-HIP FURNACES          

PIM binder 
specialist eMBe 
rebranded Krahn 
Ceramics, targets 
filament-based AM

eMBe Products & Service GmbH, 
Thierhaupten, Germany, has been 
rebranded as Krahn Ceramics GmbH 
following the company’s acquisition 
by Krahn Chemie GmbH in May 
2019. The company’s headquarters 
have also been relocated from 
Thierhaupten to Hamburg and its 
machines and equipment integrated 
into a new technical centre in 
Dinslaken, Germany. 

Krahn Ceramics states that it sees 
its role as a project partner for those 
looking to process ceramic and metal 
powders both by Powder Injection 
Moulding and filament-based Additive 
Manufacturing (AM). The company 
reported that it can support its 

customers through all stages of 
the production process, from raw 
materials supply to the finished 
component. 

Services offered to Krahn 
Ceramics’ customers range from 
consulting to laboratory services, 
tailor-made product development 
and small series production. Dr 
Stefan Stolz, the company’s Managing 
Director, stated, “The feedback we 
received at the Formnext trade fair 
confirmed that the market has a 
great interest in such a broad-based 
technology partner and source of 

inspiration. We are very much looking 
forward to realising the numerous 
product ideas of our customers 
together.”

“In addition to the European 
market, we also have an eye on the 
USA and Asia,” he added. “There, we 
can draw on established structures 
and networks of the Otto Krahn 
Group, among other things. This 
means that we have internal access to 
a lot of market-relevant information 
in order to be able to develop 
business.” 

www.krahn-ceramics.com 

Krahn Ceramics sees its role as a project partner for those looking to process 
ceramic and metal powders both by Powder Injection Moulding and filament-
based Additive Manufacturing (Courtesy Krahn Ceramics)

https://www.pim-international.com/pim-international-publishing-team/
http://www.tav-vacuumfurnaces.com
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SSiimmpplliiffyyiinngg  tthhee  ccoommpplleexx

PolyMIM® - Water soluble binder system

PolyPOM® - Catalytic binder system

Two systems with excellent characteristics during production. 
Global presence and application support.

PolyMIM GmbH
Am Gefach
55566 Bad Sobernheim
Phone: +49 6751 857 69-0
Fax: +49 6751 85769-5300
Mail: info@polymim.com
www.polymim.com

Solving the impossible

PolyMIM GmbH a subsidiary of the Polymer-Group
www.polymer-gruppe.de

PolyMIM represented at the 

World PM2020
Montreal, Canada June 27 – 1 July

Euro PM2020
Lisbon, Portugal 4 - 7 October

Exentis Group AG, located in Stetten, 
Switzerland, demonstrated its 3D 
Mass Customization® technology 
during the recent opening of its new 
1,200 m2 customer innovation centre. 
The company’s industrialised Additive 
Manufacturing technology offers 
rapid series production of millions 
of components, in either metal or 
ceramic based materials, using a 
screen printing process followed by a 
final sintering stage.

Exentis’ technology can be used to 
additively manufacture components 
for a wide range of applications and 
industrial sectors. The eco-friendly 
cold printing process is said to 
generate ultra-fine structures without 
reworking, with wall thicknesses 
and cavities down to 70 µm being 
possible. The process allows for 

Exentis Group demonstrates 
industrialisation of its 3D screen printing 
Additive Manufacturing technology

A copper sample part (left), a metallic 
forcep for medical applications 
(centre) and a casting filter for low-
pressure casting of aluminium rims 
(right) (Courtesy Exentis Group AG)

complex designs with undercuts and 
closed cavities, without any supporting 
structures. Porosity can be adjusted 
to between 0 and 40% and surface 
roughnesses of Ra ≤ 2 µm can be 
achieved.

According to the group, productivity 
is comparable to that of injection 
moulding (metal or polymer), with a 
major advantage being the rapid setup 
time thanks to the lack of need for 
expensive tooling which takes many 
weeks to produce. Exentis can provide 
screens within just a few days.

Customers have the option to 
purchase the Additive Manufacturing 
systems for in-house production, 
with guidance on the appropriate 
materials, development and supply 
of specific paste systems, screens, 
process technology and training 

provided by Exentis. Alternatively, the 
company can manufacture compo-
nents for customers at its operations 
in Switzerland or Germany.

Exentis reports that it has already 
installed three inline 3D production 
units at customer sites, each with the 
capacity to produce several millions 
of parts.  

www.exentis-group.com   

https://www.pim-international.com/pim-international-publishing-team/
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Tel.: +49 (0) 96 45 - 88 300
cts@kerafol.com

• Low weight
• Good mechanical stability
• Low heat capacity
• high open porosity
• dust- and particle-free surface
• homogeneous shrinkage
• Absorbtion of the binder into 
   the pores during the 
   debindering process
• Very smooth surface fi nish
• Compatibility to Molybdenum,
    CFC, RSiC
• Good to very good thermal 
    shock resistance 
• Handling and assembly 
    with robots possible

Al2O3      ZrO2     LTCC     MIM
Dentalceramics

Precision medical components 
manufacturer MICRO celebrates 
75th anniversary
MICRO, a manufacturer specialising 
in precision medical components, 
sub-assemblies and complete devices 
for laparoscopic surgical procedures, 
headquartered in Somerset, New 
Jersey, USA, celebrates its 75th 
anniversary this year. The company is 
a full-service contract manufacturer 
of medical devices using technologies 
that include MIM and CIM.

Originally called Micro Stamping 
Corporation, MICRO was founded in 
1945 in Maplewood, New Jersey, with 
a focus on manufacturing high-
precision metal stampings. It is now 
a leading global provider of medical 
device contract manufacturing 
services, and its operations have 
expanded from 2,600 m2 to nearly 
16,700 m2, increasing manufacturing 
capacity to meet market needs. 

The company employs over 
450 people and has annual sales 
revenue of over $100 million. MICRO 
also recently opened an expanded 
research and development centre to 
showcase its product development 
capabilities.

MICRO’s medical device division 
began developing ligation clips for 
use in surgical procedures and 
currently produces over a million 
endoscopic instruments annually in 
its environmentally controlled Class 
8 cleanroom. The company states 
that its Design for Manufacturability 
expertise allows MICRO to help 
customers design products optimised 

for production, keeping costs 
manageable and maximising return 
on investment. 

“We are incredibly proud to 
celebrate seventy-five years 
providing engineering and technical 
expertise, fulfilling our vision to help 
our customers save lives,” stated 
Brian Semcer, President, MICRO. 
“As a trusted and valued product 
development partner to our clients, 
innovation has always been the 
hallmark of our business and we 
continually seek ways to improve and 
reinvest in technology, equipment, 
state-of-the-art facilities and training 
to create new and better solutions for 
customers and their patients.”

Frank J Semcer Jr, Director of 
Human Resources, MICRO, explained, 
“At the heart of our company’s growth 
and success are our employees, who 
we consider family. We’re deeply 
committed to their development, 
which reflects our core values.”

He continued, “We routinely 
invest in our employees through 
competitive compensation, benefits 
and on-the-job training, while our 
culture allows us to attract and retain 
top talent. With continued success, 
MICRO provides opportunities and 
career growth to graduates of top 
engineering programmes as well as 
high school graduates who elect not 
to pursue a college degree but want 
to learn a trade.”

www.micro-co.com 

Metal injection moulded parts produced by MICRO (Courtesy MICRO)
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Designed, 
developed and 

made in Germany50
Years

Thermoprozessanlagen GmbH

Thermal Process Equipment for 
PIM applications

www.cremer-polyfour.de

Continuous Furnaces

Batch Furnaces

HIP/CIP  

Whether for MIM or CIM, 
we design, construct and 
deliver thermal plants to suit  
specific thermal applications. 

CREMER HIP Innivations GmbH
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The EROWA PM 
Tooling System is 
the standard inter-
face of the press 
tools between the 
toolshop and the 
powder press 
machine.
Its unrivalled re- 
setting time also 
enables you to 
produce small  
series profitably.

PM Tooling 
System 

www.erowa.com

more info 

The ExOne Company, based in North Huntington, 
Pennsylvania, USA, has qualified fifteen new metal, 
ceramic and composite materials for Binder Jet 
Additive Manufacturing on its machines, bringing the 
company’s total supported materials to twenty-one. 
Among the materials qualified by ExOne to date are ten 
single-alloy metals, six ceramics and five composite 
materials. Over twenty-four additional powders are 
also said to be approved for R&D environments, 
including aluminium and Inconel 718.

“From the outside, it may look like ExOne’s metal 
printers jumped from six to twenty-one qualified 
materials overnight. In reality, ExOne’s engineering 
team and our customers have been moving so fast to 
print new materials since 2013 – the breakthrough year 
when we began printing dense single-alloy metals – 
that we haven’t slowed down to update the market on 
our progress,” stated John F Hartner, ExOne CEO, in a 
message following the announcement.

“When we took the time to re-evaluate where we 
were over the last few months, the numbers surprised 
even us,” he commented. “ExOne customers were 
printing an astonishing number of materials – four-
teen – that had not yet worked all the way through 
ExOne’s rigorous qualification process. That included 
six single alloys, six ceramics, and two ceramic-metal 
composites.”

“At the same time, we were ready to announce 
new materials, such as M2 tool steel, had achieved 

ExOne qualifies fifteen new 
materials for use on its 
Binder Jet AM machines

ExOne has qualified fifteen new materials for use on its 
AM machines, bringing the total to twenty-one (Courtesy 
The ExOne Company)
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TempTAB
An easy, cost effective method to monitor process temperatures 
in furnaces without the use of wires or electronics

DESIGNED FOR USE IN
- Batch furnaces
- Continuous furnaces
- All Sintering Atmospheres

+1 (614) 818 1338
www.temptab.com
Contact us today!

info@temptab.com

our highest qualified status, and 
other materials, such as aluminium 
and titanium, were qualified for 
controlled R&D printing. So, a major 
reset was needed,” he stated. 

Partners that have assisted 
ExOne in qualifying materials 
include Global Tungsten & Powders, 
H.C. Starck Solutions, NASA, 
Oak Ridge National Laboratory, 
SGL Carbon, the U.S. Army, the 
U.S. Department of Energy, the 
University of Texas at El Paso, and 
Virginia Tech. 

New materials qualification system
As of February 25, 2020, ExOne 
reported that it has three material 
qualification levels that recognise 
different degrees of material readi-
ness for customers with different 
application needs, namely:

Third-party qualified materials
These materials have passed 
rigorous ExOne tests over multiple 
builds, and have verified material 

property data from an independent 
third party. 

Customer-qualified materials
These materials have been qualified 
by ExOne customers with their own 
standards and are being successfully 
additively manufactured today for their 
own applications. 

R&D-qualified materials
These materials have passed a 
preliminary qualification phase by 
ExOne and are deemed suitable for 
AM, supported by ongoing develop-
ment. 

ExOne’s family of machines includes 
the Innovent+, an entry-level system 
used for R&D, design and small part 
production; the X1 25Pro, a mid-sized 
production AM machine that is large 
enough for most metal parts manu-
factured today; and the X1 160Pro, the 
company’s largest metal AM machine, 
slated for delivery later this year.

www.exone.com 

Industry News

Metal filament 
producer Virtual 
Foundry names 
Sapphire3D as a 
sintering partner

The Virtual Foundry, LLC, Stoughton, 
Wisconsin, USA, has announced that 
Sapphire3D, Inc., a metal and ceramic 
AM and sintering company based 
in Chicago, Illinois, USA, will be the 
first certified sintering partner for 
its plastic-infused metal filaments, 
which can be used in Fused Filament 
Fabrication (FFF) Additive Manufac-
turing. Sapphire3D states that it has 
developed expertise in the debinding 
and sintering of green parts made 
from The Virtual Foundry’s open-
architecture plastic-infused metal 
Filamets™ to produce high-quality, 
high-purity finished metal parts. 

www.thevirtualfoundry.com
www.sapphire3d.com  
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Randall German to receive 
MPIF’s PM Lifetime 
Achievement Award
Dr Randall (Rand) German, FAPMI, founder of German 
Materials Technology, has been selected to receive 
the Kempton H. Roll Powder Metallurgy Lifetime 
Achievement Award by the Metal Powder Industries 
Federation (MPIF). The award will be presented during 
WorldPM2020, World Congress on Powder Metallurgy 
& Particulate Materials, in Montreal, Canada, at the 
Opening General Session on Sunday, June 28.

MPIF stated that German has distinguished himself 
through his research and teaching of the net shape 
fabrication of engineering materials via sintering-based 
processes. He has promoted the growth of Powder 
Metallurgy technology, in particular Powder Injection 
Moulding, during his fifty-year career through his 
involvement in twelve start-up companies, supervising 
well over a hundred graduate and post-doctoral students, 
and prolific PM industry publications. German has 
also been an active member in APMI International, the 
American Society for Metals, and the American Ceramics 
Society.

After completing his bachelor’s degree in material 
science and engineering at San José State University, 
German began his PM industry career at Battelle Lab, 
Columbus, Ohio, prior to joining Sandia National Labs 
(SNL). He obtained his master’s degree in metallurgical 
engineering from The Ohio State University and his PhD 
in engineering at the University of California—Davis 
before taking a Director of Research position at Mott 
Corporation, Farmington, Connecticut.

German’s nearly forty-year academic career began 
in 1980 at Rensselaer Polytechnic Institute (RPI), where 
he earned the Hunt Chair while teaching and conducting 
research. In 1991, he accepted a position at The Pennsyl-
vania State University where he became the Brush Chair 
Professor in Materials and the Director of the Center for 
Innovative Sintered Products (CISP) before retiring as an 
emeritus professor. 

In 2005, he became the inaugural director for the 
Center for Advanced Vehicular Systems (CAVS) at Missis-
sippi State University prior to joining San Diego State 
University in 2008 as Associate Dean for Engineering 
Research until 2013.

German has published twenty books and has twenty-
five patents. He has shared his expertise at the MPIF’s 
Powder Injection Molding tutorials since 1990, and 
co-chaired over thirty conferences. German received the 
MPIF Distinguished Service to PM Award in 1993 and 
was one of the first APMI members to be awarded the 
prestigious APMI International Fellow Award in 1998. He 
received an honorary doctorate from Universidad Carlos 
III de Madrid and fellow awards from two additional 
technical societies.

The Lifetime Achievement Award, named in honour of 
Kempton H. Roll, founding Executive Director of MPIF, 
was established in 2007 in order to recognise individuals 
with outstanding accomplishments and achievements 
who have devoted their careers and a lifetime of involve-
ment in the field of PM and related technologies. This will 
only be the fourth time the award has been given since its 
inception. 

www.mpif.org 

Dr Randall German has been selected for the MPIF’s PM 
Lifetime Achievement Award (Courtesy MPIF)

Nishimura Advanced Ceramics Co.,Ltd

Ko Nishimura (Global sales)

3-2 Kawata Kiyomizuyaki Danchi-cyo, 

Yamashina-ku, Kyoto - 607-8322 JAPAN

Phone: +81-80-8305-9205

Phone (Kyoto Office): +81-75-591-1313

npc-e3@nishimuratougyou.co.jp

http://www.nishimuratougyou.co.jp/english/

CIM Feedstock

Ko Nishimura (Global sales)

• High Strength Translucent 

Alumina FS (Al2O3 99.99%)

• 96% ~ 99.9% Alumina FS (White, 

Black)

• Zirconia FS (White, Black, Blue)

• Mullite FS

...let us become your 
CIM feedstock partner

As a pioneer in Ceramic Injection Moulding...
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Full Series Debinding and Sintering Furnace 

for Metal Injection Molding

Hiper is the leading MIM furnace manufacturer in the world
l Graphite/Metal hot zone debinding and sintering furnace
l All-in-one walking beam continuous debinding and sintering furnace

E : xiangwei.zou@hiper.cn/W: www.hiper.cn

≤±1.5℃ *

Temperature uniformity*

NO.521,Haitong Road,Cixi City,Zhejiang,China

This is the FFuuttuurree  ! 
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GET ELEMENTAL 
INSIGHT INTO 
YOUR POWDERED 
METAL MATERIALS

•  Light element and trace element 
analysis with high precision

• Small spot mapping for elemental 
distribution analysis

• Identification of inclusions and 
contaminants in a sample

• Multiple sample types including 
powders, liquids and solids

• High-throughput analysis of up to 
240 samples per 8-hour shift

ZETIUM
Floor standing XRF for elemental excellence

• Easy to operate, compact 
and X-ray safe instruments

• No need for sample 
digestion and frequent 
calibration

• Considerable savings 
in measurement 
time and cost

• Multiple sample types 
including powders, 
liquids and solids

EPSILON 4
Benchtop XRF for simple elemental analysis

www.malvernpanalytical.com/powder-metallurgy

Arcast begins year 
installing multiple gas 
atomisers in USA and 
Europe
Arcast Inc., Oxford, Maine, USA, has announced it 
shipped and installed several new gas atomisers in 
January 2020. The company, a producer of advanced 
melting and metal powder atomisation systems, has 
supplied atomisers to the Center for Manufacturing 
Research of Tennessee Tech, USA; CEIT, San 
Sebastián, Spain; South Dakota School of Mines and 
Technology, USA; and North Carolina State University, 
USA.

“The increase in metal powder research for 
Powder Metallurgy and AM applications is significant 
in the USA at the moment,” stated Arcast. “We 
currently have seven inert gas atomisers being 
supplied within the USA. It is good to see the USA 
investing in this growing market. This is a big change 
from just a few years ago when most of the growth in 
this area was in Europe.”

Tennessee Tech has received a VersaMelt multi-
mode inert gas atomiser. Due to its wide range of 
melting and processing options, this atomiser is 
expected to give the research group the ability to 
cleanly melt and atomise a large number of diverse 
materials, including titanium, copper, iron, cobalt, 
hafnium, tantalum, tungsten and other metal 
alloys. 

An Arc 200 arc melting furnace, with gas atomising 
option, has been installed at the South Dakota School 
of Mines and Technology’s Materials and Metallurgical 
Engineering department. The system will enable the 
research team to work with industrial partners and 
government agencies to develop new materials and 
applications.

At North Carolina State University, the Center for 
Additive Manufacturing and Logistics (CAMAL) will 
use a VersaMelt gas atomiser for powder production 
to support its AM hub. The atomiser is expected to 
allow the centre team, led by Tim Horn, to produce the 
source material for its AM projects, eliminating long 
lead times for externally sourced powders.

Outside of the US, a large-scale inert gas atomiser 
has been shipped to Spain’s Centro de Estudios e 
Investigaciones Técnicas de Gipuzkoa (CEIT), for 
installation at its new powder development centre 
in San Sebastián. CEIT’s metal powder research 
includes the atomisation of metal powders for use 
in AM, magnetic materials and the automotive 
aeronautic sectors; the development of Powder 
Metallurgy steels; the manufacture of hard and soft 
magnetic materials using PM routes; the design of 
metal powders specifically for AM, and more.

www.arcastinc.com 

https://www.pim-international.com/pim-international-publishing-team/
http://www.malvernpanalytical.com/powder-metallurgy


March 2020    Powder Injection Moulding International 21Vol. 14 No. 1  © 2020 Inovar Communications Ltd

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

Tom Pelletiers announced as 
recipient of APMI International’s 
2020 Fellow Award

APMI International’s most prestigious 
award recognises APMI members for 
their significant contributions to the 
goals, purpose, and mission of the 
organisation, as well as for a high 
level of expertise in the technology, 
practice, or business of the Powder 
Metallurgy industry. The 2020 Fellow 
Award recipient will receive elevation 
to Fellow status at WorldPM2020: 
World Congress on Powder Metallurgy 
& Particulate Materials, Montréal, 
Canada, during the Opening General 
Session on Sunday, June 28. 

The 2020 recipient, Thomas (Tom) 
Pelletiers II, VP of New Business 
Development, Kymera International, 
has dedicated over thirty years to the 
Powder Metallurgy industry. He is the 
current APMI International President 
and has served on many APMI and 
Metal Powder Industries Federation 
(MPIF) committees and association 
boards. 

In 2015, Pelletiers received 
the MPIF Distinguished Service 
to PM Award. He was a co-chair 
for PowderMet2011 and several 
annual MIM conferences. Pelletiers 
has been a member of the MPIF 
Technical Board since 2000, chairing 
the Professional Development 
Committee. Additionally, he has 
co-authored various articles for the 
International Journal of Powder 
Metallurgy and ASTM Handbook 
Volume 7: Powder Metallurgy. He is 
a regular speaker at several MPIF 
seminars and the annual Basic PM 

Short Course. He co-developed lead-
free machinable brass compositions 
resulting in two US patents and has 
performed extensive research on 
aluminium premixes.

Established in 1998, the Fellow 
Award recognises APMI members 
for their significant contributions 

to the society and high level of 
expertise in the technology of 
Powder Metallurgy, practice, 
or business of the PM industry. 
Fellows are elected through 
their professional, technical 
and scientific achievements, 
continuing professional growth 
and development, mentoring/
outreach, and contributions to APMI 
International committees.

www.apmiinternational.org 
www.mpif.org 

Tom Pelletiers II is the recipient of 
APMI International’s 2020 Fellow 
Award (Courtesy MPIF)
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• Metal or graphite hot zones
• Processes all binders and 

feedstocks 
• Sizes from 8.5 to 340 liters  

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

750 torr
• Vacuum, Ar, N2 and H2

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

• Worldwide field service, 
rebuilds and parts for all 
makes

Centorr Vacuum Industries
55 Northeastern Blvd 

Nashua, NH 03062
USA 

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

Email: sales@centorr.com

www.vacuum-furnaces.com

MIM-VacTM 
Injectavac®

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

Lithoz supplies 
ceramic AM 
parts for ISS 
BioFabrication 
facility

Lithoz America LLC, Troy, New York, 
USA, a division of Lithoz GmbH, 
headquartered in Vienna, Austria, 
recently collaborated with engineering 
company Techshot, Greenville, 
Indiana, USA, to additively manufac-

ture ceramic components used during 
a mission to the International Space 
Station (ISS). 

A spacecraft arrived at the ISS on 
November 2, 2019, with supplies for 
its 3D BioFabrication Facility (BFF). 
Along with human cells and bioinks 
for the BFF, the supplies also included 
Techshot’s tissue conditioning system, 
manufactured by Lithoz and tested 
during the mission. 

Lithoz partnered with Techshot 
to develop ceramic fluid manifolds 
used inside bioreactors, which 
provide nutrients to living materials 

additively manufactured in space by 
the BFF. The ceramic components 
are expected to replace the prototype 
polymer manifolds tested in space 
this summer, and are currently 
being tested aboard the ISS for their 
biocompatibility, precision, durability 
and overall fluid flow properties. 

The ceramic manifolds were 
additively manufactured using 
Lithoz’s lithography-based ceramic 
manufacturing (LCM) process on a 
high-resolution CeraFab machine. 
According to Lithoz, the collaborative 
work undertaken with Techshot has 
highlighted an ideal use case for 
ceramic Additive Manufacturing to 
enable the production of a special 
compact device that could not be 
produced without AM, while enabling 
a level of bio-compatibility not 
achievable with polymer AM. Techshot 
engineers were reportedly able to 
interface the larger bio-structures 
with the additively manufactured 
ceramic manifolds. 

“It’s been an absolute pleasure 
working with Lithoz,” stated Dr 
Carlos Chang, Techshot’s Senior 
Scientist. “Their expertise in ceramic 
processing really made these parts 
happen.”

Shawn Allan, Vice President of 
Lithoz, commented, “The success 
of ceramic Additive Manufacturing 
depends on working together with 
design, materials, and printing. 
Design for Ceramic Additive Manufac-
turing principles were used along with 
print parameter control to achieve 
Techshot’s complex fluid-handling 
design with the confidence needed to 
use the components on ISS.”

www.lithoz.com
www.techshot.com 

Left to right: Shawn Allan, Nicholas 
Voellm and Nicole Ross from Lithoz 
America with the CeraFab 8500 
ceramic AM machine
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Metallic3D’s new sinter-based 
Additive Manufacturing machine 
uses metal paste as feedstock

Metallic3D, based in Stuart, Florida, 
USA, has added a new metal Additive 
Manufacturing machine, the M3D300. 
Utilising the company’s bound 
metal paste deposition technology, 
the M3D300 is reported to offer a 
safe, easy to use system capable of 
manufacturing components in a wide 
range of metals.

The bound metal paste process 
is said to be suitable for any office 
or workshop environment, with 
no fumes or odours created in the 
M3D300 machine. Due to the use of a 
solvent-based binder in the feedstock, 
the company states that most of the 
binder evaporates during the build. 
Any residual binder is then removed 
during the sintering stage, rather 
than an additional debinding stage, 
which Metallic3D says makes its AM 

process faster from initial design to 
fully finished part. 

“Additive Manufacturing has now 
for some time been the solution 
of choice when producing highly 
diverse parts,” states owner of 
the company, Dan Defelici. “3D 
printing enables the emergence of 
radical product innovation through 
function-oriented design properties. 
Paired with the outstanding material 
properties of high-performance 
ceramics and advanced metal 
powders, industries and research 
teams can now explore entirely new 
areas of applications.”

By building the complete system 
in-house Metallic3D states it can 
significantly lower the barrier of 
entry into Additive Manufacturing. 
“Our new desktop printer is up to 

10x less expensive than alternative 
metal Additive Manufacturing 
technologies and up to 100x less than 
traditional fabrication technologies 
like machining or casting. This gives 
the owner of a Metallic3D printer a 
higher ROI, less time making parts 
and fewer worries over quality,” added 
Defelici.

www.metallic3d.com 

Metallic3D’s new M3D300 AM system 
(Courtesy Metallic3D)

It’s our passion for details that makes USD 
Powder GmbH your reliable partner. From 
assistance in design and development to 
the selection of production techniques – 
we combine high-tech with German 
craftsmanship.

iPowder® - our brand that stands for 
unique gas-water combined atomized 
metal powders enables you to produce 
small and big sized parts with complex 
shapes.

As part of our portfolio we have developed 
austenitic and ferritic stainless steel, low 
and high alloy steel, nickel, cobalt and 
copper alloys as well as magnetic material.

Visit us: www.usdpowder.de

by

INNOVATION THAT 
OPENS UP NEW PATHS.

intelligent powder solutions
iPowder
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Dutch Aerospace Centre to 
install Xerion Fusion Factory 
Compact
The Dutch Aerospace Centre (NLR), based in 
Marknesse, the Netherlands, in cooperation with 
the Dutch Ministry of Defence, will install a Fusion 
Factory Compact debinding and sintering unit for use 
in its development of sinter-based AM. This jointly 
undertaken research reportedly focuses on defence 
applications such as battle damage repair.

The Fusion Factory Compact debinding and 
sintering unit, which began serial production at the 
beginning of 2020, is built by Xerion Berlin Laboratories 
GmbH, Berlin, Germany. With a footprint of just 
1.2 m², the unit is designed to debind and sinter 
parts additively manufactured with BASF Ultrafuse 
316L® filament, enabling the processing of parts 
within twenty-four hours. In accordance with the 
BASF Catamold® principle, debinding is carried out 
by catalytic process, while the sintering furnace can 
reach temperatures of up to 1,450°C under protective 
gas conditions. Sintering under a 100% hydrogen 
atmosphere is also possible.

With no powder bed used in the Fused Filament 
Fabrication (FFF) process, and 100% of the metal 
powder contained within the filament, this developers 
state that this manufacturing technology can be used 
in particularly rough or hazardous conditions, such as 
those found on marine vessels. The overall size of the 
unit, with external dimensions of 1,200 x 1,000 x 2,000 
mm, further supports these applications.

www.xerion.de
www.nlr.org 

Xerion’s ultra-compact Fusion Factory debinding and 
sintering unit (Courtesy Xerion Berlin Laboratories 
GmbH)

https://www.pim-international.com/pim-international-publishing-team/
http://www.oechsler.com
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Titanium is widely used in medical applications (Courtesy Reading Alloys)

Ametek to sell its 
Reading Alloys 
business to Kymera

Kymera International, a speciality 
materials company headquartered 
in Raleigh, North Carolina, USA, has 
entered into a definitive agreement 
with Ametek, Inc., Berwyn, Pennsyl-
vania, USA, to acquire its Reading 
Alloys business, a provider of highly 
engineered materials for mission-
critical applications in numerous 
markets. Founded in 1953, and 
acquired by Ametek in 2008, Reading 
Alloys designs, develops and produces 
master alloys, thermal barrier 
coatings and titanium powders. The 
business is a preferred supplier for 
producers of high-quality titanium and 
superalloy mill products that are used 
in aerospace and aircraft applications.

Kymera has been owned by 
affiliates of Palladium Equity Partners, 
LLC, New York, USA, a middle-market 

private equity firm with approximately 
$3 billion in assets under manage-
ment, since 2018. The transaction 
is expected to close in the first 
quarter of 2020. The terms were not 
disclosed.

“Reading Alloys is an outstanding 
company with highly skilled people and 
an excellent product and endmarket 
portfolio that we believe fits in 
perfectly with our existing business,” 
stated Barton White, CEO of Kymera 
International. “For Kymera, we believe 
this is a transformative acquisition that 
will give our combined company strong 
technical and commercial resources to 
help fuel our growth in the aerospace, 
defence, medical and industrial 
markets.” 

Adam Shebitz, Managing Director 
of Palladium, commented, “The 
acquisition of Reading Alloys, 
Kymera’s second to date, is right on 
strategy as the Kymera management 
team continues to build the company 
into a leading speciality materials 
producer. Kymera represents another 
great example of Palladium’s value 
creation framework, which pulls on 
both organic and M&A driven levers. 
We are excited about this opportunity 
to enhance the Kymera platform with 
Reading’s value-added products, 
growing end-markets and its talented 
employees.” 

www.kymerainternational.com
www.readingalloys.com
www.ametek.com  

ISOSTATIC TOLL SERVICES, LLC.AMERICAN ISOSTATIC PRESSES, INC.

www.isostatictollservices.com

www.aiphip.com

https://www.pim-international.com/pim-international-publishing-team/
http://www.aiphip.com
http://www.isostatictollservices.com
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CIM specialist 
Formatec adds 
ceramic AM to its 
production offering
Formatec Ceramics, Goirle, the 
Netherlands, has added ceramic 
Additive Manufacturing (AM) to its 
production services. The company 
has for twenty years offered Ceramic 
Injection Moulding services, from 
consulting and engineering across 
the full process chain of tooling 
development, injection moulding, 
debinding and sintering, finishing and 
quality control. 

The company specialises in the 
production of CIM parts for the 
chemical, medical and aesthetic 
industries, where the need for 
excellent product properties and 
finish quality is inherent. The addition 
of ceramic AM is expected to enable 
the company to achieve similar 
material properties as with CIM, while 
reducing production time, labour and 
costs and adding value through the 
ability to produce more geometrically 
complex parts. 

René Bult, General Manager of 
Formatec, commented, “With our 
team we can offer our customers 
added value through our extensive 
knowledge and experience with 
ceramics as a CIM pioneer. This 
combined with the almost endless 
possibilities that 3D printing offers we 
are excited for the opportunities that 
lie ahead.”

Formatec now offers five different 
ceramic production methods, making 
it possible to identify and pursue 
the best fit for each of its customers 
depending on quantity, investment 
and lead time. One company which 
recently opted to use Formatec’s 
ceramic AM capabilities is Thermo 
Fisher Scientific. Peter Glajc, a 
Mechanical Engineer at Thermo 
Fisher Scientific, explained, “We‘ve 
chosen 3D printing because we 
wanted to compare this quite new and 
interesting technique with ‘standard’ 
ceramics manufacturing. 3D printing 
was cheaper and faster.”

www.hightechceramics.com  

Geometrically complex parts produced using ceramic AM (Courtesy Formatec 
Ceramics)

https://www.pim-international.com/pim-international-publishing-team/
http://www.loemi.com
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Ceramic Injection Moulding enables 
production of bluetooth-connected 
jewellery

Nolato AB, Torekov, Sweden, is 
enabling the production of bluetooth-
connected and and sensor-containing 
jewellery through the Ceramic 
Injection Moulding of zirconia. The 
items produced by the company 
include the Miragii smart pendant, 
a collection of bluetooth-connected 
rings and pendants for technology 
design studio Vinaya, and a family of 
wearable sensors for digital health 
company Cloudtag. 

According to Nolato, the use of 
zirconia has previously been restricted 
by a very complicated production 
process. Together with materials 
suppliers and researchers at Chinese 
universities, the company states that 
it has now developed materials that 
make production easier and allow 
zirconia to be used in high-volume 
manufacturing. 

Among the items produced using 
Nolato’s zirconia CIM process, 
Vinaya’s necklace connects to the 
wearer’s smartphone and vibrates 
when a call or message is received. 
This allows the wearer to keep their 
phone out of sight without missing 
important communications. 

Cloudtag’s wearable sensors 
continually measure a range of health 

indicators in users and transfer 
them wirelessly to a smartphone. 
The material’s properties mean the 
sensors can be worn on the body at 
all times without harm to the skin or 
health. 

Nolato executes a full prototyping 
process flow with its customers. This 
allows the company to work with its 
customers in the early project phase, 
anticipate technical and process 
parameters for mass production, 
and quantify and eliminate quality 
risks.

www.nolato.com 

A bluetooth-connected ring with elements produced with CIM zirconia 
(Courtesy Nolato AB)

Atomising Systems Ltd. (ASL), 
Sheffield, UK, has expanded its 
capacity through the installation 
of a new 400 kg gas atomiser 
aimed specifically at the Additive 
Manufacturing and Metal Injection 
Moulding powder markets. 

An additional melter is now being 
installed for greater flexibility and 
capacity. The in-house-designed 
atomiser, equipped with ASL’s 
proprietary anti-satellite and hot gas 
system, produces high yields of MIM 
and/or AM powders, enabling ASL to 
continue to serve its expanding AM 
and MIM customer base.

Paul Rose, Commercial Director, 
stated, “The addition of another 
atomiser, along with the associated 

The 13th International Exhibition 
for Powder Metallurgy, Cemented 
Carbides and Advanced Ceramics 
(PM China 2020), organised by Uniris 
Exhibition Shanghai Co., Ltd, has 
been moved to August 12–14, 2020, 
following the coronavirus (Covid-19) 
outbreak.

Originally set to take place at the 
Shanghai World Expo & Convention 
Center from March 24–26, 2020, over 
500 organisations were reported to 
have reserved booths at the event.“We 
once again apologise for any inconven-
iences caused to you by the postpone-
ment and are sincerely grateful for 
your kind understanding and continual 
support. We look forward to seeing you 
on August 12–14, 2020, at Shanghai 
World Expo Exhibition Center!,” stated 
the event organisers.

http://en.pmexchina.com 

ASL commissions 
new 400 kg 
gas atomiser 
specifically for AM 
and MIM powders

PM China 2020 
announces new 
dates

sieving and classification equipment, 
means that we are able to keep pace 
with the growth of our existing client 
base and the requirements of new 
clients, especially in the AM and MIM 
sectors.” 

Rose added, “In these sectors, 
the benefits of ASL’s Anti-Satellite 
technology are clearly recognised 
through the excellent powder shape 
and flow properties.”

www.atomising.co.uk  

Powder from a conventional gas 
atomiser (left) vs powder from ASL’s 
atomiser with anti-satellite system 
(right) (Courtesy Atomising Systems 
Ltd.)

https://www.pim-international.com/pim-international-publishing-team/
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·95% + feedstock self-developed                                           ·47+ materials application

·95+ MIM patents                                                                        ·Molding machine : 350+ sets

·In-house tooling workshop (design & fabrication)          ·In-house equipment design & modify

·Early involvement in customer design stage                      ·Dedicated automation department

Shanghai Future High-tech Co., Ltd. was founded in 1999. With over 20 years’ MIM development and 

manufacturing experiences, we have become one of the leading MIM manufacturers in the world. We 

have three production bases，two in Shanghai and another in Shenzhen, to provide best-in-class prod-

ucts at a competitive cost to our customers. 

We’re providing new products from design, prototype, small batch to volume production to our custom-

ers with one-stop technical support. Our main product applications covering automobile, medical, con-

sumer electronics, tools, locks, etc…

http://www.future-sh.com                       +86-021-56445177                      marketa@future-sh.com.cn

COMPLEX 
COMPONENTS
SOLUTIONS

https://www.pim-international.com/pim-international-publishing-team/
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The perfect 
debind / sinter 
combination 
for Metal FDM
www.xerion.de/fusionfactory

Injection moulding machine specialist 
Arburg opens new training centre
Arburg GmbH & Co KG officially 
opened its new Training Centre 
at the company’s headquarters in 
Lossburg, Germany, on March 6. 
Covering 13,700 m2, the new building 
has increased the total usable space 
at the Arburg’s headquarters by just 
under 5%, taking it to approximately 
180,000 m2. The training area alone 
spans two floors, while the remaining 
three floors house open-plan admin-
istrative offices and a new health 
centre. Through this development, the 
company aims to set new standards in 
customer education, with a focus on 
cutting-edge digital training.

Amongst the 170 guests in attend-
ance at the opening were Dr Klaus 
Michael Rueckert, Administrator of 
Freudenstadt district where Lossburg 
is situated; Lossburg Mayor Christoph 
Enderle; plus representatives of the 
companies and institutions involved in 
the building’s construction.

“Arburg is known for the 
premium range of services it offers 
and its focus on customers. We’re 
always thinking ahead and we 
set new standards time and time 
again. Whether we’re developing 
products and processes or working 
on construction projects, we create 
a blend of outstanding functions and 
aesthetic appeal – and we combine 
high-tech, innovative ideas with 
sustainability and a prudent attitude 
to resources,” stated Michael Hehl, 
who is responsible for Plant Develop-
ment in his role as Managing Partner 
at Arburg.

“The fact that we have invested 
a double-digit million euro sum in a 
new Training Centre is testament to 
just how important our customers 
and employees are to us,” added 
Hehl. “Not only that, but it also 
illustrates our strong belief in 
Germany as a location in which to do 

business – and specifically how much 
we value Lossburg itself.”

He continued, “This is a building 
of the future, where customers and 
other stakeholders can take advan-
tage of the industry’s latest training 
resources. Over these 2,200 m2, we 
can now offer interactive, networked 
learning opportunities focusing on 
both theory and practice – right here 
in Lossburg.”

The ground-floor machine hall 
is the heart of the training area, 
spanning some 1,160 m2 and housing 
fifteen electric, hybrid, hydraulic 
and vertical all rounder injection 
moulding machines of various sizes, 
including a multi-component version. 
The machines chosen for the hall 
represent a cross-section of all the 
sizes and drive versions available in 
Arburg’s product range. Each injec-
tion moulding machine is equipped 
with a robotic system plus an IoT 
gateway, and is linked to the Arburg 
ALS host computer system. There 
is also a Freeformer available for 
training in Additive Manufacturing.

https://www.pim-international.com/pim-international-publishing-team/
http://www.xerion.de/fusionfactory
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While the training rooms them-
selves have a dedicated area on 
the first floor, theoretical concepts 
and their practical applications will 
be knitted more closely together in 
future. To achieve this, each of the 
eleven training rooms is equipped 
with a state-of-the-art smart board 
and every course participant will 
work on their own touch screen PC 
with a simulated control system. 
The PCs will also be networked with 
one another, enabling interaction, 
screen sharing and application 
sharing – making it possible to 
transfer the on-screen content 
from one computer to another and 
work collaboratively on the same 
document.

Arburg states that digitalisation 
will take things even further, 
allowing data to be transferred from 
the training room’s smart board to 
a smaller board on each machine. 
This will enable participants to work 
together in real time, wherever they 
are and no matter what device they 
are working on.

Since Arburg first launched its 
training courses in 1969, more than 
120,000 participants in Germany 
alone have taken advantage of 
the extensive range of learning 
opportunities in order to tap fully 
into the potential of machinery, 

application technology and service. 
Today, the thirty-strong training team 
organises 650 to 700 courses for more 
than 3,500 customers every year.

www.arburg.com 

The new Arburg Training Center in Lossburg (Courtesy Arburg GmbH & Co KG)

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
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Dates announced for 20th 
Plansee Seminar

Arburg appoints Guido 
Frohnhaus as Managing 
Director of Technology & 
Engineering

Plansee Group, headquartered in Reutte, Austria, has 
announced the dates for its 20th Plansee Seminar, the 
International Conference on Refractory Metals and 
Hard Materials, which will take place at its Reutte 
headquarters, June 7–11, 2021.

Originally established by Professor Paul 
Schwarzkopf in 1952 as a four-yearly event, the 
seminar is a global forum for the technical and 
scientific Powder Metallurgy community to exchange 
ideas and keep up to date with the latest innovations 
and market trends in the fields of refractory metals 
and hard materials. 

Plansee Group states that the aim of the conference 
is to provide insights into all aspects of these materials 
– from materials science to the latest achievements 
in extractive metallurgy, manufacturing technology, 
industrial applications and recycling.

Presentations are expected to cover all market 
segments where refractory metals and hard materials 
are playing an important role, or where they may 
provide promising alternatives to present material 
solutions. The following fields of application, in 
particular, will be addressed:

Arburg GmbH + Co KG, headquartered in Lossburg, 
Germany, has appointed Guido Frohnhaus as its new 
Managing Director of Technology & Engineering. Its 
Technology & Engineering management division had 
recently been led on an interim basis by Managing Partner 
Juliane Hehl, however the senior management team is 
now complete with the appointment of Frohnhaus.

Fronhaus was formerly Managing Director of Werner 
Turck GmbH & Co. KG, Halver, Germany, a leader in 
industrial automation solutions, where he was responsible 
for the development and production departments. Prior 
to this, he was Vice President of Technology at the Turck 
national subsidiary in the USA as well as several years 
working in management roles at an automotive supplier.  
He started his career by completing an apprenticeship 
as a toolmaker and went on to study mechanical 
engineering, specialising in manufacturing engineering, 
at the University of Wuppertal, Germany. During his time 
working in the USA, he also completed an MBA from 
Capella University, Minneapolis, Minnesota, USA.

www.arburg.com  

Refractory metals and composites for application in:

• Transportation

• Electronics

• Thermal management

• Lighting technology

• Medical technology

• Energy generation and distribution

• Power engineering

• Chemical engineering

• Coating technology

• Joining technology

• Metal, glass, plastic, and ceramics production

• High-temperature furnaces and devices

• New areas

PM hard materials for application in:

• Wear parts

• Machining of metals, composites, graphitic materials, 
wood and stone

• Precision tooling

• Chipless forming

• Mining and constructions

• Joining technology

www.plansee-seminar.com  
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Canadian FabLab 
installs Rapidia 
metal Additive 
Manufacturing 
system

The Kootenay Association for Science 
and Technology (KAST) based in 
Trail, British Columbia, Canada, has 
installed a Rapidia metal Additive 
Manufacturing system, at its MIDAS 
Lab. The Metallurgical Industrial 
Development Acceleration and 
Studies – or MIDAS – Lab is reported 
to be the first rurally located FabLab 
(fabrication laboratory) in Canada to 
install a metal AM system.

The MIDAS Lab provides access 
to the equipment needed for digital 
fabrication and rapid prototyping, as 
well as project work areas, a research 
and development lab, a metal shop, 
a woodshop, a computer lab and a 
training centre.

“Metal printing is a game-changer 
for fabricating parts and prototypes,” 
stated Cam Whitehead, Executive 
Director of KAST. “Lower costs 
and increased speed to produce 
prototypes means faster innovation 
and more competitiveness. This all 
means more jobs and wealth for the 
region. Our services are available to 
commercial members, unlike most 
universities – these machines are 
so new and expensive that previous 
focus has been on research and not 
necessarily business needs.”

“MIDAS Lab is unique in Canada 
and has been since it opened its 
doors in 2016,” added Whitehead. 
“We’re thrilled that it’s received 
countrywide recognition and we’re 
using some of the lessons learned to 
help other start-up fabrication labs 
and innovation centres across BC.” 

The Rapidia system uses a 
water-based metal paste which 
eliminates the debinding step, 
enabling the two-stage Rapidia 
process to produce most parts in 
under twenty-four hours. The system 
is also believed to cut Additive Manu-
facturing time further by avoiding the 
need to produce a metal base plate 
or most metal supports. It is capable 
of building a range of materials 

including stainless steel, Inconel, 
tool steel, ceramics and titanium.

“While there are printers that 
can do what the Rapidia can do, 
we chose this one because of its 
safe operation, the speed at which 
you can operate and create the 
designs and parts that our industry 
partners and Selkirk College needs,” 
explained Jason Taylor, Instructor 
& Applied Researcher at Selkirk 
College.

KAST partner, Selkirk College 
plans to launch Digital Fabrication 
& Design, a two-year diploma 
programme that trains graduates 
for advanced manufacturing, in 
September 2020. Daryl Jolly, School 
of the Arts chair, stated that the 
Rapidia system will be an exciting 
new educational tool students will 
be able to utilise. “As we launch 
this new programme, it’s exciting 
to again see that Selkirk College 
students will be trained on and have 
access to world-class equipment. 
We expect our graduates will be 
well-positioned to support continued 
economic growth in our region, 
bringing value to industry and 
innovation,” he commented.

www.kast.com
www.midaslab.ca
www.rapidia.com  

KAST’s MIDAS Lab has installed a Rapidia metal AM system (Courtesy KAST/
MIDAS Lab)

The Rapidia system builds parts using water-based metal paste technology 
(Courtesy Rapidia)
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POWDER BY SANDVIK
IT DOESN’T GET FINER THAN THIS
In Metal Injection Moulding, the finest detail gives the best outcome. Place our gas atomized Osprey® 
metaI powder under a microscope and see the uniform consistency made for MIM. The spherical  
shape of our metaI powders makes for excellent flow and high packing density. Essential qualities in  
the aerospace, automotive, electronics and dental industries. In general engineering too. 

Our powders are available in a wide range of particle sizes – from under 5 μm and up to 38 μm. 
And, in an extensive range of alloys, like stainless steels, maraging steels, nickel-based superalloys,  
tool steels, cobalt alloys, low alloy steels, aluminium alloys, plus copper and bronze alloys.

Need more information or something tailor-made as a small batch?  
Contact us today.

VViissiitt  uuss  aatt    ||  TTCCTT  AAssiiaa  22002200  ||  BBooootthh  EE66--MM1166  ||  JJuullyy  88--1100  ||  SShhaanngghhaaii
VViissiitt  uuss  aatt  PPMM  CChhiinnaa  22002200  ||  AAuugguusstt  1122--1144  ||  SShhaanngghhaaii

E-MAIL: POWDER.OSPREY@SANDVIK.COM | PHONE +44 (0) 1639 634 121 
METALPOWDER.SANDVIK 
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The European Powder Metallurgy Association (EPMA) has 
announced that it will close its UK-based head office on 
April 30, 2020, and will establish a new secretariat team 
located in Chantilly, France. The EPMA was founded in 
Brussels in 1989, and has had its secretariat based in 
Shrewsbury, UK, since 1990. A second office, established 
as a base for the EPMA’s technical team, was opened in 
Chantilly, France, in 2018.

According to the EPMA, the decision was made in order 
to improve overall efficiency, as well as enabling a better 
platform for cost optimisation. As of May 1, the French 
office will become the association’s main administrative 
base and home to a new secretariat team. The EPMA’s 
registered headquarters will remain in Brussels. To ensure 
a level of continuity in the run-up to the Euro PM2020 
Congress & Exhibition, taking place in Lisbon, Portugal, in 
October, key UK-based staff members will continue to work 
from home, with employment extended until the event.  

www.epma.com  

European Powder Metallurgy 
Association to establish new 
secretariat in France, closing 
UK base

MPIF announces Edwin 
Pope as keynote speaker 
for WorldPM2020 
Montreal

The Metal Powder Industries Federation (MPIF) has 
announced that Edwin Pope, Principal Analyst at IHS 
Markit, has been selected as keynote speaker for the 
co-located conferences, WorldPM2020, AMPM2020 
and Tungsten2020, which will take place in Montréal, 
Canada, from June 27–July 1, 2020.

WorldPM is held every two years and in 2018 took 
place in Beijing, China. The conference is held in North 
America once every six years, and this will be the second 
time that it has been co-located with Tungsten2020 and 
AMPM2020.

During the Opening General Session on June 28, 
2020, Pope is expected to discuss outlooks and trends 
for the global automotive market, propulsion system 
design, transmission design, electrification, and metal 
Additive Manufacturing within the automotive sector.

Further information and registration details are 
available via the event website.

www.mpif.org/Events/WorldPM2020  
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EWIE Group launches Additive 
Manufacturing brand Azoth 3D

The EWIE Group of Companies 
(EGC), a family of manufacturing 
brands headquartered in Ann Abor, 
Michigan, USA, recently launched a 
new brand focused on the provision 
of Additive Manufacturing services to 
its group companies and customers. 
Azoth 3D offers both metal and 
polymer Additive Manufacturing, as 
well as associated services such 
as design and prototyping, and 3D 
scanning and reverse engineering.

East West Industrial Engineering 
Company, the founding brand of EGC, 
was founded in the 1980s and has 
since focused on using technology to 
reduce its customers’ operating costs 
and improve production efficiencies. 
The group’s companies now service 
300+ facilities in twelve countries.

Explaining the decision to enter 
the Additive Manufacturing market, 
EGC stated that, understanding the 
shifting landscape of manufacturing 
as part of Industry 4.0, the need to 
diversify became clear. One of the 
largest subcategories of items that 
its brands are often asked to source 
are machine spare parts, with most 
production facilities stocking rooms 
full of brackets, gripper fingers, 
fixtures, motors, and automation 
components in order to minimise the 
impact of machine downtime. 

In many cases, when a machine 
part fails, it is too old to locate an 
original manufacturer to source a 
replacement. This is further compli-
cated when submitting a one-off 
emergency order to a local machine 
shop, where lead times are long 
and prices are high. This, EGC saw, 
offered the perfect opportunity to 
take advantage of Additive Manufac-
turing’s unique capabilities. 

“The EGC’s success, and 
consistent growth, can be attributed 
to three things,” explained Joey 
Mullick, Vice President, Azoth 3D. 
“First, identifying the best technology 
for a plant operation. Second, 
consolidating the vendor base by 
identifying manufacturers who 

provide world-class products and 
global support. Lastly, benchmarking 
best practices and replicating them 
throughout a customer’s manufac-
turing facilities. Azoth is leveraging 
these same principles in the world of 
additive.”

Azoth 3D’s Center of Excellence, 
also located in Ann Arbor, is said to 
have grown from an empty warehouse 
into an impressive lab of the indus-
try’s highest-performing technology in 
less than two years. The team stated 
that it envisions being able to support 
the bulk of orders from this HQ, 
focusing primarily on Binder Jetting 
for its metal AM offering. 

To support its metal AM 
capabilities, the company has so far 
built partnerships with Digital Metal 
and its parent company Höganäs, 
Höganäs, Sweden; Desktop Metal, 
Burlington, Massachusetts; and 
Elnik Systems, LLC, and its sister 
company DSH Technologies, Cedar 
Grove, New Jersey, USA. “Just as 
a traditional manufacturing facility 
could not procure all its tools from 
one toolmaker; Azoth is diverse in 
its partnerships and holistic in its 
services,” stated Mullick. “The team 
has built up a network that includes 

shops that offer technologies they 
do not, machine distributors, and 
partners with deep additive exper-
tise. They are also providing reverse 
engineering and DFA services.”

ECG reports that its vision for 
Azoth is to transform the physical 
inventory of a plant into a digital 
one, thereby reducing the costs 
of its customers. To this end, the 
company has coined a new phrase: 
‘Take One Make One’ or ‘TOMO’. 
“The problem Azoth seeks to solve 
was ever-present in EGC’s existing 
customer base, and early adoption 
of their business model has been 
significant,” explained Mullick.

“Since the issues surrounding 
spare parts are common to all 
manufacturing facilities, Azoth has 
been able to grow beyond the group’s 
common customer architype,” he 
continued. “New customers choose 
Azoth because of their ability to 
manufacture precision parts to 
blueprints, their vast knowledge of 
the additive tools available in the 
market, and the ability to imple-
ment digital inventory on demand.  
Customers that choose to work with 
Azoth get more than a 3D printed 
part. They get a team focused on 
generating solutions, with access 
to the latest technology in AM, and 
EGC’s manufacturing history.”

www.azoth3d.com 
www.ewie.com  

Cody Cochran, Azoth 3D’s Key Account Manager, with an installed furnace from 
Elnik Systems, LLC (Courtesy Azoth 3D)
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Fig. 1 Focus on value rather than volume in metal powder developments 
(Courtesy Benedikt Blitz / As presented at Euro PM2019)

Fig. 2 Current global MIM applications by material type and end-use sector (Courtesy Benedikt Blitz / As presented at 
Euro PM2019)

Predicting the future for Metal Injection 
Moulding
In a Special Interest Seminar titled 
‘The Future of MIM’, at the Euro 
PM2019 Congress, organised by 
the European Powder Metallurgy 
Association (EPMA) and held in 
Maastricht, the Netherlands, October 
13-16, 2019, an analysis of the 
current status of Metal Injection 
Moulding technology and predictions 
for its future development were 
provided in a presentation from 
Benedikt Blitz, Managing Director, 
SMR Premium GmbH, Germany.

SMR Premium is a member 
company of the SMR Group and 
specialises in the provision of market 
intelligence for High Value Materials. 
Powder Metallurgy production is one 
focus of the company’s materials 
portfolio. This report focuses on 
Blitz’s assessment of MIM, in keeping 
with the presentation’s title, although 
other powder-based processes, such 
as HIP and Additive Manufacturing, 
were also considered during the 
presentation.

Blitz began with a short overview of 
the global steel industry, which identi-
fied that the total annual tonnage of 
all PM processes (~1.3 million tonnes) 
equates to less than 0.1% of total 
steel product tonnage (~1,800 million 
tonnes). The presentation emphasised 
that 94% by volume of metal powders 
are consumed by conventional ‘press 
and sinter’ Powder Metallurgy, but, 
for the remaining 6% (including MIM 
powders), the tenet is to concentrate 
on value rather than volume and 
target the high end of the market 
(Fig. 1). 

In describing the current status 
of MIM, data were provided (Fig. 
2) on the breakdown of products 
by material type and customer 
sector. In relation to powder type, 
stainless steels account for 53% 
by volume, other steel types 25%, 
superalloys 11% and a variety of other 
metals 11%. 

The global breakdown by industry 
sector revealed a broad range of 
applications. The application break-
down by geographical region shows 
significant differences; in Europe, 
automotive applications are relatively 
dominant; in North America, medical 
and consumer goods; and, in Asia, 
information technology (Fig. 3). 

An analysis of MIM products by 
weight and size emphasised that 
they are currently predominantly 
small parts. Data were also provided 
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to divide the global totals for sales 
turnover (~€2,300 million) and 
active parts producers (630) by 
geographical region, emphasising 
the significant role of China.

It was then emphasised that 
the widespread markets for MIM 
products mean that these applica-
tions are encountered in every 
aspect of daily life, particularly 
in transportation, aerospace, the 
3C industry and a broad range of 
consumer products. In relation to 
the future market developments, it 
was predicted that the significant 
rise already observed in production 
levels for Boeing and Airbus will 
continue more strongly over the next 
eight-to-ten years (Fig. 4). 

Finally, an overall summary of 
SMR’s predictions for PM global 
market evolution by manufacturing 
technology type up to 2025 was 
shown. MIM is predicted to show 
a compounded annual growth rate 
(CAGR) of around 11% over the 
period. This was second only to the 

predicted growth rate for AM (25%), 
although, of course, AM is starting 
from a much lower base level. These 
figures can be compared with the 
predicted CAGR for Press & Sinter 
PM, the traditional bedrock of the 
PM sector, of only around 3%.

In terms of MIM market devel-
opment by end-use sector and 
geographical region, the predicted 
growing significance of automotive 
applications and demand in China 
was also emphasised.

www.smr-premium.com  

Fig. 4 Predicted growth in aerospace demand (Courtesy Benedikt Blitz / As 
presented at Euro PM2019)

Fig. 3 Breakdown of MIM applications by geographical region (Courtesy Benedikt Blitz / As presented at Euro PM2019)
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Ricoh’s new resin-coated powders and 
cross-linking ink to expand range of 
metals for Binder Jetting

Ricoh, based in Kanagawa, Japan, has 
developed a new resin-coated metal 
powder and cross-linking ‘ink’ for use 
in the Binder Jetting process. Said to 
increase the diversity of metals avail-
able for Binder Jetting and improve 
the quality of components, the new 
range is aimed at those adopting 
Binder Jetting as a manufacturing 
process.

The metal powders are coated with 
a uniform layer of binder resin around 
100 nm in thickness, in a process 

SEM images of left) uncoated powder, centre) coated powder, right) cross-
section of coated powder of stainless steel 316L (Courtesy The Ricoh Company)

developed from coating technology 
acquired through electrophotography. 
A cross-linking material in the ink is 
said to work with the resin to form the 
green part.

According to Ricoh, a key 
advantage of the new material is to 
remove the risk of dust explosions 
associated with fine powder particles 
and potentially explosive powders, 
such as aluminium and titanium. 
Fine powders tend to offer improved 
sinterability and can lead to higher 

achievable density and low surface 
roughness. However, fine powders 
can be more explosive than coarse 
powders.

The new powders are coated with 
resin selected to improve both the 
minimum ignition energy and explosi-
ble concentration, important param-
eters in avoiding dust explosion. The 
resin-coating is said to prevent the 
propagation of fire between particles. 
This allows the use of fine powders 
and results in improved surface finish, 
reducing the need for additional post 
processing steps.

A further advantage of Ricoh’s new 
process is the ability to control the 
permeability of the ink toward the 
powder bed. If permeation is less than 
expected, for example, it can cause 
increased porosity in the green part 
and if the ink permeates too far, it af-
fects the dimensional accuracy of the 
parts produced.

The control of ink permeability 
is a key factor for the achievement 
of the correct density and accuracy 
for a part. Using its new materials, 
Ricoh stated that it has achieved 
the adjustment of the contact angle 
between the ink and powder surface, 
and a level of control over permeabil-
ity through a selected combination of 
surfactant and coating resin.

www.ricoh.com  

Isostatic Toll Services Bilbao SL, 
opened its new Hot Isostatic Pressing 
facility on January, 29, 2020, in Abanto 
Zierbena, Biscay, Spain. With a total 
investment of €14 million ($15.5 
million), the new plant reportedly 
offers the largest available HIP 
systems in southern Europe.

Already installed and operational 
at the Bilbao facility is an AIP52 HIP 
unit, with a second identical system 
due to be installed in December 2020. 
With a hot zone diameter of 1100 and 
depth of 2500 mm at 103 MPa, the 
AIP52 is capable of processing large 
components, such as engine blades, 

Isostatic Toll Services opens new 
HIP facility in Spain

vanes and integral rings used in 
the aviation industry. In addition to 
supporting the high-tech aerospace 
sector, the facility is expected to serve 
the region’s growing medical implant 
manufacturing industry. 

The new facility has been granted 
EN 9100 approval by Bureau Veritas 
and has been successfully audited 
and approved by Rolls-Royce and 
Pratt & Whitney. Safran approval is 
currently underway, with Nadcap 
approval planned for mid-2020.

In addition to providing toll 
services, staff at ITS Bilbao will 
support a new AIP European 

Competence Centre, established 
to serve the EMEA region with 
installation, commissioning, 
maintenance, inspection and repair of 
AIP’s range of presses and systems.   

www.isostatictollservices.com
www.aiphip.com  

The new ITS facility in Bilbao, Spain 
(Courtesy ITS Bilbao)
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Soft magnetic properties of Fe-35%Co 
alloy produced by Metal Injection 
Moulding

Soft magnetic materials are those 
which are easily magnetised and 
demagnetised, and are widely used 
for household appliances, computer-
related equipment, energy converters, 
generators, solenoid valves in fuel 
injection devices, solenoid cores, 
injector cores, and various sensors 
and torque sensor cores. Iron-cobalt 
alloys are an important soft magnetic 
material because they have a high 
Curie point and corrosion resistance, 
allowing them to be used at relatively 
high temperatures and in harsh 
environments. Additionally, Fe-Co 
alloys have the highest saturation 
induction (Bs) among all soft magnetic 
materials, which makes them ideal 
for applications such as solenoid 
valves. However, Fe-Co alloys are also 

extremely hard, which makes them 
difficult to machine.

Powder Metallurgy and 
Metal Injection Moulding offer a 
cost-effective alternative route to 
producing net shape soft magnets, 
and both PM and MIM are already 
extensively used for a wide range of 
soft magnetic applications. However, 
whilst Fe-Ni, Fe-equiatomic Fe-Co 
alloys and pure Fe have all reportedly 
been produced by PM and MIM, 
little data has been reported on the 
production of Fe-35%Co alloys using 
MIM. Researchers at the Southern 
University of Technology, Shenzhen, 
China, in collaboration with metal 
powder producer Sandvik Osprey 
Ltd, Neath, UK, have, therefore, 
been investigating a soft magnetic 

Fe-35%Co alloy made using MIM 
technology, and published a paper 
on the results of their research in the 
Journal of Magnetism and Magnetic 
Materials, Vol. 497, 2020, p. 7. In 
particular, their research focused on 
the development of a mathematical 
model which can be used to predict 
the magnetic properties of the 
sintered Fe-35%Co alloy from its 
microstructure.

The authors used a pre-alloyed 
Fe-35%Co powder, having particle 
size D90 = 16 µm, which was mixed 
with a polyformaldehyde (POM)-
based binder system to produce the 
MIM feedstock. Powder loading in 
the feedstock was fixed at 63 vol.%. 
The MIM feedstock was injection 
moulded at 190°C to produce 
green annular samples, as shown 
in Fig. 1(a). The green parts were 
debound in a catalytic debinding 
furnace to remove the POM binder 
followed by a thermal debinding 
process conducted in a vacuum 
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Fig. 1 (a) Samples produced by MIM (after injection moulding and sintering, respectively); (b) the geometric configuration 
of the samples produced by MIM used for the magnetic property tests. (From paper: ‘Microstructures and magnetic 
properties of Fe-35%Co alloy fabricated by Metal Injection Molding’, by Y Zhang, et al, Journal of Magnetism and 
Magnetic Materials, Vol. 497, 2020. Available online October 2019)

furnace to remove the remaining 
binders. The samples were subse-
quently sintered in the same furnace 
at different temperatures (1275, 1300, 
1325, 1350 and 1375°C) for 3 h under 
a reducing atmosphere (flowing 
argon with 2% hydrogen). After 
sintering, the samples were cooled 
slowly in the furnace, resulting in a 
low level of internal stress. 

The authors stated that the 
Fe-35%Co powder samples 
sintered at different temperatures 
all exhibited a single α-FeCo solid 
solution phase, and the interstitial 
impurity contents in the sintered 
samples were very low. Both sintered 
density and grain size were found to 
increase with increasing sintering 
temperatures. These features are 
said to make it an ideal model 
material for studying the relationship 
between magnetic properties and 

microstructures of the sintered MIM 
Fe-35%Co alloy.

The method used for measuring 
magnetic properties is illustrated 
in Fig. 1(b), where coils made from 
0.35 mm diameter copper wire were 
used. The number of turns for the 
measuring coil and the magnetisation 
coil are 60 and 200, respectively. The 
saturation field intensity was main-
tained at 15,000 A/m in the study.

The authors reported that the 
saturation induction (Bs) of the 
sintered material increases with 
density. Therefore, the samples 
sintered at 1375°C exhibited the 
highest sintered density (7.67 g/cm3) 
and saturation induction (2.152 T). The 
coercivity (Hc) of the sintered samples 
was found to increase linearly with 
the grain size, while the initial perme-
ability (µi) is inversely proportional to 
the square root of the coercivity (Hc). 

Samples sintered at 1375°C therefore 
exhibited the lowest coercivity 
(171.7 A/m) and the highest initial 
permeability (1730 mH/m). Table 1 
provides a summary of the magnetic 
properties of MIM Fe-35%Co alloy 
as related to different sintering 
temperatures, and the densities and 
grain sizes obtained.

Based on this established 
relationship, the authors stated that a 
mathematic model has been devel-
oped which can predict the coercivity 
(Hc) and initial permeability (µi) of 
the sintered Fe-35%Co alloy from 
its grain size. The model could also 
serve as a guide for producing Fe-Co 
alloys with the desired magnetic 
properties.

www.sustech.edu.cn/en/
www.journals.elsevier.com/

journal-of-magnetism-and-magnetic-
materials  

Table 1 Summary of sintered densities, grain sizes, interstitial impurity contents and magnetic properties of Fe-35%Co 
samples sintered at different temperatures. (From paper: ‘Microstructures and magnetic properties of Fe-35%Co alloy 
fabricated by Metal Injection Molding’, by Y Zhang, et al, Journal of Magnetism and Magnetic Materials, Vol. 497, 2020. 
Available online October 2019)

Sintering 
temperature (°C)

Bs
(T)

Hc
(A/m)

μi
(mH/m)

Grain size 
(μm)

Density 
(g/cm3)

Impurity (wt.%)

C O N

1275 2.065 293.7 423 19.62 7.523 0.028 – –

1300 2.092 260.2 435 21.86 7.546 0.024

1325 2.106 258.3 445 23.85 7.574 0.030

1350 2.124 225.5 449 27.71 7.584 0.024

1375 2.152 171.7 545 34.10 7.670 0.020
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Sinter bonded AISI 4340 
steel and WC-Co composites 
produced by inserted Powder 
Injection Moulding

Components are often required for applications which 
require high toughness properties on the inner part and 
high abrasion resistance on the outer part. Cutting tools 
are one example of this type of component, and a range 
of research has been undertaken on the bonding of, for 
example, WC-Co hardmetal and steel by methods such 
as diffusion welding or diffusion bonding, soldering, etc. 
However, the different physical and chemical properties 
of steel and hardmetal can significantly influence 
the desired shear strength of the bonded region. For 
example, metals and ceramics can have different 
thermal expansion coefficients, which can cause residual 
stresses in the components during cooling and may 
result in cracking or separation in the intermediate 
bonding zone.

A research project undertaken at Gazi University, 
Ankara, Turkey, has been studying the use of Inserted 
Powder Injection Moulding (IPIM) to produce functional 

Fig. 1 Composite AISI 4340 steel-WC-Co part produced 
by the IPIM method (after sintering at 1250°C). (From 
paper: ‘Sinter bonding of AISI 4340 and WC-Co using Ni 
interlayer by inserted Powder Injection Molding’, by H 
Kocak, M Subasi and C Karatas. Ceramics International, 
Vol. 45, 2019, 22331–22336)

components where the inner tough material is a solid 
AISI 4340 steel and the outer part is a wear resistant 
WC-9%Co hardmetal. A paper by Harun Kocak, Mehmet 
Subasi, and Cetin Karatas, published in Ceramics 
International (Vol. 45, July 2019, 22331–22335), describes 
the use of nickel as a bonding interlayer between the 
steel and injected moulded WC-Co, with the researchers 
having investigated the shear strength of the Ni bond 
achieved between the two materials during sintering. 

The authors stated that prior to injection moulding of 
the WC-Co feedstock, the cylindrical AISI 4340 inserts 
were electrolytically coated with Ni to coating thicknesses 
of 25, 50 and 100 µm. The Ni-coated inserts were then 
placed into the moulds, and WC-Co feedstock was 
injection moulded onto them. The WC-9%Co feedstock 
comprised powder having D50 particle size of 0.28 µm. 
The IPIM components underwent debinding in ethanol 
at 60°C for 48 h, followed by drying in a furnace at 60°C 
and sintering at 1250°C under controlled 95N2-5H2 
atmosphere. Sintering times were varied from 120 to 360 
min in order to determine the diffusion bonding effect 
during sintering on the shear strength values of the 
Ni-bonded AISI 4340-WC-Co composite. Fig. 1 shows the 
composite IPIM part after sintering at 1250°C.

The authors found that increasing the Ni interlayer 
thickness to 100 µm also increased the shear strength 
of the bond, with the highest shear strength value being 
266 MPa. Increasing interlayer thickness was also found 
to decrease the defects in the intermediate bonding zone, 
and it was found that shear strength increased as the 
sintering time increased to 240 min. It was further found 
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Fig. 2 Microstructures of 100 µm Ni interface in AISI 4340-WC-Co IPIM 
component sintered at 1250C for 240 min. (From paper: ‘Sinter bonding of AISI 
4340 and WC-Co using Ni interlayer by inserted Powder Injection Molding’, 
by H Kocak, M Subasi and C Karatas. Ceramics International, Vol. 45, 2019, 
22331–22336)

that the Ni interlayer diffused towards 
the steel side and infiltrated towards 
the WC-Co side, as can be seen in Fig. 
2. EDS analysis showed a diffusion of 
13.7% W, 4.41% Co to 4340 insert and 
1.22% Fe, 1.7% Ni to WC-Co side. 

Hardness studies showed that, 
whilst W and Co (which diffused more 
to the insert) increased the hard-
ness of insert at the points close to 
intermediate zone, Fe and Ni (which 
diffused to the WC-Co side) caused 
a slight decrease in the hardness 
of WC-Co in this zone. However, 

only 0.8 mm from the intermediate 
bonding zone, hardness was found 
to be around 1400 HV. The authors 
concluded that IPIM can be used in 
all applications where toughness of 
the inner part and abrasion resist-
ance of the outer part are desired, 
as for example in the production of 
cutting tools.

http://gazi.edu.tr/
www.journals.elsevier.com/

ceramics-international  
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Low-Pressure Powder Injection 
Moulding used to produce NiO-YSZ 
anode-supported SOFC fuel cell/stacks

Solid oxide fuel cells (SOFCs) are 
modular, scalable, and highly efficient 
energy conversion devices that can 
convert a wide variety of gaseous, 
liquid and even solid fuels into 
electricity with almost zero pollution 
emissions. A typical fuel cell is made 
up of layers only a few millimetres 
thick which can be connected in 
series to form a SOFC ‘stack’. The 
most commonly used material is a 
ceramic made up of a mixture of NiO 
and yttria stabilised zirconia (YSZ), 
and because the anode support 
needs to be porous, powders are 
used as starting material. Ni plays 
an electrical conducting role whilst 
YSZ serves as the ion conductor. For 
anode-supported SOFCs the shape 
can be planar, disk, tubular or other 
more complex shapes, and for large-
area planar anode supports, tape 
casting can be used as the production 
process. However, tape casting is not 
suitable for complex-shaped SOFC 
anode supports, and the process has 
additional drawbacks in that it uses 
toxic solvents and other hazardous 
additives. 

Research efforts have, therefore, 
been underway in recent years to 
develop a low cost, faster and more 
environmentally friendly alternative to 

tape casting for high-volume produc-
tion, with Powder Injection Moulding 
offering a potentially economic route 
to the fabrication of porous Ni-YSZ 
supports. Most recent research using 
PIM has been focused on planar, 
or disk-type SOFCs. However, it is 
tubular SOFC cells which are said 
to have higher power output, more 
reliable stability and easier fuel cell 
stack design and assembly. Here, the 
air or fuel passes through the inside 
of the tubular shape, and the other 
gas is passed along the outside of 
the tube 

Researchers at the Kunming 
University of Science and Technology, 
Kunming, South China University of 
Technology, Guangzhou, and Jiangxi 
University of Science and Technology, 
China, have in recent years reported 
on the use of Low-Pressure Injec-
tion Moulding (LPIM) to produce 
NiO-YSZ anode-supported tubular 
shaped SOFC cells/stacks with 
high production efficiency. The 
latest results of their research were 
published in Ceramics International, 
Vol. 45, 2019, 20066–20072. The 
researchers stated that no reports 
have been published using LPIM to 
produce tubular SOCFs, and they 
therefore paid special attention 

to the preparation of the ceramic 
powders used, especially the impact 
of pre-calcining temperature on 
the microstructure, porosity, and 
electrochemical performance of the 
LPIM NiO-YSZ SOFCs. 

The ceramic powders used in the 
research included NiO and yttria 
stabilised zirconia (YSZ) at a weight 
ratio of 1:1. The powders were 
pre-treated by calcining at 900°C 
and 1000°C for 2 h respectively, 
and subsequently ball milled with 
ethanol to refine particle size. The 
pre-treated powder mixture was 
thoroughly dried at 80°C for 3 h and 
was then mixed with a thermoplastic 
(paraffin) plus stearic acid binder 
to produce the LPIM feedstock. The 
ceramic feedstock was injection 
moulded at a temperature of 75°C 
and pressure of 0.8 MPa for 10 sec 
using an aluminium alloy mould to 
produce the green tubular anode 
supports. Debinding was done 
by placing the green anodes into 
coarse YSZ powder situated in 
hollow thermal insulation bricks. 
The coarse YSZ powder acted as a 
binder adsorbent and also prevented 
the anodes from deforming by acting 
as a support during debinding. The 
anode supports were ultimately 
pre-sintered at 1100°C for 2 h. The 
outside diameters of the two ends of 
the tubular LPIM anode were 18 and 
24 mm, respectively, with a height 
of 26 mm and a wall thickness 
of 1 mm.

Fig. 1 Cross section SEM image of (a) single SOFC made from powder pre-calcined at 900°C, showing that the four 
layers are intimately combined, and (b) homogeneous and porous anode supports made by LPIM (From paper: ‘Effect of 
pre-calcined ceramic powders at different temperatures on Ni-YSZ anode-supported SOFC cell/stack by Low Pressure 
Injection Molding’, by Jie Xiao, et al, Ceramics International, Vol. 45, 2019, 20066–20072)
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A Ni-YSZ anode functional 
layer and a dense YSZ electrolyte 
film (10 µm) are then deposited 
by dip-coating on the pre-sintered 
anodes followed by sintering the 
coated anodes at 1400°C in a muffle 
furnace for 4 h to densify the YSZ film. 
Finally, a layer of La0.8Sr0.2MnO3-
YSZ composite cathode is applied 
on the anodes by brush painting and 
sintering at 1100°C for 2 h. Special 
attention was paid to investigating 
the impact of the pre-calcining 
temperature of the ceramic powder 
on the microstructure, porosity and 
electrochemical performance of the 
NiO-YSZ anode cells. Archimedes 
tests revealed that the porosity of the 
NiO-YSZ anode support using ceramic 
powder pre-calcined at 900°C is 
about 25.9%, which is very close 
to the optimum value of 26%. The 
authors reported that a higher degree 
of homogeneity and porosity was 
observed in the sintered LPIM tubular 

anodes made from the NiO-YSZ 
powder pre-calcined at 900°C than 
in that pre-calcined at 1000°C, which 
showed a less porous morphology. 
The SEM image in Fig. 1(a) shows 
that homogeneous and porous 
anode supports could be produced 
by LPIM which are conducive to the 
diffusion of the fuel gas and can 
meet the requirement of SOFC anode 
microstructures.

It was found that a single cell made 
with ceramic powder pre-calcined 
at 900°C, Ni-YSZ/YSZ/LSM-YSZ can 
give a maximum power density of 
671 mW cm−2 at 800°C, using humidi-
fied hydrogen as fuel and ambient air 
as the oxidant. This compares with 
555 mW cm−2 for untreated powder 
and 648 mW cm−2 for cells made 
from ceramic powder pre-calcined 
at 1000°C. Fig. 2(a) shows the single 
cell assembly using silver paste as 
a current collector for both anode 
and cathode. The single cell was 

Fig. 2 Images of (a) tubular anode/electrolyte after sintering at 1400°C (b) as-prepared four cell SOFC stack (From paper: 
‘Effect of pre-calcined ceramic powders at different temperatures on Ni-YSZ anode-supported SOFC cell/stack by Low 
Pressure Injection Molding’, by Jie Xiao, et al, Ceramics International, Vol. 45, 2019, 20066–20072)

attached to one end of a corundum 
ceramic tube using silver paste 
as sealing and jointing material, 
and silver wires were applied as 
voltage and current leads. It was 
then co-sintered at 800°C for 30 min 
to fully remove the organic matter 
in the paste and to ensure the gas 
tightness of the cell.

The four-cell SOFC assembled 
stack shown in Fig. 2(b) provides a 
maximum output power of 4.6 W 
and an open circuit voltage of 3.2 V 
fuelled with humidified hydrogen at 
800°C.

The authors conclude that 
further work is underway to improve 
cell performance using the LPIM 
technique, such as the effect of 
different binders, surfactants and 
pore formers on the microstructure 
of the tubular NiO-YSZ anodes.
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New process for producing micro-
textured surfaces on stainless 
steel MIM parts

Stainless steels such as precipitation 
hardened 17-4 PH and austenitic 316L 
have wide ranging properties (good 
strength, hardness, corrosion resist-
ance, etc) which enable them to meet 
the requirements of an equally wide 
range of applications in the aero-
space, automotive, marine, medical 
and consumer industries. These 
stainless steels are well known for 
their ease of manufacturing, making 
them ideal candidates for research 
into applications requiring miniaturi-
sation, including micrometre-scale 
structures and structures with 
micro-textured surfaces. 

The methods used to produce such 
functional miniaturised stainless steel 
structures in small batch production 
include machining or micromilling, 
and electrical discharge machining 
(EDM). Laser surface micro-texturing 
of stainless steel is also used to 
create micro-scale surface textures, 
but the technology is said to produce 
relatively rough surfaces, and the 

method has shape limitations as 
well as being relatively slow. Metal 
Injection Moulding techniques have 
also been developed recently to create 
various surface textures and complex 
geometries using simple replication 
by combining the LIGA (Lithographie 
Graphik Abformung) process with 
MIM. However, this process is 
considered to be complex and time 
consuming.

To overcome some of these 
restrictions, researchers at Joensuu 
Campus at the University of Eastern 
Finland, and Karella University of 
Applied Sciences, also in Finland, 
have developed what they state is a 
new, cost-effective method to allow 
mass production of microtextures on 
planar or curved surfaces of 316L and 
17-4PH stainless steel components. 
Lena Ammosova, Kari Mönkkönen 
and Mika Suvanto reported in a paper 
published in Precision Engineering 
(Vol. 62, 2020, pp 89–94), that the 
technology developed by their 

research group initially focused on 
surface modifications of aluminium 
and nickel injection mould inserts 
using a robotically controlled 
technique to achieve various surface 
geometry designs. For example, 
nickel micro-textured mould 
inserts have been used in plastic 
injection moulding for replicating 
the complex topographies on plastic 
surfaces. The researchers extended 
the use of their simple and low-cost 
method to the production of MIM 
stainless steels with micro-
textures.

The key to the process shown 
in Fig. 1 is the use of a computer-
controlled microworking robot with 
high precision control to create 
micro-structures on the Ni foil, 
which can then be used as a mould 
insert for further Powder Injection 
Moulding processes. The nickel 
foil is just 0.25 mm thick, and 
round-shaped tungsten carbide 
working needles with a tip diameter 
of 100 and 200 µm assembled in 
the robot arm were used to create 
the fine micropit or micropillar 
designs. The authors stated that 
micro-texturing with a larger needle 
size, such as 500 µm, does not 

Fig. 1 Schematic of the new process to produce various MIM stainless steel micro-textures such as sintered micropillars 
and micropits. (From paper: ‘Precise fabrication of microtextured stainless steel surfaces using Metal Injection 
Moulding’, by L Ammosova, et al. Precision Engineering, Vol. 62, 2020, pp 89–94)
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 High flowability at molding 
temperature
Binder design considering the viscosity at 
around the molding temperature.

 High expansion property in the mold 
during injection moulding
Wide moulding condition range because of 
the Barus Effect. (Fig.1 and 2)

 High thermal decomposition property 
in the de-binding process
There is no effect on the sinter quality, 
because there is no residue after de-binding. 
(Fig.3)

■：use other company’s binder
◆：atect MIM Feedstock

Fig.2 Flow characteristic compared with pellets using the other company’s
binder

The flow amount F, when the load S is applied to the thermoplastic 
fluid, is given as following equation.

 
Here, a is the flow characteristic at load=1, n is Barus effect.

Fig.1  Schematic of the relationship between n value and flow characteristic

※Since larger n value, material expands in the mould, dense green part is 
obtained. 

Fig.3 TGA Curve of Binder

※All components are vaporized at around 500℃. ※With our binder, it is possible to obtain precise green part because material 
easily expands in the mould.
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create enough local impact force to 
create a micropit, whilst texturing 
with a small-sized needle, such 
as 5 and 10 µm, on the tough Ni 
foil causes needle breakage. Thus, 
micro-texturing with the 100 µm 
and 200 µm-sized WC needles was 
found to be optimum in controlling 
the position of the micropits, and 
microtextures of various sizes could 
be produced for both rectangular 
and circular shaped mould 
inserts. 

In the injection moulding process 
the Ni mould insert containing the 
designed micropits was placed in 
the rectangular/circular mould 
cavity, replicating the green MIM 
part with micropillars. Conversely, 
Ni mould inserts with the micropil-
lars could be used to produce the 
green MIM parts with micropits. The 
stainless steel feedstock granules 
were injected with a pressure of 
450 bar and an injection time of 8 s 
for the rectangular mould cavity. 
For injection moulding of circular 
specimens, a pressure of 450 bar 
and an injection time of 4 s were 
used.

The researchers reported that 
the key to the successful fabrication 
of the final MIM stainless steel 
microtextures is complete filling of 
the metal powder feedstock within 
the very small and narrow micropits. 
The feedstock viscosity and the 
powder particle size have a major 
influence on the complete filling of 
the feedstock, and the authors found 
that the smaller the metal powder 
size, the smoother the surface and 
the better the surface roughness 
after sintering. Therefore, to ensure 
sufficient surface properties, powder 
size for MIM should be below around 
20 µm in order to fill micropit cavi-
ties with a size of 100 and 200 µm. 
For easy and complete demoulding, 
the MIM feedstock should also have 
low affinity for the mould insert 
material so that the feedstock does 
not stick to the mould surface. 
Moreover, the mould insert should 
possess high tensile strength to 
avoid mechanical damage to the 
microtextured surface. Fig. 2 shows 
SEM images of PIM stainless 

steel microtextured surfaces in 
the sintered state which shows 
complete filling and demoulding of 
the stainless steel feedstock using 
Ni inserts. 

It can be seen that the micropil-
lars have a truncated cone shape 
with the size differing between the 
top and the bottom of the pillars. 

Thus the green MIM micropillars 
fabricated with the 200 µm sized 
needles have an average size of 
215 µm at the top and 240 µm 
on the bottom. The bottom size 
of the micropillar is controlled 
by the impact force of the needle 
when the needle hits the Ni foil. 
The larger the impact force of the 

Fig. 2 SEM images of sintered 17-4PH stainless steel round shaped 
micropillars with a structure size of around (a1–b2) 100 µm sized (a) low 
density and (b) high density, and (c) 200 µm with (1) square and (2) hexagonal 
arrangements, (d) square-shaped micropillars with protective pillars, and (e) 
round shaped micropits. (From paper: ‘Precise fabrication of microtextured 
stainless steel surfaces using Metal Injection Moulding’, by L Ammosova, et al.  
Precision Engineering Vol. 62, 2020, pp 89-94)
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needle, the deeper the micropits, 
and thus the larger the bottom size 
of the micropillar. Shrinkage during 
sintering of micropillars, calculated 
from parameters collected from ten 
random micropillars, is approximately 
20%. This leaves the average size 
after sintering at the top of 170 µm 
and on the bottom at 205 µm.

The authors stated that pillar-like 
micro-textures can significantly 
reduce the contact area with a 
counter body in a controlled way, 
which suggests potential applica-
tions in controlling surface friction 
between sliding materials. However, 

Fig. 3 (a) Curved MIM 316L SS surface containing micropillars and (b) its SEM 
image. (From paper: ‘Precise fabrication of microtextured stainless steel 
surfaces using metal injection moulding’, by L Ammosova, et al. Precision 
Engineering, Vol. 62, 2020, pp 89–94)

apart from their tribological 
properties, these micro-textured 
stainless steels could also serve as 
a new platform for the fabrication 
of substrates with controlled 
wettability, such as superhydrophic 
and ice-repellent surfaces. Other 
potential applications were also 
cited including those for micropits 
(Fig. 2(e)) which have the potential to 
act as reservoirs for both solid and 
oil lubricants for low friction applica-
tions. Moreover, micropits can act as 
a protective vessel for locating and 
growing cells and various particles, 
and can be used as protection from 
environmental damage. In addition, 
micropits on a metallic support can 
be used as a corrosion resistant 
durable microreactor for loading 
of catalysts and transformation of 
exhaust gases. 

As mentioned earlier it is possible 
to fabricate these Ni mould inserts 
not only in planar but also curved 
shaped surfaces, as shown in Fig. 3. 
It can be seen in this figure that the 
quality of the replicated micropillars 
on the curved surface is relatively 
good, giving such MIM micro-
textures the potential to reduce 
surface friction between moving 
parts such as bearings.

Research was funded by Business 
Finland/ERDF (European Regional 
Development Fund) project ‘Multi-
functional powder metallurgical 
products.’
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Current MIM parts sales in China 
are valued at an estimated 7 billion 
RMB, accounting for approximately 
40% of MIM parts sales worldwide. 
Among the MIM parts sold in the 
country, the consumer electronics 
sector, which includes smartphones, 
wearables, laptops and cameras, 
accounts for the largest proportion 
of production - approximately 80%. 
Other applications for MIM parts in 
China are in the automotive, power 
tools, communications, firearms and 
medical device industries. 

In recent years, the market for 
consumer electronics has continued 
to expand, in part thanks to a growth 
in domestic consumption. The 
transfer of foreign manufacturers to 
China has also played a major role. 

The number of mobile phone 
shipments in China in 2018 reached 
approximately 1.8 billion, thereby 
maintaining high production levels. 
Simultaneously, the market for 
thinner and lighter consumer 
electronics products, such as 
smartphones and wearable devices, 
continues to evolve. The core compo-

nents of such products are becoming 
ever more complex and offer an 
important potential market for the 
MIM industry with a diverse range of 
opportunities. 

Smartphones are now being 
developed with multi-lens modules 
which integrate lenses, sensors, 

an LED flash as well as other 
components firmly and securely. 
With the camera bracket being 
produced by MIM, this again brings 
opportunities and innovations 
to the MIM industry. The use of 
multi-camera lenses implies that 
more geometrically complicated 

Despite a broad economic slowdown, manufacturing in China is transitioning to 
an innovation-driven model. The country’s Metal Injection Moulding industry has 
grown rapidly with the demand for high-performance products; currently, over four 
hundred Chinese MIM companies are active, producing a range of small, complex 
parts. New production equipment is also constantly emerging and a number of 
research institutions have invested in this field, further promoting the development 
of the industry. Prof Yimin Li, of China’s State Key Laboratory of Powder Metallurgy 
and Research Centre for Materials Science and Engineering, along with 
associates, reviews the markets, application fields, technology and research status 
of the MIM industry in China. 

Metal Injection Moulding in 
China: Market opportunities 
and research activities

MIM in China: Markets and research activities

Fig. 1 Various MIM smartphone components, including SIM card trays, camera 
module frames and buttons (Parts courtesy of Shenzhen Shindy Tech. Co., Ltd)

https://www.pim-international.com/pim-international-publishing-team/


Powder Injection Moulding International     March 202058 © 2020 Inovar Communications Ltd   Vol. 14 No. 1

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

camera brackets will be needed, 
with higher requirements for wall 
thickness, flatness and contour 
(Fig. 1). The MIM process has unique 
advantages in processing near-net 
shaped parts with complex geometric 
shapes, uniform structure and 

excellent performance. In terms of 
materials, the use of high-nitrogen, 
non-magnetic, nickel-free stainless 
steel brings good biocompatibility 
as well as desirable non-magnetic 
properties, high strength and good 
corrosion resistance.

 A new generation of smartphones 
with folding screens is currently 
being developed, again offering new 
opportunities for the MIM industry. 
To enable the foldable design, the 
hinge in middle core needs to be 
lightweight, flexible, thin and reliable. 

Whist this has high tolerance and 
strength requirements, its complexity 
and size fall within the optimum size 
range for MIM production. MIM, of 
course, also has the advantage of 
high manufacturing efficiency, low 
cost, excellent batch to batch repeat-

ability and high quality.
The MIM process is also used in 

the smartphone sector to manu-
facture high-precision micro gears, 
shafts, guide rails and other compo-
nents such as the smartphone 
camera lifting device as shown in 
Fig. 3. This high-precision assembly 
of MIM parts has to be extremely 
wear- and fatigue-resistant in an 
application in which a small defect 
will lead to device failure. The i-bar 
of the connecting rod is processed 
solely by MIM, with no machining 
required after sintering. The design 
of the device is very complex and 
conventional processes simply 
could not produce such assemblies 
in the required volumes. Through 
MIM processing, the gear can be 
formed in one step and meets the 
necessary mechanical and physical 
properties required. The system 
has been proven on smartphones 
manufactured by major Chinese 
brands OPPO and Vivo, with Vivo 
performing 50,000 lifting cycles and 
OPPO performing 300,000 sliding 
durability verification tests for its 
Find X device.

Fig. 2 A Huawei Mate X folding smartphone. The new generation of folding smartphone designs presents high-value 
opportunities for the use of MIM hinge and drive mechanisms (Courtesy Huawei) 

“ A new generation of smartphones 
with folding screens is currently 

being developed, again offering new 
opportunities for the MIM industry. To 
enable the foldable design, the hinge 

in middle core needs to be lightweight, 
flexible, thin and reliable.”

MIM in China: Markets and research activities
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Automotive parts

In the field of automotive parts 
manufacturing, the MIM process, as a 
net-shape process, can offer signifi-
cant savings in materials, production 
costs and weight. The reduction in 
material wastage and the ability to 
lightweight an application can be 
regarded as important environmental 
benefits. Thus, the technology has 
been highly valued by the automotive 
industry. Automotive companies 
now use MIM technology to produce 
complex shapes, bimetal parts and 
groups of micro and small parts such 
as turbocharger parts, adjusting 
rings, injector parts, blades, shift 
levers, locks, sensors, air bags parts, 
seatbelt adjusters, ignition switches, 
reverse gear components, cabriolet 
roof parts and power steering compo-
nents. Fig. 5 shows an automotive 
sensor bracket manufactured by 
MIM, which offers a weight reduction 
of more than 50% as compared with 
conventional sensor brackets.

Medical parts

Medical devices, including ortho-
paedic devices and minimally invasive 
surgical (MIS) components, provide 
great opportunities to the MIM 
industry in China. Typical orthopaedic 
procedures include the implanting of 
orthodontic stents and buccal canals. 
It is estimated that the value of MIM 
orthopaedic tools may double or 
triple in the next few years. Because 
there are hundreds of millions of 
children and teenagers in China, 
the orthopaedic devices market is 
expected to maintain rapid growth 
in the coming years. The working 
heads of MIS instruments, including 
fixed and dissecting forceps, scissors, 
biopsy forceps and needle holders, 
have increased the sales of medical 
equipment. In China, disposable MIS 
equipment has been widely accepted 
by both doctors and patients because 
they eliminate cross-infection. As 
the population grows and the quality 
of life improves, the demand for MIS 
instruments will also increase rapidly 
in the coming years.

Tools

Tools are also an important applica-
tion field in the MIM industry in 
China. As designers become more 
familiar with MIM, these applica-
tions continue to expand. As shown 
in the trigger in Fig. 6, the original 
design of this type of part needed 
to be connected by multiple studs 
and screws to the body. When the 

MIM process was used to make the 
part, reliability of the application 
increased. When designing such 
mechanical structures, designers can 
consider integrating the functions 
of multiple parts into one, which 
brings significant design freedom 
and potential cost reductions. In this 
application, 440C stainless steel 
was chosen as a material whose 
hardness can reach HRC55 or above, 

Fig. 3 MIM micro gear transmission system show on a nano-SIM card

MIM in China: Markets and research activities

Fig. 4 Interior composite image of the Oppo Reno phone with the camera 
system raised. The operating mechanism and micro-gear reduction module 
can be seen on the right (Courtesy Oppo)
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which meets the requirement of wear 
resistance better under the working 
condition of the parts. 

In the lock application shown in 
Fig. 7, in order to develop lock cores 
with enhanced hardness materials 
such as M2 or T15 high-speed steels, 
resulted in a hardness of HRC50, 
thereby significantly increasing 
anti-drilling performance and wear 
resistance - effectively improving the 
safety performance of the lock.

Research trends

In recent years, two-material Powder 
Injection Moulding (2C-PIM), micro 
Powder Injection Moulding and PIM 
process simulation have moved to the 
forefront of industrial research.

Two-material Powder Injection 
Moulding
Co-injection moulding two different 
materials is a novel process that 
combines the advantages of polymer 
co-injection moulding and Powder 
Injection Moulding. It allows the 
fabrication of parts consisting of 
two layers with different properties. 
According to different injection 
methods, it can be divided into three 
types: rotating mould injection, 
simultaneous injection and sequential 
injection. 

During the sequential injection 
process, the ‘skin’ and ‘core’ feed-
stocks are injected sequentially in one 
moulding machine through a single 
injection route. The first forms the 
outer layer and the second forms a 
core encapsulated by the skin. In this 
process, the breakthrough phenom-
enon (where the ‘core’ feedstock 
penetrates the outer ‘skin’ feedstock, 
as seen in Fig. 8a and b), as well as 
the homogeneity of skin feedstock, 
plays a critical role in the properties 
and cost of the final part. The effects 
of processing parameters on the 
profiles of the two feedstock layers 
during moulding have been studied. In 
the green part without breakthrough, 
the interface between the core and 
skin feedstocks exhibited an arched 
shape in the transverse plane and 
a V shape in the longitudinal plane. 

 
Fig. 7 Lock cylinder made by MIM. In this application, M2 or T15 high-speed 
steels can be used, resulting in a hardness of HRC50, thereby significantly 
increasing the lock’s anti-drilling performance and wear resistance

MIM in China: Markets and research activities

Fig. 6 MIM 440C stainless steel tool trigger. MIM’s ability to integrate the 
functions of multiple parts into one component brings significant design 
freedom and potential cost reductions

Fig. 5 An automotive sensor bracket produced by conventional manufacturing 
(left) and MIM (right), with MIM offering substantial material and weight 
savings
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The penetration length and thickness 
of the core feedstock are influenced 
by injection parameters, such as the 
pre-filling volume of skin feedstock, 
injection temperature of core feed-
stock and the injection rate of the 
skin feedstock. The occurrence of the 
breakthrough phenomenon primarily 
depends on the pre-filling volume of 
the skin feedstock [1, 2].

 
Micro Powder Injection Moulding
The miniaturisation of complex 
components is becoming ever more 
important in a number of sectors, 
including consumer electronics, 
automotive, telecommunications, 
chemical industries and environ-
mental technologies and medicine. 
Micro Powder Injection Moulding 
(µPIM), adapted from standard PIM, 
with the advantages of high-volume 
production capability at low cost, is 
currently the most promising micro-
manufacturing technology for metals 
and ceramics.

Micro Powder Injection Moulding 
shares its overall process steps with 
conventional PIM, but there are also 
fundamental differences when the 
process has to be adapted to the 
micro-scale. To manufacture micro-
components, whose masses are in 
the order of milligrams, or standard-
sized components featuring micro-
structured regions or dimensional 
tolerances in the micrometre range, 
special micro tooling processes and 
new design approaches must be 
adopted. Liu Lin from the University 
of Science and Technology, Beijing, 
fabricated a 17-4PH electromagnetic 
pilot valve for hydraulic support 
systems whose size was 1/20th that of 
conventional valves, with a micro post 
of φ500 µm [3]. Meanwhile, the effects 
of size reduction on deformation, 
microstructure and surface rough-
ness were also studied. 

The same author fabricated micro 
pillars with a depth of 0.5 mm and 
varying diameters of 0.2, 0.5 and 1 
mm to investigate the powder-binder 
segregation during injection moulding 
[4], and separately developed the 
solvent debinding mechanism and 
fabricated 3Y-ZrO2 micro-gears 
ranging from 200 to 900 µm [5]. 

Junhu Meng developed a micro-
mixer silicon mould insert with 24 
continuous channels and replicated 
the 316L stainless steel micro-mixers 
while maintaining a good shape 
without any visible defects; the width 
and depth of the channels were 
129 and 105 µm, respectively [6]. 
Liu Chao from the China Iron and 
Steel Research Institute fabricated 
titanium micro-components for 
biomedical application with a yield 
strength of 450 MPa, ultimate tensile 
strength of 565 MPa, elongation of 
18% and relative density of 97.3% [7]. 

Process modelling to predict 
density variation in the PIM process
Density variation is an inherent 
problem in the Powder Injection 
Moulding of metal and ceramic 
powders. The continuum model 
assumes that the feedstock 
maintains a constant density during 
moulding and, thus, it cannot predict 
the density variation. A bi-phase 
model treats the flow of feedstock 
as the addition of two distinct 
but coupled flows characterised 
by the viscosities of the binder and 
powder. 

Fig. 8 Pictures of mid-cross-section of the sample polished from the 
transverse plane: a) green part without breakthrough phenomenon and b) 
green part with breakthrough phenomenon

Fig. 9 Pictures of mid-cross-section of the sample polished from the 
longitudinal plane (Pre-filling volume of skin feedstock: a-40%; b-50%; c-60%; 
d-70%; e-80%)
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However, powder particles are 
theoretically incapable of being 
treated as a continuous phase. 
Recently, a granular model with 
an interstitial power-law fluid 
was proposed to simulate the 
injection moulding process. The 
density variation was predicted and 
validated through comparison with 
experiments. The effects of different 
injection parameters, such as injec-
tion velocity, injection temperature, 
particle size and powder loading, 
were investigated. 

The injection process was 
simulated and the simulation results 
were found to be consistent with 
the experimental results for two 
moulds with specific geometries. 
Because the viscosity of the metallic 
phase was not required, only a small 
amount of simulation was needed 
in the granular model. However, the 

simulation of a mould with a large 
or complicated shape still takes a 
very long time, mainly because a 
large number of particles needs to be 
calculated.

Material systems and products: Iron 
and nickel-based materials
Iron-based materials are an impor-
tant area of research for injection 
moulding material systems. However, 
the research topics have expanded 
from traditional low-alloy steels, 
austenitic stainless steels 316/304, 
precipitation strengthened 17-4PH 
stainless steel and soft magnetic 
alloy to ferritic/martensitic 4-series 
stainless steel [9], M2 and other tool 
steels [10], superalloys [11] and other 
iron-based materials. Zhang Lin et al 
[12] used the MIM213 alloy to prepare 
a hollow turbine with a relative 
density of 96.6%; its tensile proper-

ties were significantly better than 
those of the same grade cast alloy. 

Simultaneously, some researchers 
began to study the influence of inter-
stitials (C, O) on the sintering process 
in detail in an attempt to improve 
the properties of sintered alloys 
or control the structure by adding 
alloying elements. An et al [13] found 
that, in the early stage of sintering of 
420 stainless steel, the increase in C 
content can promote the reduction 
of oxides and accelerate densifica-
tion; however, it separates the grain 
boundary and aids pore separation 
during sintering, thereby reducing 
the sintered density. Adding Nb is 
beneficial in reducing this trend and 
increasing the sintered density while 
strengthening the precipitation of 
carbides. The addition of Nb can also 
improve the corrosion resistance 
of MIM 420 stainless, steel but the 
strengthening effect is limited at 
high carbon content [9]. Lou et al 
[14] found that the residual carbon 
(< 0.1 wt.%) in MIM 17-4Ph alloys 
causes distortions in the martensite 
lattice, while the amount of copper 
atom precipitation is small (as shown 
in Fig. 11). Eventually, the strength 
and hardness of the alloy increased 
significantly, but its plasticity consid-
erably decreased.

For soft magnetic materials, 
some work has been carried out on 
Fe-Ni alloys. Xiong Liang et al [15] 
prepared Fe-50% Ni alloy via MIM. 
It was found that porosity is the 
main factor affecting its saturation 
magnetic induction intensity and 
the two have a linear relationship. 
Porosity, impurities and grain size 
affect the magnetic permeability 
and coercive force. As the porosity 
and impurity mass decrease and the 
grain size increases, the magnetic 
permeability gradually increases and 
the coercive force decreases. Zhu et 
al studied the MIM Fe-50% Ni alloy 
in different cooling methods [16]. 
It was found that the cooling rate 
has limited effects on the density, 
impurities and grain size, but strongly 
affects the magnetic properties. With 
the acceleration of cooling rate, the 
coercive force increases first and 
then decreases. After liquid nitrogen 

Fig. 10 Partial injection moulding of a sample with injection velocity = 6 m/s: 
top; simulated prediction of density variation in filling process using granular 
modelling with interstitial power-law fluid, and bottom; the as-moulded part 
[8]
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cooling, the saturation, magnetic 
induction, coercivity, maximum 
magnetic permeability and initial 
magnetic permeability of the alloy 
were 1.45 T, 7 A/m, 72.47 mH/m and 
10.12mH/m, respectively. Ordered 
phases of metastable Fe-Ni were 
found in the Fe-50% Ni alloy cooled 
by oil and liquid nitrogen, which 
greatly improved the magnetic 
properties.

For Ni-based superalloys, Hu et 
al [17] prepared Inconel 718 alloy 
via MIM and studied the influence of 
sintering temperature, Hot Isostatic 
Pressing and heat treatment on 
its performance. The experiments 
showed that a density of more than 
98% can be obtained at 1275°C 
and the material can be fully dense 
after Hot Isostatic Pressing. The 
strength and elongation at room 
temperature were 1250 MPa and 
21.7% on sintering at 1275°C, while 
those at 650°C were 1177 MPa and 
16.6%, respectively. The performance 
exceeds that of the forged alloy of the 
same grade.

Titanium and nitinol alloys
Titanium and titanium alloys have the 
advantages of high specific strength, 
excellent corrosion resistance and 
good biocompatibility, which has, for 
many years, attracted the attention 
of researchers. However, owing to 
the high cost of powder production 
and the challenges of processing 
– including the challenge of oxygen 
pick up in the forming process, their 
applications remain limited. Liu et al 
successfully prepared MIM titanium 
products using a water-soluble injec-
tion material system and atomised 
titanium powder [18]. The oxygen 
content, compressive strength and 
elongation of the samples were 
0.228 wt.%, 554 MPa and 20.9%, 
respectively. The elongation of TC4 
alloy reached 12% [19] and the overall 
performance of the sample satisfied 
the standards of ASTM Metal Injec-
tion Moulding for pure titanium and 
TC4 components. In addition, other 
scholars have studied beta titanium 
alloys, such as MIM nitinol alloys [20], 
titanium aluminium [21] and Ti-12Mo 
[22]. Zhou et al [23] added Nd to 

Fig. 11 Effect of carbon content on the size and phase temperature of nano 
copper phase in MIM 17-4PH stainless steel
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titanium alloy to improve the oxygen 
distribution and mechanical proper-
ties of injection moulded products.

Tungsten and hard alloys 
With the rapid development of the 
tungsten and hard alloy industries in 
China, MIM hard alloys and refractory 
alloys continue to be a research 
focus. Cemented carbides are gener-
ally produced by traditional powder 
metallurgical ‘press and sinter’ 
methods and the product geometries 
are quite simple. For products with 
complex shapes, semi-finished 
product machining or sintered 
product grinding is required, both of 
which have several disadvantages, 

including low material utilisation, 
high energy consumption and high 
costs. This route is also unsuitable 
for large-scale production, especially 
of ultra-fine cemented carbides. 

The use of MIM is solving the 
challenge of processing complex 
shaped carbide parts. During the 
MIM process, many factors can 
affect the properties of the finished 
products, including powder char-
acteristics, binder formulations, 
rheological properties, uniformity 
of feed, mould design, injection 
parameters, debinding parameters 
and the sintering process. Zhou et 
al prepared WC-10%Co cemented 
carbide blades via MIM and 
systematically studied the effects 
of injection pressure, injection 
temperature and holding pressure 
on the injection process to optimise 
the injection parameters [24]. Luo et 
al studied the compatibility of pure 
tungsten binder components and the 
rheological properties of wax-based 
binders with different formulations 
[25]. Li et al used Jetmill to modify 

the powder; the powder loading 
capacity of tungsten feeding reached 
65%. The density of pure tungsten 
reached 97.3% at 1900°C [26]. Shang 
et al prepared ultrafine-grained 
cemented carbides with a grain size 
of only 0.465 µm [27].

W-Cu composites are widely used 
in high-voltage switch electrical 
contacts, resistance welding, 
processed electrode materials, high-
temperature materials for aerospace 
equipment, electronic packaging and 
thermal deposition materials. This 
is thanks to its high hardness, high 
strength, good conductivity, high 
thermal conductivity, low expansion 
system, resistance to arc erosion, 

resistance to high temperature 
oxidation and other characteristics. 
Among them, MIM W-Cu materials 
have also been used in other applica-
tions, such as a W-Cu shape charge 
liners. Wu et al developed a MIM 
ultra-fine W-25Cu liner. The density 
and strength of the liner reached 
14.75 g/cm3 and 822.4 MPa, respec-
tively. It was found to have better 
stability in penetration tests [28]. He 
et al prepared a MIM W-20Cu liner 
with a relative density of only 55%; its 
penetration performance was more 
than 20% better than a spinning 
liner with the same conditions. The 
influencing mechanism of copper 
content and porosity on penetration 
performance remains to be further 
studied.

Owing to the large volume of 
binders used in the MIM process, 
the porosity of the sample after 
debinding usually reaches 
40–60%, which causes significant 
post-sintering shrinkage. Most 
tungsten-based alloys require liquid 
phase sintering to obtain a fully-

dense product. The non-uniform 
flow of the liquid phase under the 
action of gravity makes the product 
shrinkage more complicated. Guo et 
al prepared MIM W-4Ni-3Fe small-
sized threads to study the influence 
of sintering temperature on the 
density and sintering shrinkage of 
the material [29]. The study found 
that solid-phase sintering was not 
performed at 1400°C and liquid 
phase sintering began at 1445°C. 
The W particles were significantly 
coarsened at 1480°C. Finally, the 
radial and axial shrinkage rates 
were 19% each. Luo et al studied the 
effects of Ni and Y2O3 on the activa-
tion sintering of MIM pure tungsten 
[30]. The study indicated that Ni can 
significantly promote the densifica-
tion of W products at low tempera-
ture, but no promoting effect 
was observed when the sintering 
temperature exceeded 2050°C. 
However, Y2O3 evidently promotes 
densification at high temperatures. Y 
and W generate Y2(WO4)3 at the inter-
face at high temperature, which can 
reduce the free energy to promote 
densification. Jiang et al reported 
the application of ultra-fine MIM 
tungsten products in nuclear fusion 
devices [31]. It is considered that 
ultra-fine MIM W parts are suitable 
for Langmuir probe protective parts, 
while rare earth oxide dispersion 
enhanced W-1.2 Y2O3 is suitable for 
manufacturing helium cold strainer 
structural parts. Li et al researched 
the preparation of MIM porous W 
cathode substrates for electron 
emitters [32]. The study found that 
the MIM porous W parts, sintered 
at 1900°C, had uniform pores of 
24.58%. The pore connectivity was 
good and satisfied the requirements 
of an ideal cathode substrate.

Conclusions

Metal Injection Moulding in China 
has developed significantly, to 
the point where it is now a glob-
ally competitive industry and an 
important contributor to the growth 
of Chinese manufacturing. It is, 
however, still not sufficiently stable 
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and faces great risks and chal-
lenges. This requires practitioners to 
constantly explore new application 
areas, develop new material systems 
to overcome various technical 
challenges,and further exploit 
the advantages of Metal Injection 
Moulding in the preparation of small, 
complex, high-precision components. 

At the same time, MIM still has 
some way to go in terms of quality 
and process refinement, including 
density, precision control, impurity 
content and other aspects. Domestic 
enterprises need to continuously 
improve their management and 
technical levels, as well as strength-
ening scientific research and taking 
advantage of theoretical guidance 
from scientific research institutes. 
However, with the development of 
China’s economy and the continuous 
progress of science and technology, 
Metal Injection Moulding remains 
an industry with high potential for a 
wide range of applications in medical 
devices, 5G communications and arti-
ficial intelligence, among other fields. 
Therefore, it can be expected that 
the future of China’s MIM industry is 
bright. 
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Additive Manufacturing is a relatively 
recent manufacturing process which 
has become a key area of interest in 
multiple industrial sectors. Deriving 
from digital models (CAD data or 
3D scans), the process can be used 
to create solid yet highly complex 
parts by joining materials, usually 
layer upon layer – thus ‘adding’ 
material to build a part, as opposed 
to removing material as in subtrac-
tive manufacturing methods. AM’s 
advantages, such as freedom of 
design, increased part complexity, 
lightweighting, multiple part consoli-
dation and design for function are 
garnering particular interests from 
the aerospace, oil and gas, marine 
and automobile sectors and enable 
the push towards a tool-less manu-
facturing environment.

There are many metal AM process 
available which use powders. These 
can be broadly categorised into 
fusion-based and sinter-based 
processes. Fusion-based processes 
are categorised under the term 
Powder Bed Fusion (PBF) and include 
Laser and Electron Beam Powder 

Bed Fusion (L-PBF and EB-PBF). 
Whilst these names are now recog-
nised by the International Organiza-
tion for Standardization (ISO), there 
is an often confusing plethora of 
alternative or proprietary names, for 
example Selective Laser Sintering 

(SLS), Direct Metal Laser Sintering 
(DMLS), Laser Metal Fusion (LMF) 
and Electron Beam Melting (EBM). 
Sinter-based processes include 
Material Extrusion (MEX), Binder 
Jetting (BJT) and Vat Photopoly-
merisation (VPP) technologies. These 

A beginner’s guide to three leading 
sinter-based metal Additive 
Manufacturing technologies

MIM and sinter-based AM

Fig. 1 It is the sintering process, typically undertaken in an industrial vacuum 
furnace such as this, that separates the sinter-based AM technologies from 
fusion-based processes such as L-PBF and EB-PBF

To overcome the limitations of currently available Additive Manufacturing 
technologies for metals, sinter-based AM methods are seeing increasing 
attention for the single-piece and small- to medium-scale production of 
precision parts. Current development efforts are concentrated on Material 
Extrusion, Binder Jetting and Vat Photopolymerisation, which may also have 
potential to open up the closely related Metal Injection Moulding market for 
smaller quantity production runs. This is particularly the case in applications 
where the amortisation of MIM tooling costs is a commercial issue. Prof Dr Carlo 
Burkhardt presents an overview of how these technologies work and highlights 
their current strengths and weaknesses.
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processes can also have a number 
of alternative or proprietary names, 
including Bound Metal Deposition 
(BMD) and Atomic Diffusion Additive 
Manufacturing (ADAM). 

L-PBF technologies have enjoyed 
significant successes in the market 
for the production of complex-
shaped metal parts. In L-PBF, a 
high-power laser is used to melt 
and fuse metallic powders together 
to create both prototypes and serial 
parts, often with thin walled features, 
hidden voids or complex cooling 
channels. Applications are typically 
characterised by low lot sizes.

However, because of the complex 
nature of the technology, where 
many parameters govern the process 
of producing components and conse-
quently affect the quality of surface 
and mechanical properties, progress 
for small metal precision parts with 
high tolerances and/or high surface 
requirements is relatively slow. 

The relationship between the 
powder size, laser beam power, 
process time, powder feed rate, 

beam patch overlap and layer 
thickness [1-3] involves significant 
development work to improve the 
accuracy and surface quality of the 
parts [4-7], particularly of ‘downskin’ 
surfaces. Whilst finer powder 
generally delivers better properties, 
the costs and handling of such 
powders, especially from a health 
and safety perspective (fine powders 
are pyrophoric and their particles 
are respirable and may therefore be 
carcinogenic) have led to challenges 
in the larger-scale adoption of L-PBF 
in the wider precision component 
producing industries.

These constraints are exacerbated 
by the need for support structures 
in the L-PBF process, which 
function as anchors and support 
overhanging structures, dissipating 
heat and thereby helping to control 
the thermal distortion associated 
with these parts. As the materials 
used for the support structures 
must be manually removed after the 
build process, the reworking of the 
attached surfaces and the remelting/

reprocessing of the used material 
can substantially increase manufac-
turing time and costs.

Thus, in a world where consumers 
require products to be delivered 
ever quicker and where industries 
need to be more efficient, there is 
a need for alternative AM solutions 
to produce higher volumes of small, 
high-precision parts.

Sinter-based metal Additive 
Manufacturing and MIM 

Sinter-based metal Additive Manu-
facturing technologies are an evolu-
tion of AM processes originally devel-
oped for polymer parts, combined 
with some processing steps from 
Metal Injection Moulding. 

Metal Injection Moulding 
MIM gained recognition throughout 
the 1990s as a technology capable 
of improving the cost efficiency of 
complex-shaped metal parts by 
offering high-volume production to 

Metal 
powder Mixing

Blending/
granulating

Green 
part

Solvent 
debinding

Brown 
part

Sintering MIM 
part

Thermal
debinding

Binder

Feedstock

Injection
moulding

Fig. 2 A schematic of the Metal Injection Moulding process [8]

https://www.pim-international.com/pim-international-publishing-team/


March 2020    Powder Injection Moulding International 71Vol. 14 No. 1  © 2020 Inovar Communications Ltd

| contents page | news | events | advertisers’ index | contact | MIM and sinter-based AM

net shape, negating costly additional 
operations such as machining. The 
MIM process steps, as illustrated 
in Fig. 2, involve combining metal 
powders with polymers such as wax 
and thermoplastic binders to produce 
a feedstock mix that is injected as a 
liquid into a mould using a modified 
polymer injection moulding machine. 
The moulded green part is then 
cooled and ejected from the mould. 
Next, a portion of the binder material 
is removed using solvent, thermal 
furnaces, catalytic process, or a 
combination of these methods. The 
resulting fragile and porous part is 
referred to as the brown part. 

This brown part is then heated to 
temperatures near its melting point 
in a protective atmosphere furnace to 
densify the particles using capillary 
forces, in a process called sintering. 
Due to the small particle size of the 
powders, diffusion rates are high, 
leading to reproducible shrinkage 
rates of between approx. 15 and 25%, 
depending on the feedstock system 
employed, and densification in the 
range of 96–99% density. The solid 
metal end-product has comparable 
mechanical and physical properties 
with parts made using conventional 
metalworking processes. Post-
sintering heat treatments for MIM 
are the same as with other fabrica-
tion routes and, with high density, the 
MIM component is compatible with 
standard finishing processes such 
as plating, passivating, annealing, 
carburising, nitriding, precipitation 
hardening, etc.

The window of economic advan-
tage in MIM parts lies in a combina-
tion of high design complexity and 
high production volumes for small-
size parts and final products are 
used in a broad range of industries, 
including medical, dental, firearms, 
aerospace, consumer electronics 
and automotive applications [9]. The 
increased costs for part complexity 
that are associated with conventional 
manufacturing methods, such 
as for internal/external threads, 
miniaturisation, or identity marking, 
typically do not increase the cost in a 
MIM operation due to the flexibility of 
injection moulding. 

However, as the high initial costs 
of the injection moulding tool limit 
the field to high-volume applications, 
sinter-based Additive Manufacturing 
processes are looking to replace the 
injection moulding step of MIM by 
Additive Manufacturing the individual 
green part. 

Shaping of green parts with Material 
Extrusion 
Material Extrusion (MEX) is today the 
most popular AM process by number 
of machines worldwide. Other terms 
commonly used for this process are 
Fused Filament Fabrication (FFF) 
and Fused Deposition Modelling 
(FDM). Fused Deposition Modelling, 
however, is now a Stratasys brand 
name and can no longer be used as 
a descriptive term for the process 
itself. Advantages of MEX processes 
are, for example, low machine costs, 
ease of operation and the uncompli-
cated change of filament material. 
To date, however, low geometrical 
precision and poor surface quality 
compared with other AM processes 
have limited the field of application.

MEX typically uses a continuous 
filament made from a thermoplastic 
material. The filament is fed from a 
coil, through a heated extruder head, 

as illustrated schematically in Fig. 3. 
Molten material is forced out of the 
extruder head's nozzle and deposited 
on the growing workpiece. The head 
is moved, under computer control, 
to define the part shape. Usually the 
head moves in two dimensions (x,y) 
to deposit one horizontal plane at a 
time, before the ground plate moves 
downwards (z) to begin a new slice. 
The speed of the extruder head may 
also be controlled, to stop and start 
deposition and form an interrupted 
plane without ‘stringing’ between 
sections.

To shape metallic green parts on 
standard MEX machines, tailored 
metal-based MEX filament material 
with a volume content of approx. 
50–60% powder is used. Some 
MEX machines designed for metal 
use feedstock bars [26] or micro-
extruders to process granulated MIM 
feedstock [27] and are designed to 
use that form of feedstock only. 

Metal-based filament needs 
suitable viscosity and mechanical 
properties to be processed on the 
MEX machine; however, due to the 
higher temperature conductivity of 
the metal-filled filament compared 
to ‘pure’ thermoplastic, the 
extruder head must allow a reliable 

Polymer/
metal powder 
filament

z

xy
Heated 
nozzle

Green 
part

Fig. 3 The Material Extrusion process, in which filament is extruded onto a 
build plate one horizontal plane at a time to form the desired shape
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transportation of the softening 
material through the extrusion 
nozzle to ensure high-quality 
results. Machines with filament 
transportation units very close to the 
heated nozzle may not be suitable 
to process metal filaments and will 
need modifications such as cooling 
of the transport rollers or belt drive 
systems. Also, because of the higher 
temperature conductivity of the 
metal-containing green parts, special 
attention needs to be given to the 
temperature in the build chamber, as 
a non-uniform distribution during the 
shaping process may lead to distor-
tion/warpage of the green parts due 
to thermal stresses [12]. Tempera-
ture controlled build chambers are 
therefore preferable and may allow 
faster build speeds. 

For reliable part production, 
viscosity, flexibility and the surface 
of the filament are also important 
properties. If not suitably tailored to 
the technology, filaments may break 
during transportation, will not be 
transported in a continuous manner 
and can also block the extrusion 
nozzle, leading to geometric and 
surface imperfections or machine 
jamming. Nozzle diameter and layer 

thickness define the precision 
of the green part, with smaller 
values leading to higher precision. 
The minimum nozzle diameter is, 
of course, limited by the powder 
particle size and powder volume 
content of the filament and typically 
ranges from 0.1 to 0.5 mm.

As with L-PBF, each new layer 
of the part must be supported by 
the layer beneath it. Thus, larger 
overhangs, internal cavities and 
bridges must be supported with 
additional support structures to 
ensure a successful build. If the 
machine employs a multi-extrusion 
head, the support structures can be 
made from another (non-metallic) 
material. In this case, however, 
these support structures may need 
to be removed before sintering. 

Shaping of green parts with Binder 
Jetting 
Binder Jetting produces metal 
parts by selectively inkjet ‘printing’ 
a liquid binding agent into a powder 
bed, as illustrated in Fig. 4. The 
jetted binder droplets wet the 
powder particles and bond them 
into a cohesive, cross-sectional 
layer.

Once a layer of binder is printed, 
a new layer of powder is recoated 
on top of the previous layer, which is 
then bonded to the previous layer by 
the jetted binder. The layer-by-layer 
process is repeated to create the 
complete green part. Binder Jetting 
offers high throughput enabled by the 
inkjet printing technology. Moderate 
heat (70°C) is employed to set the 
binder and, therefore, the risk of 
warpage during production is believed 
to be low; however, no studies on the 
subject could be found to date. 

The powder bed acts as support for 
the green compacts, so that no addi-
tional support structures are needed 
in the case of overhangs, bridges, etc, 
and several layers of parts can be 
produced in the same job. While some 
manufacturers favour a scalable 
single-pass strategy, both concepts 
offer initially good prerequisites for 
large scale production.

After completion of the process, 
the parts are cured at temperatures 
of 200–400°C to increase green 
compact strength by evaporating 
the solvent binder components. 
This is typically done with the parts 
still embedded in the powder bed 
to prevent mechanical damage. 
The parts are then removed from 
the powder bed with the help of 
compressed air, brushes and other 
manual processes, which currently 
limits the productivity of the process 
substantially.

In contrast to MIM and MEX parts, 
green parts produced by BJT are 
not fully dense, as only between 
approximately 2 and 8 vol.% of binder 
is jetted onto the powder. As the 
powder packing density in the powder 
bed is, depending on particle size and 
particle size distribution, only between 
50 and 65 vol.%, this leaves the green 
part with an open porosity and approx. 
30–40 vol.% of air. Without thermal 
curing, part removal from the powder 
bed is impossible and, even after 
curing, green part strength is low. 
This makes the handling of BJT green 
parts more challenging than with any 
other metal AM technology. A high 
degree of automation in the removal 
of the green parts from the powder 
bed is therefore a major challenge 

Binder Jet 
printhead

Metal
powder

z

xy
Green 

part

Fig. 4 The Binder Jetting process, in which a liquid binding agent is jetted into a 
powder bed
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and to date includes a high potential 
green part failure rate, especially 
where parts incorporate delicate 
features and thin-walled areas.

Another challenge with Binder 
Jetting is to achieve a homogeneous 
powder bed density with maximum 
packing, to minimise geometric 
deviation. Approaches to overcoming 
such restraints include vibration 
of the spreading tool [28, 29], the 
application of acoustic energy [30], 
double smoothing or multi-stage 
compaction systems, comprising at 
least one spreading and one compac-
tion roller to densify the powder bed 
[28, 31]. Maximum packing, however, 
is limited by the risk of green part 
displacement and/or destruction 
due to external forces exerted by the 
compaction system. 

In contrast to MEX and VPP, 
BJT involves the handling of fine 
powders during printing and removal 
of the parts from the powder bed. 
The increased effort in handling 
potentially flammable and carcino-
genic powders implies considerable 
disadvantages compared to both 
MEX, where the powder particles 
are bound in the filament, and VPP, 
where the feedstock slurry prevents 
the particles from spreading.

Shaping of green parts with Vat 
Photopolymerisation
Vat Photopolymerisation, also 
known as stereolithography and 
Lithography-based Metal Manufac-
turing (LMM), is a process which 
employs a metal-photopolymeric 
feedstock containing polymers that 
are sensitive to ultraviolet light. In 
its cooled state, the feedstock has 
a ‘butter-like’ texture, but liquifies 
when heated, meaning that it can 
be finely distributed with the help of 
a heated blade to the surface of the 
working chamber (layer thickness 
typically between 20–50 µm). A digital 
light processor (DLP) projects a pre-
programmed shape on to the surface 
of the photohardening binder (Fig. 5). 
In the exposed areas, the binder is 
photochemically solidified and forms 
a single layer of the desired object. 
The build platform then lowers one 
layer and the heated blade recoats 

the surface with feedstock. This 
process is repeated for each layer 
of the design until the 3D object is 
complete. Because of the layerwise 
DLP exposure, multiple parts can be 
built at one time without increasing 
cycle time. 

When the build job is finished, the 
cooled and hence solid feedstock 
block is removed from the VPP 
machine. It is heated to ~50°C, when 
the non-exposed material liquifies and 
can be collected for direct reuse. The 
remaining green parts are cleaned in 
an ultrasonic bath or with the help of 
a tailored air-brush system to remove 
residues of non-exposed material 
(~2–5 vol.%). This material goes 
through a filtering system, wherein 
the metal powder is collected and 
can be used for feedstock produc-
tion without further reprocessing. 
Therefore, VPP has a near-to-100% 
material efficiency, which qualifies the 
process for precious metals and other 
supply-critical materials. 

The green compacts have a very 
high strength, thus requiring no extra 
care during handling. As VPP does not 
use heat to process material, there is 
no risk for warpage during a build. As 
with BJT, VPP requires no additional 

support structures and several layers 
of parts can be built in the same job, 
as the feedstock in its cooled state 
has a strong supporting function. 
This allows even smaller distance 
between the parts (1 mm) compared 
to BJT and allows maximum use of 
the build chamber. 

Particular challenges for VPP are 
the solid loading of the feedstock 
with metal powder (typically ~50 
vol.%) and the process-reliable 
penetration of the feedstock mixture 
for the UV light to achieve a cohesion 
between the layers of the green 
compact without delamination.

 

Debinding and sintering of 
green parts

Whereas all three of the described 
sinter-based AM processes share 
the initial concept of using a metal-
polymer mixture as starting material 
and to shape the green compact 
by curing a polymer while leaving 
the embedded metal powder ‘unaf-
fected’, the debinding strategies of 
the three processes differ funda-
mentally due to their distinct binder 
composition.

DLP 
projector

Photopolymer/ 
metal powder 
mixture

z

Green 
part

Fig. 5 The Vat Photopolymerisation (VPP) process, in which a digital light 
processor projects a shape onto a metal-photopolymeric feedstock one layer at 
a time, causing it to photochemically solidify in the desired shape 
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Debinding of green parts produced 
by Material Extrusion 
MEX feedstock filaments are based 
on multi-component binder systems 
[15]. The main binder allows the 
production and handling of the 
filament, ensuring good flowability 
while shaping, whereas the backbone 
binder gives the resulting brown part 
enough strength to be handled for 
the sintering procedure. Similar to 
the MIM process, the main binder 
is removed in MEX green compacts 
either thermally or with the help of 
solvents. 

In solvent debinding, the green 
part is exposed for a certain time 
(typically several hours, depending on 
part size) to a solvent that dissolves 
the main binder component, leaving 
an open-pored structure, as illus-
trated in Fig. 6. The backbone binder 
is insoluble in the solvent used and 
therefore keeps the powder particles 
together for sintering. Depending 
on the solvent, debinding can also 
take place at elevated temperature 
or under high pressure, where the 
component is then exposed to a 
solvent vapour similar to that used in 
thermal debinding.

MEX-filaments made for catalytic 
debinding are also commercially 
available. Here, the main binder 
(usually polyacetal) is depolymerised 
in nitrogen atmosphere at elevated 
temperature in the presence of a 
catalyst (for example nitric acid) 
and then removed by the controlled 
exchange of the gas atmosphere. 
Such systems have a backbone 
binder which is not affected by 
the catalytic reaction. The main 
advantage of this method is the fast 
debinding time; however, the respec-
tive debinding units require very 
stringent health and safety measures 
that are more appropriate for a labo-
ratory or production environment. 
Solvents cannot be used as debinding 
agents for ME-filaments which are 
designed for catalytic debinding.

Debinding of binder jetted parts
Binder Jetting technology employs 
a different strategy than Material 
Extrusion and, simply stated, applies 
only the ‘backbone’ binder to the 

Fig. 6 The solvent debinding process leaves behind an open-pored material 
structure

Fig. 7 Temperature vs time diagram of a typical sinter-based AM debinding and 
sintering run
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powder. Technically, BJT produces a 
brown rather than a green part and, 
therefore, no ‘main’ binder has to 
be removed by solvent or catalytic 
debinding. All remaining binder is 
removed in the sintering furnace. 

Debinding of VPP green parts
The same is true for VPP, but 
for different reasons. Due to its 
chemical structure, the employed 
photopolymer cannot be removed by 
solvents or in a catalytic reaction and 
has to be removed during a thermal 
procedure that is integrated in the 
sintering run. Thus, when adhering 
to MIM terminology, all binder in 
VPP parts is ‘main’ binder and no 
‘backbone’ binder is employed.

Thermal debinding and 
sintering of sinter-based 
AM parts

For all three described sinter-based 
AM technologies, the remaining 
binder is removed in a thermal 
procedure as part of a two-step 
operation in a MIM sintering furnace 
under protective atmosphere. The 
parts are held at temperatures 
suitable to fully decompose the 

used polymers thermally, typically 
in a range of approx. 200–350°C. 
Depending on geometry, but also on 
the employed feedstock system, the 
holding times will vary significantly, 
with VPP (~50 vol.% binder content) 
having longer debinding times for a 
geometrically similar part than BJT 
(2–8 vol.%).

A constant flow of protective 
gas ensures that the decomposed 
binder residues are removed from 
the samples and transported 
outside the sintering retort through 
a piping and exhaust system. As 
illustrated in Fig. 7 with the help 
of a temperature vs time diagram, 
in the sintering step the parts are 
quickly heated to a temperature near 
the melting point of the material to 
densify the particles using capillary 
forces. Reduction of the surface free 
energy alters the geometry of the 
dense object by non-densifying and 
densifying mechanisms [32]. This 
results in nearly pore-free samples 
with complex shapes and fine-
grained microstructures for all three 
compared technologies.

 The sintered parts are about 
14–22% smaller than the green 
compacts [33], with the exact 
sintering shrinkage factor depending 

on the green part density of the 
material and manufacturing tech-
nology used (Fig. 8). 

For MEX and VPP, the shrinkage 
factor itself is highly reproducible, 
with shrinkage being similar in 
all three dimensions [12, 34]. This 
allows a simple scaling of the CAD-
drawing or scanned data as part 
of the construction step, as is well 
known from MIM products. For BJT, 
there are strong indications that 
the shrinkage is larger in the z-axis, 
leading to anisotropic sintering 
behaviour [35, 36, 37], which is more 
difficult to address in the design 
stage. The reason for this may be 
complex fluid/powder interactions 
during the Binder Jetting procedure. 

As has long been recognised in 
MIM production, it is preferable for 
parts made by all three technologies 
to have at least one flat surface 
for support during the sintering 
process to prevent distortion. If a 
chosen geometry does not allow 
such support, a matching sintering 
support may be needed. The support 
must be made from the same mate-
rial as the desired part. It must also 
be in the green state before sintering, 
as sintering shrinkage has to be 
taken into account. 

~17%

Green 
compact

Resulting 
MEX-part

Resulting 
VPP-part

<<<<<<<<<<<
<<<<<

~20%

Green 
compact

~17%

Green 
compact

Resulting 
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Resulting 
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~20%
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Fig. 8 Sintering factor of (left) MEX and (right) VPP parts 

https://www.pim-international.com/pim-international-publishing-team/


Powder Injection Moulding International     March 202076 © 2020 Inovar Communications Ltd   Vol. 14 No. 1

| contents page | news | events | advertisers’ index | contact |MIM and sinter-based AM

Fig. 10 Examples of Binder Jetting flow simulation [38]

Fig. 11 Typical surface structures of MEX, BJT and VPP samples

Fig. 9 Sintered tensile bars made from feedstock with different powder filling ratio

50 vol.% powder

60 vol.% powder

MEX 
Ra = 12 μm 

BJT 
Ra = 8 μm 

VPP 
Ra = 4 μm 
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In contrast to MIM, where 
secondary tooling is needed, with 
sinter-based AM it is much less costly 
to build a matching sintering support. 
In the case of MEX, support struc-
tures needed to build the part may 
also be used for sintering. To avoid 
labour-intensive efforts to remove 
them after sintering, incorporating a 
thin ceramic layer between part and 
support with ceramic filament from 
a second extruder head during the 
build may be a viable alternative. As 
the powder filling ratio of all currently 
available sinter-based AM feedstocks 
is lower than in commercial MIM 
feedstocks (typically in the range of 
50–55 vol.% for current AM tech-
nologies compared with > 60 vol.% 
with MIM), sintering distortion may 
be greater than with MIM parts, 
as shown in Fig. 9 for tensile bars 
sintered under same conditions. It 
can be seen that the sintered bars 
with a higher powder loading keep 
their original shape, whereas those 
with lower powder loading show 
considerable distortion.

Surface quality of 
sinter-based Additive 
Manufacturing methods

The achievable surface quality of 
the three investigated technologies 
differs significantly, with Material 
Extrusion having the roughest 
surface topography and VPP having 
the smoothest. Due to the forming 
technology of ME, the build lines on 
the surface of the green part are quite 
pronounced. They do not disappear 
during the sintering process, leading 
to a high surface roughness with a 
regular appearance (Fig. 8). 

In Binder Jetting, the product 
quality depends on the nature of the 
interaction between the binder drop-
lets in and with the powder, which is a 
complex and highly dynamic process. 
The interactions can vary significantly 
with the density, size, shape, powder 
and printing patterns. Specific 
combinations of powders and printing 
patterns generate a remarkable edge 
quality [35], but, in general, the capil-
lary forces of the powder particles 

do not allow the formation of sharp 
edges when the binder is distributed 
(Fig. 10), thus giving BJT parts gener-
ally a slightly rough, ‘sand-blasted’ 
surface appearance. 

With VPP, the digital light 
processing allows the exposure of 
sharp contours [34], leading to the 
best surface properties of the three 
compared sinter-based AM tech-
nologies. Typical as-sintered surface 
structures (printed z-axis) can be 
seen in Fig. 11, as measured with 
non-contact roughness depth and 
profile measurement on a Confocal 
3D laser scanning microscope.

Conclusion

Sinter-based AM technologies are of 
significant promise for single-piece 
and medium-scale production of 
precision parts. MEX, BJT and VPP 
are highly innovative AM processes 
for metals that may have the potential 
to penetrate the MIM market for 
smaller quantities in applications 
where the amortisation of MIM tooling 
costs is a commercial issue. 

However, this is associated with 
expenditure: each of the processes 
involves a whole array of complex 

MEX

BJT

VPP

manufacturing steps (shaping, 
cleaning, debinding, sintering), 
with strong mutual interdependen-
cies, targeted coordination and 
optimisation require considerable 
development effort. Each individual 
process has its own challenges that 
need to be addressed and resolved; 
none of the three technologies 
can currently report ‘mission 
accomplished’.

While MEX has the longest 
way to go to become a real MIM 
competitor in terms of dimensional 
accuracy and surface quality, the 
results achieved so far by BJT and 
VPP are promising. While BJT has 
clear advantages in terms of build 
process time and binder constituent 
costs, VPP may currently provide 
better dimensional accuracy and 
surface quality in the sintered 
parts, combined with technological 
advantages in green part cleaning, 
powder handling and equipment 
costs. 

A variety of intensive develop-
ment efforts in both industry and 
academia make rapid progress 
likely and point towards opportuni-
ties for future advancement and 
commercial success of sinter-
based AM technologies.

Fig. 12 Selected MEX, BJT, and VPP parts
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Powder metallurgical processes 
are increasingly deployed for 
the manufacture of mechanical 
parts for numerous industrial and 
consumer applications. When suit-
ably compounded with polymeric 
binder materials, these inorganic 
powders can be moulded in the same 
manner as thermoplastics. The most 
common example of this approach 
is Powder Injection Moulding for 
small dimensions, shape complexity 
and tight tolerances in high 
volume, although, for parts with 
simple shapes, extrusion or simple 
compression moulding may be used. 
Metal Injection Moulding, which is a 
segment of the broader field of PIM, 
is a relatively new technology that 
uses the shaping advantage of plastic 
injection moulding, but expands 
the applications to numerous high-
performance metals and alloys. This 
advanced technology has grown in 
popularity in the past three decades 
as an effective means of producing 
complex near-net shape parts with 
high dimensional accuracy and 
excellent surface finish, and can 

make thin-walled parts to tight toler-
ances in a variety of industries, from 
consumer electronics and medical to 
automotive and aerospace [1–6]. 

The conventional PIM process 
comprises four main steps: mixing 
(kneading), moulding, debinding and 

sintering. In the first mixing step, the 
powder is dispersed in an organic 
medium (binder) to obtain a homoge-
neous feedstock, which is granulated 
ready for injection moulding to the 
designed geometry. The binder 
provides a uniform dispersion of 

Metal Injection Moulded nickel base superalloy parts are today found in the most 
demanding service environments, including aerospace and power generation 
applications. In the automotive sector, MIM has been challenging investment 
casting for the production of IN713C turbocharger wheels. While MIM offers 
numerous advantages, powder cost is a major consideration, particularly where 
argon atomisation is needed for Ti and Al. Here, Sandvik Osprey and Chenming 
Electronic Technology Corp. (UNEEC) explore the effect of lower-cost nitrogen 
atomisation on properties of sintered IN713C. Elevated temperature tensile testing 
has been performed on sintered parts and the effect of nitrogen on microstructural 
development is compared with conventional argon-atomised IN713C.

MIM superalloys: The effect 
of lower-cost nitrogen 
atomisation on properties of 
sintered IN713C 

MIM nickel-base superalloys

Fig. 1 A continuous sintering furnace at Chenming Electronic Technology Corp. 
(UNEEC),  a Taiwan-based global OEM/ODM and a major MIM component 
producer with operations in Dongguan, China, since 2002
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powders for the subsequent injection 
moulding process. In addition, the 
binder provides sufficient green 
strength (shape retention) for 
handling during the binder removal 
and sintering operations. 

The debinding method has evolved 
significantly since the early days of 
thermal debinding of PIM parts, with 
advances such as solvent debinding 
and catalytic debinding enabling 
parts producers to reduce operation 
costs, minimise distortion, improve 
dimensional stability and increase 
production yield. The final sintering 
step, either in vacuum or in a 

controlled atmosphere with different 
combinations of nitrogen, argon 
and hydrogen, is used to densify the 
part to the final form. The sintered 
parts are often subject to finishing 
operations, such as coining, CNC 
machining, plating and polishing to 
meet customers’ stringent require-
ments, for example dimensional 
accuracy, corrosion resistance and 
aesthetic quality. 

Knowledge of the role of the 
starting powder's (or binder’s) 
characteristics on processing and 
sintering is essential to manufacture 
defect-free MIM products. It is 

generally accepted that gas atomised 
(GA) powders (Fig. 2) with spherical 
morphology, which can be packed 
to higher levels than irregular water 
atomised (WA) powders, enhance 
sintered density. Poorer packing of 
WA powder along with the presence 
of more surface oxide can limit 
densification. MIM components 
manufactured using GA powders 
generally exhibit superior physical 
properties to components made with 
equivalent WA powder including, for 
example higher density and corre-
spondingly lower porosity [7]. 

Superalloys: overview

Applications in automotive, 
aerospace or energy generation 
often require high-temperature 
materials such as heat-resistant 
steels and superalloys. Superalloys 
are materials able to withstand 
extreme temperatures, particularly 
in challenging environments, that 
would destroy conventional ferrous 
and aluminium alloys. The term 
‘superalloy’ was first used shortly 
after World War II to describe a 
group of alloys developed for use in 
turbo-superchargers and aircraft 
turbine engines that required 
remarkable high performance at 
elevated temperatures. The range of 
applications for which superalloys 
are used has expanded to many other 
areas and now covers aerospace, 
automotive, rocket engines, medical, 
chemical and petroleum plants. 

Gas turbine applications
Superalloys are typically used in the 
hottest parts of gas turbines because 
they offer a unique combination of a 
high strength at elevated tempera-
tures and considerable resistance 
to wear in corrosive and oxidising 
environments. They can be classi-
fied according to the main alloying 
elements in the composition, with 
the three base metals being nickel, 
iron-nickel or cobalt alloys. They 
contain variable amounts of chro-
mium, tungsten, molybdenum and a 
range of other elements, including 
aluminium, titanium, tantalum and 

Fig. 2 SEM images of 90% -22 µm IN713C powders: (a) cross-section image (b) 
appearance image

b)

a)

MIM nickel-base superalloys
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niobium. While the term superalloy is 
nominally reserved for those alloys, 
which are used at service tempera-
tures of above 800°C, they were 
developed for applications where high 
tensile, thermal, vibratory and shock 
stresses are encountered and where 
oxidation resistance is frequently 
required, particularly in the aerospace 
and energy industries. 

The efficiency of turbines depends 
mostly on the inlet temperature, and 
the maximum temperature is limited 
by the alloy grade in the hot path of 
the turbine due to this temperature 
being dictated by the ability of the 
components used to maintain their 
performance, reliability and safety 
under imposed thermal and mechan-
ical loads. Continued improvements in 
the properties of these materials have 
been possible through close control 
of chemistry and microstructure as 
well as the introduction of advanced 
processing technologies. Therefore, a 
more profound understanding of the 
material chemistry, microstructure, 
phase characteristics, high-tempera-
ture strength and oxidation behaviour 
is beneficial to ensure lifetime and 
safety, since material loss and 
surface degradation due to oxidation 
can ultimately lead to the failure of 
structural components.  

The gas turbine engine, with its 
high temperatures and stresses, is 
a dominant application that drives 
the superalloy industry, continually 
demanding that the performance 
boundaries be advanced, especially 
for nickel-based superalloys. The 
emergence of this alloy type for the 
aerospace industry can be traced 
back to the development of the 
modern gas turbines where high-
temperature resistant materials are 
greatly demanded to enable higher 
power output efficiency by operating 
the turbine at higher temperatures. 
They have been designed to withstand 
service temperatures beyond 540°C 
up to 1000°C, in particular when 
resistance to creep, corrosion and 
fatigue is required. Typical industrial 
nickel-base superalloys can be 
broadly classified into solid solution-
strengthened and precipitation-
hardenable varieties. 

Alloys such as Inconel 600, Inconel 
690, Inconel 625, Hastelloy X, etc., 
are solid solution-strengthened since 
this mechanism has the effect of 
decreasing the stacking fault energy 
(SFE) in the crystal lattice, leading 
to inhibition of dislocation cross slip. 
Inconel X-750, Inconel 100, IN713C 
(Inconel 713C), Astroloy, MarM-252, 
GMR-235, Nimonic 90, Nimonic 115, 
Nimonic PE16, Waspaloy, Udimet 
700, CM 247LC, etc., are precipita-
tion-hardenable types. MAR-M 246 is 
an equiaxed cast alloy and CMSX-10 
is a single crystal superalloy, both 
being used in gas turbine engine 
components. 

Compositions
Commercial nickel-based 
superalloys are composed of a 
carefully balanced combination 
of functional elements, usually 
containing significant amounts of up 
to ten alloying elements, including 
light elements like boron or carbon 
and heavy refractory elements like 
tantalum, tungsten, or rhenium, 
designed to perform in high 
temperature environments. Most 
nickel-based alloys contain 10 - 20% 

Cr, up to 8% Al + Ti, 5 to 10% Co and 
small amounts of B, Zr, and C to 
control grain structure. Refractory 
elements Mo, W, Ta, Hf, and Nb are 
added to enhance high-temperature 
durability. The continuous matrix of 
nickel superalloys is γ phase (face 
centred cubic, FCC crystal structure). 
The γ formers can be found in Groups 
V, VI and VII and are elements such 
as Co, Cr, Mo, W, Fe. The difference 
between the atomic diameters of 
these elements and Ni (the primary 

matrix element) is typically 3 to 13%. 
The γ′ formers come from group III, 
IV and V elements and include Al, 
Ti, Nb, Ta, Hf. The atomic diameters 
of these elements differ from Ni by 
6 - 18%. 

Most types of these superalloys 
are age-hardenable, with fine scale 
precipitation of γ′ particles in a γ 
matrix, even down to the nano-scale. 
The composition of γ′ phase is nomi-
nally Ni3(Al,Ti) in an ordered FCC 
crystal structure, where Al and/or Ti 
atoms occupy the unit cell corners 
and Ni atoms occupy the centres of 
the unit cell faces. Properties of the 
superalloy depend on the size, quan-
tity and the distribution of γ′ precipi-
tates [8-10]. A uniform distribution 
of the precipitating phase improves 
significantly mechanical properties, 
such as the tensile strength, the 
fatigue lifetime, the creep rupture 
strength, etc. [11-12].

As for specific nickel superalloys, 
for example IN 718, a highly 
weldable superalloy, the primary 
strengthening mechanism is via 
niobium-strengthened body-
centred tetragonal (BCT) γ′′ -Ni3Nb 
precipitates, which are coherent with 

the γ matrix, while inducing large 
mismatch strains (of the order of 
approximately 2.9%). γ′ and γ′′, which 
are generally coherent intermetallic 
compounds, could confine the move-
ment of dislocations. Movement of a 
dislocation in the matrix containing 
precipitates can only take place by 
cutting through or by bypassing the 
particles. However, the limitation for 
IN 718 is due to the γ′′ strengthening 
phase, in comparison to γ′, having 
a lower solvus temperature. Alloys 

“A uniform distribution of the 
precipitating phase improves 

significantly mechanical properties, 
such as the tensile strength, the 

fatigue lifetime, the creep rupture 
strength, etc.”
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hardened through a γ′′ strength-
ening phase have a rapid decrease 
in strength above 650°C, as it trans-
forms to δ phase, and this limits the 
application temperature for IN718 to 
the low to intermediate temperature 
range. IN713C, which was developed 
in 1956 at Inco’s US research labo-
ratories, contains around 8% Al + Ti 
combined, leading to a high volume 
fraction of ordered γ′ -Ni3(Al,Ti) as 
the major strengthening phase. This 
means that its service temperature 
extends to high operating tempera-
tures in excess of 850°C. 

This is an important considera-
tion for components such as turbine 
wheels in gasoline turbochargers, 
which have to withstand tempera-
tures above 1000°C, and thus 
IN713C is the preferred material 
for engine manufacturers. Cr and 
Al perform an important function in 
nickel superalloys, forming a protec-
tive, adherent oxide film on their 
surface comprising primarily Cr2O3 
and Al2O3, respectively. This protec-
tive coating permits the use of nickel 
superalloys in a wide variety of 
applications that require resistance 
to aggressive high-temperature 
oxidising environments, to aqueous 
corrosion and sulphide attack. The 
oxidation rate is controlled by the 
diffusion of substrate elements in 
the alloy and the inward diffusion 
of oxygen through the porous oxide 
scale. Typically, two different types 
of alloys are distinguished: IN713C 
(Inconel 713 Carbon) with carbon 

contents in the range of 0.08 to 0.2 
wt.% and IN713 LC (Inconel 713 Low 
Carbon) containing 0.03-0.07 wt.% 
carbon.

Processing routes
Investment casting, direct solidifica-
tion, wrought, Powder Metallurgy 
via Hot Isostatic Pressing (HIP) and 
isothermal forging are often used to 
fabricate nickel superalloys [13–15], 
but can be costly. However, their 
high strength and hardness make 
them difficult to machine. Special 
equipment and experience for 
the machining itself are required. 
Therefore, any additional finishing 
step, especially for this class of 
material, should be avoided as part 
costs increase significantly. Besides, 
solidification in casting will easily 
create inhomogeneous elemental 
segregation and undesirable phases. 

In order to overcome these 
limitations, an alternative process 
is MIM, which offers solutions 
to complex design geometries, 
minimum material loss, material 
variety, quick scale-up response 
time and significant cost reduction 
in large-scale industrial production. 
Components produced via MIM have 
a very homogeneous microstructure 
differing from investment casting 
components, owing to the finely 
dispersed powders used by MIM. 
Macrosegregation phenomena that 
occur during the solidification of 
high-strength nickel superalloys can 
be avoided. Moreover, unlike other 

powder metallurgical routes, it is 
not always necessary for MIM parts 
to be HIPed, since very high densi-
ties are already achieved in the 
as-sintered state. Therefore, MIM 
is one of the most promising and 
advantageous production routes for 
next-generation nickel superalloys, 
with geometrical near-net shape 
and homogeneous composition 
parts.

 
MIM materials
There is an increasing number 
of MIM materials for superalloys, 
such as IN713C (Inconel 713C) 
[16-24], Inconel 718 [16, 25-34], 
Hastelloy X [16, 26], Nimonic 90 
[16], Inconel 100 [16, 19], Inconel 
625 [26, 34], Inconel 706 [34],  
GMR-235 [16], Udimet 720 [18] , 
MAR-M 247 [19] and CM 247LC 
[33].These studies outlined some 
promising and successful results 
regarding superior mechanical 
properties at high temperatures, 
as well as good high-temperature 
oxidation behaviour. IN713C, among 
Ni-based superalloys, is one that 
possesses excellent mechanical 
properties and oxidation resistance 
at high temperatures. Investment 
cast IN713C is widely used in 
aircraft engines and gas turbines, 
albeit that casting is prone to 
defects and limits the section thick-
ness that can be fabricated. This 
is one key reason to consider MIM 
processing of IN713C, which could 
offer homogeneous part properties 

Ni Cr Al Mo Nb Ti Fe Si Zr C N O Cu Mn B

Spec. min
Bal

12.0 5.5 3.8 1.8 0.5 0.0 0.0 0.05 0.08 - - 0.00 0.00 0.005

Spec. max 14.0 6.5 5.2 2.8 1.0 2.5 0.5 0.15 0.20 - - 0.50 0.25 0.015

90% - 22 µm Bal 12.5 5.7 4.2 2.1 0.8 0.5 0.2 0.11 0.10 0.04 0.014 0.01 0.01 0.008

Table 1 IN713C powder chemical specification and powder analysis (wt.%)

Table 2 Particle size distribution and density data for test powders (Malvern Mastersizer 2000)

Powder Size
D10
[μm]

D50
[μm]

D90
[μm]

Apparent Dens
[g/cm3]

Tapped Dens
[g/cm3]

Pycno. Dens
[g/cm3]

90% - 22 µm 6.1 12.1 21.5 3.30  4.55 7.8019
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in thin-walled structures. Nickel 
superalloy powders for MIM are 
usually produced by argon inert gas 
atomisation to avoid oxidation of the 
alloy, because surface oxides would 
reduce the sintering activity leading 
to a lower density. A conventional 
argon gas atomisation process 
is usually preferred to minimise 
potential for reaction of N with Ti and 
Al, which could notionally reduce the 
volume fraction of γ′. In this article, 
an alternative atomisation of IN713C 
powders (nitrogen gas atomisation) 
will be explored and studied, espe-
cially in terms of high-temperature 
properties and microstructures, to 
assess the viability of a lower-cost 
powder feedstock for high-volume 
production, compared with the 
argon-atomised powder variant.

Experimental procedure

The IN713C pre-alloyed powder used 
in this study was manufactured by 
Sandvik Osprey using its propri-
etary gas atomisation technology. 
Powders were produced by the 
induction melting of raw materials 
and atomising using nitrogen. 
Feedstocks were compounded using 
a proprietary multi-component 
polyoxymethylene-based (POM) 
binder system using a Z-Blade mixer. 

Tensile bar specimens were 
prepared by injection moulding 
under various conditions using 
a NISSEI NEX 50T machine. 
Moulded parts were then subject 
to a debinding process using a 
WINTEAM HT-220LTZL furnace in 
fuming nitric acid. Sintering trials 
were performed in a molybdenum 
line furnace using argon atmos-
phere with 5 K/min heating rate 
and a holding time of 3 h at the 
maximum temperature. In order 
to check the evolution of impurity 
element contents during Powder 
Injection Moulding and sintering 
processes, the chemical elements 
of C, N and O in raw powders and 
sintered parts were analysed by 
C/S analyser (EMIA-320V2, Horiba, 
Japan) and N/O analyser (EMGA-
930, Horiba, Japan). 

X-ray diffraction, XRD, (D2, 
Bruker, Karlsruhe, Germany) was 
applied for crystal structure iden-
tification. Element distribution was 
assessed via EPMA (JXA-8200SX, 
JEOL, Japan) with EDS (X-MAX 
50, Oxford Instruments, UK). For 
morphological, microscopic and 
phase investigations, a FESEM 
(JSM-7800F Prime, JEOL, Japan) 
with electron backscatter diffrac-
tion (EBSD) detector (NordlysNano, 
Oxford Instruments, UK) was 
applied. Transmission Electron 

Microscopy, TEM (JEM-2100F, 
JEOL, Japan), with EDS (INCA 
X-sight, OXFORD, UK) was also 
applied.  

IN713C powder characterisation
The chemical compositions of 
IN713C powder was measured via 
ICP and Leco analysis and is shown 
in Table 1. All measured values are 
within the theoretical ranges given 
for the IN713C composition. 

Table 2 shows the particle size 
distribution data as measured 
via laser diffractometry (Malvern 
Mastersizer 2000). Also shown are 
apparent and tapped density values 
(ASTM B527). The corresponding 
microscopic morphology of cross 
section and appearance SEM 
images can be seen in Fig. 2.

The as-atomised IN713C 
powders’ XRD pattern is shown in 
Fig. 3(a), which reveals the FCC 
crystal phase characteristics and 
a slight shift in 2 θ angle due to 
the effect of complex alloying (at 
least ten different elements) on the 
lattice constant. Fig. 3(b) shows the 
corresponding EBSD Inverse Pole 
Figure (IPF) maps of FCC crystal 
structure. As demonstrated, all the 
grains inside the IN713C powders 
are based on the FCC crystal struc-
ture and this result is in line with 
the XRD patterns aforementioned. 

Fig. 3 90% - 22 µm IN713C powders (a) XRD patterns (b) EBSD Inverse Pole Figure (IPF) maps of FCC crystal structure 
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Results and discussion

Sintering results are summarised 
in Table 3. The density of the 
as-sintered parts was determined 
based on the Archimedes’ immer-
sion technique and it is shown to 

reach 96.5% of theoretical density 
when sintering takes place above 
1250°C. The elemental analysis of 
the as-sintered part was within the 
theoretical specifications of the 
IN713C alloy. Tramp elements such 
as carbon, oxygen and nitrogen can 

play a critical role with regard to 
superalloy performance. The carbon 
specification is met by the standard. 
Nitrogen and oxygen are normally not 
specified; but it is evidently shown 
that the nitrogen is kept at quite low 
levels even though the raw IN713C 
powders are based on the nitrogen 
gas atomised route. 

The progression of as-sintered 
microstructures, from 1250°C to 
1270°C, was characterised by scan-
ning electron microscopy (SEM) at 
high magnification in Fig. 4(a) to (c). 
These SEM images showed the white 
network-like γ continuous matrix 
with dark γ′ segregated precipitates 
embedded into the γ matrix. These 
images also confirmed the presence 
of a rather high volume fraction of 
cuboidal γ′ precipitates of approxi-

Table 3 Sintered density of residue carbon, oxygen and nitrogen analysis

Fig. 4 (a) SEM image of 1250°C - sintered part, (b) SEM image of 1260°C - sintered part, (c) SEM image of 1270°C - 
sintered part, (d) XRD pattern for three sintered conditions

Sintered 
density
(g/cm3)

C
(%)

O
(%)

N
(%)

Specification - 0.08 - 0.20
Not 

specified
Not 

specified

1250°C - sintered 7.66 (96.5%) 0.12 0.0156 0.0172

1260°C - sintered 7.82 (98.6%) 0.13 0.0085 0.0095

1270°C - sintered 7.87 (99.2%) 0.13 0.0324 0.0096

Table 4 EPMA quantitative composition analysis of γ and γ′ based on 1260°C - sintered condition

Composition (at %) Ni Cr Al Mo Fe C Nb Ti Si Zr N

γ phase 66.77 16.53 8.98 3.35 0.97 0.35 1.56 0.99 0.48 0.02 0

γ′ phase 70.88 7.69 16.05 1.39 0.58 0.49 1.24 1.33 0.29 0.01 0
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mate 0.5 µm size in the as-sintered 
state. Around the grain boundaries, 
coarser γ′ precipitates, 1 to 3 µm 
in size, are observed, confirming 
that nucleation and grain growth 
behaviour are more intensive at high 
angle grain boundaries. The crystal 
structure of the γ and γ′ phases in the 
sintered parts was identified by XRD 
as shown in Fig 4(d). Their diffraction 
peaks overlap and are indistinguish-
able since both γ and γ′ have an FCC 
structure with almost the same 
lattice constant (approximately 3.52 
to 3.58 Å). As for the γ /γ′ interface 
coherency, we cannot precisely 
judge this from only XRD information 
due to the similar lattice constants. 
What we can conclude from XRD 
analysis is that γ′ might be either 
coherent or semi-coherent with 
respect to γ phase at the interface, 
rather than incoherent. γ /γ′ interface 
coherency will be further examined 
and discussed via High-Resolution 
Transmission Electron Microscope 
(HRTEM) analysis in the future. 
Besides, XRD analysis cannot exactly 
judge presence of carbides, since 
their volume fraction in the matrix is 
quite low. 

The Electron Probe Micro Analyser 
(EPMA) quantitative chemical 
composition of 1260°C-sintered γ and 
γ′ is listed in Table 4. Cr, Mo and Fe 
are relatively higher in the γ phase, 
whereas Al and Ti are relatively high 
in the γ′ phase, which is in line with 
the literature, since Al and Ti are both 
essentially chemical elements for γ′- 
Ni3(Al,Ti) formation. Other elements, 
such as Cr, Fe, Ni, and Mo will also 
enter into the γ′ phase. 

EPMA and Energy-Dispersive 
X-ray Spectroscopy (EDS) elemental 
mapping are shown in Fig. 5 and 
Fig. 6, respectively. As shown, Cr, 
Fe and Mo amounts are relatively 
higher in γ phase, while Al, Ti and Ni 
amounts are higher in γ′ phase. This 
result is consistent with the EPMA 
quantitative chemical composition 
analysis shown in Table 4. We can 
also observe that the 0.2 to 0.4 µm 
spherical precipitates are based on 
C, Ti, Nb, and Mo abundant metal 
carbide. The exact structure is 
discussed later.

Fig. 5 EPMA elemental mapping based on 1260°C - sintered condition

Fig. 6 EDS elemental mapping based on 1260°C - sintered condition

Fig. 7 EBSD phase mapping image based on 1260°C - sintered condition

γ 47.55
γ′ 45.78

MC 4.59
M6C 0.03
M7C3 0.02
M23C6 0.02
MN 0.05
M2N 0.05

Zero solution 1.82
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The EBSD phase mapping image 
based on 1260°C - sintered part is 
shown in Fig. 7. γ and γ′ phase identi-
fication is just for arbitrary reference 
since their lattice constants are quite 
similar and difficult to precisely verify 

via EBSD analysis. Nevertheless, 
this structure was confirmed by 
backscattered electron images (BEI), 
discussed earlier. In future, HRTEM 
analysis will be carried out to confirm 
and discuss in depth. 

From SEM, EPMA and EDS 
mapping, we found that some 
dispersed spherical particles are 
based on Ti, Nb, and Mo abundant 
metal carbide, as shown in Fig. 5 and 
Fig. 6, respectively. From current 

EBSD mapping as a complementary 
tool, we can therefore judge that this 
carbide is based on the MC structure, 
that is, (Ti, Nb, Mo) C. Alongside the 
primary MC metal carbide, other 
M6C, M7C3, M23C6 secondary carbides 

are not detected in 1260°C -sintered 
EBSD mapping. Similar results are 
also confirmed in 1250°C and 1270°C 
- sintered EBSD analysis. This implies 
that MC is stable during 1250°C to 
1270°C sintering conditions, without 
further transformation into other M6C, 
M7C3, M23C6 secondary carbides. 

Because M6C or M23C6 carbides 
contain large amounts of Cr, it is 
believed that the areas around these 
carbides are locally depleted of 
chromium and act as initiation zones 
for stress-corrosion cracking. MC 
carbides act as pinning agents (Zener 
pinning effect) [35–44] that delay 
significant grain growth during the 
sintering process. This is consistent 
with the microstructural images as 
revealed in Figs. 4(a)-(c). Further-
more, nitride compounds, such as 
MN and M2N are virtually absent in 
the sintered parts despite the fact 
that powders used in this study were 
made using a nitrogen gas atomisa-
tion process. This was achieved by 

Fig. 8 HRTEM analysis of γ phase based on 1260°C - sintered condition (a) Bright field (b) High resolution image (c) Fast 
Fourier Transform, FFT

Fig. 9 HRTEM analysis of γ′ phase based on 1260°C - sintered condition (a) Bright field (b) High resolution image (c) Fast 
Fourier Transform, FFT

“ ...nitride compounds, such as MN 
and M2N are virtually absent in the 
sintered parts despite the fact that 

powders used in this study were made 
using a nitrogen gas atomisation 

process...”

MIM nickel-base superalloys
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b)
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controlling impurity nitrogen content 
at quite low levels, using Sandvik 
Osprey’s proprietary gas atomisation 
technology.

γ and γ′ phases could be identi-
fied and distinguished via HRTEM 
analysis, as shown in Fig. 8 and Fig. 9, 
respectively. As revealed in Fig. 9, 
zone B is identified as γ′ phase since 
it has a superlattice, identified  from a 
Fast Fourier Transform (FFT) image. 
Instead, zone A in Fig. 8 does not have 
this characteristic and thus, in turn, 
is recognised as γ phase. As for the 
interface coherency between zone A 
(γ phase) and zone B (γ′ phase), shown 
in Fig. 10, based on the inverse FFT 
image of (11��11��) reflection, some dislo-
cations (as marked in the red circle) 
are observed near the γ / γ′ interface 
and it is rational to classify this type 
as a semi-coherent γ / γ′ interface.           

The isothermal oxidation behav-
iour of 1260°C - sintered IN713C 
specimens was investigated in the 
temperature interval from 900°C to 
1100°C for 100 h. Table 5 and Fig. 11 
show that a homogeneous and 

Fig. 10 HRTEM analysis of γ /γ′ interface based on 1260°C - sintered condition 
(a) Bright field (b) High resolution image (c) FFT of left hand side of Fig. 9(b) 
γ phase (d) FFT of right hand side of Fig. 9(b) γ′ phase (e) Diffraction vector, 
g = (111��1��) (f) Inverse FFT Image, g = (111��1��)

Fig. 11 SEM images after thermal oxidation, based on 1260°C - sintered part: (a) 100 h at 900°C ; (b)100 h at 1000°C ; (c) 
100 h at 1100°C;  Zone 1: γ′ depletion zone; Zone 2: oxide layer; Zone 3: bakelite mount

Oxidation 
Temperature

(°C)

Percentage of 
weight gain

( wt.% )

900 1.12

1000 1.46

1100 1.78

Table 5 Weight gain behaviour of 
1260°C - sintered part for 100 h 
oxidation at various temperatures

MIM nickel-base superalloys
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distinct oxide layers are evident 
(from inner to outer oxide layer): 
inner layer is Al2O3; middle layer is 
a mixed oxide scale containing TiO2 
and spinel NiAl2O4, followed by NiO 
as the outer layer. Beneath the Al2O3 
layer, a γ′ –depletion zone (precipita-
tion free zone, PFZ) occurs, due to 
loss of Al from γ′- Ni3(Al,Ti) precipi-
tates, diffusing to the surface during 
the formation of Al2O3 as explained 
by Gesmundo and Gleeson [45]. If 
the depletion zone becomes too 
thick, the diffusion length for Al to 
diffuse to the surface to form Al2O3 

Fig. 12 (a) Microstructure of 1260°C -sintered part after 100 h oxidation at 1100°C Secondary Electron Image, SEI  (b) 
Backscattered Electron Image, BEI from outer to inner layer sequence: area 1, area 2 and area 3

Fig. 13 EPMA qualitative analysis of 1260°C - sintered part (100 h oxidation at 1100°C)

Table 6 EPMA quantitative analysis of area 1,2 and 3 as indicated in Fig. 12

Composition (at%) Area 1 Area 2 Area 3

Ni 52.86 13.73 0.85

Cr 0.24 1.23 0.15

Al 0.15 29.78 38.96

Ti 0.10 0.06 0.04

O 46.65 55.20 60.00

slow-growing oxide layer occurred at 
1000 to 1100°C. Analysis of oxidised 
samples was also conducted by SEM, 

EPMA, XRD and EBSD, as shown in 
Figs. 12  5 respectively. These results 
indicated that the presence of three 

MIM nickel-base superalloys
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increases. After long oxidation 
periods, the protective oxide layer 
can no longer be formed  and the 
alloy fails. Without γ′ precipitates in 
the outer region of the sample, the 
alloy loses high temperature and 
creep strength [22].  

Specimens sintered at 1260°C 
and 1270°C had been tensile 
tested at high temperature for 
ultimate tensile strength (UTS) 
and elongation measurement, 
as shown in Fig. 16 and Fig. 17, 
respectively. Fig. 16 showed that, 
for UTS performance, the 1260°C 
- sintered part is almost the same 
as 1270°C - sintered part from low 
to high temperatures and we also 
compared these results with other 
MIM data reported [18, 20-21]. 
Fig. 17 also showed the compar-
ison of elongation values for this 
study with other MIM data reported 
[18, 21] , along with conventional 
cast process data for IN713C. As 
for elongation, a 1260°C - sintered 
part gives better values compared 
with a 1270°C - sintered part, due 
to slight coarsening in grain size 
for the 1270°C - sintered part, as 
outlined earlier in the SEM discus-
sion. Furthermore, the 1260°C - 
sintered part is almost comparable 
with the cast grade.

Fig. 14 XRD patterns of 1260°C - sintered part (100 h oxidation at 1100°C)

Fig. 15 EBSD phase mapping of 1260°C - sintered part (100 h oxidation at 1100°C)

Summary and conclusions

In this investigation, a nitrogen 
gas atomised 90% -22 µm IN713C 
pre-alloyed powder has been 
successfully processed by metal 
injection moulding to characterise its 
microstructure and high temperature 
performance. The as-atomised 

powders’ XRD and EBSD phase 
mapping demonstrated that the 
FCC crystal structure exists in the 
as-atomised state. The elemental 
analysis of the as-sintered composi-
tion was within the theoretical 
specification of the IN713C alloy. The 
as-sintered condition showed that 
96.5% relative density can be reached 
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by sintering above 1250°C. A good 
microstructure and a high density 
was reached within 1250°C to 1270°C 
sintering range and grain coarsening/
growth is not so intensive within this 
temperature range, due to some MC 
carbide particles dispersed in the 
matrix, which followed the Zener 
pinning effect. SEM images showed 
the white network-like γ matrix phase 
and dark γ′ segregated precipitates 
surrounded by the white network. The 
images also confirmed the presence 
of a rather high volume fraction of 
cuboidal γ′ precipitates of around 
0.5 µm in size in the as-sintered 
condition. These two phases form a 
semi-coherent interface, as deduced 
from HRTEM analysis. Besides, the 
residual carbon, oxygen and nitrogen 
after sintering could be controlled at 
quite low levels.

Besides this primary MC metal 
carbide structure, other M6C, M7C3 
or M23C6 secondary carbides are not 

detected from 1250°C to 1270°C, as 
indicated from EBSD phase mapping. 
This implied that MC is stable during 
1250°C to 1270°C sintering conditions, 
without further transformation into 
other M6C, M7C3 or M23C6 secondary 
carbides. Nitride compounds, such as 
MN and M2N, are almost nonexistent 
in the sintered parts, even after we 
applied a nitrogen gas atomisation 
process to prepare the raw alloy 
powders in this study. This is due to 
the fact that the impurity nitrogen 
content was controlled at quite a low 
level using Sandvik Osprey’s propri-
etary gas atomisation technology. 

Also, in this work, the oxidation 
behaviour of IN713C, produced using 
nitrogen atomised MIM powders, is 
investigated in the temperature range 
of 900°C to 1100°C for 100 h duration. 
Microstructure analysis indicated 
three distinct oxide layers (in order 
from inner to outer oxide layer): Al2O3, 
a mixed oxide scale containing TiO2 

and spinel NiAl2O4, followed by NiO 
as the outer layer. For hot tensile 
strength and elongation results, the 
performance is even better than other 
MIM data reported. These results 
confirm this nitrogen-atomised based 
MIM route as an excellent choice for 
the production of advanced industrial 
components. Since the nitrogen gas 
atomisation process is relatively cost 
effective compared with conventional 
argon atomising, this study provides 
a promising and viable alternative for 
MIM material choice with improved, 
competitive solutions for next genera-
tion high temperature applications 
in automobiles, aero engines or 
stationary gas turbines.
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Debinding and sintering 
investigations using optical 
dilatometry in combination 
with finite element analysis

A paper from Holger Friedrich, Heiko 
Ziebold and Friedrich Raether, of 
the Fraunhofer-Centre for High 
Temperature Materials and Design, 
Germany, reported on debinding 
and sintering investigations using 
optical dilatometry in combination 
with finite element analysis [1]. 
Powder-based processes such as 
Metal Injection Moulding, press & 
sinter Powder Metallurgy, and Addi-
tive Manufacturing processes such 
as Binder Jetting (BJT), all involve 
producing a preform consisting of the 
metal powder and organic process 
additives (binder). In these processes, 
the binder has to be removed before 
the green part is sintered. In the 
case of MIM, where binder contents 
of more than 40 vol.% are common, 
a two-step-process has been estab-
lished. In the first step, part of the 
binder is removed by dissolution or 
chemical attack. In the next step of 
the debinding process, the residual 

binder is thermally pyrolysed. For BJT 
or pressed parts, where the binder 
content is much lower (< 5 vol.%), 
only thermal debinding is sufficient. 
During pyrolysis, the component 
is heated above the decomposi-
tion temperature of the organics, 
usually below 500°C. Depending on 

the chemical composition and the 
decomposition conditions (tempera-
ture and atmosphere), the binder is 
transformed into volatile species and 
residual carbon. The volatile products 
have to be transported from the 
origin of decomposition through the 
porous network to leave the compo-

A technical session at the Euro PM2019 Congress, 
organised by the European Powder Metallurgy 
Association (EPMA) and held in Maastricht, the 
Netherlands, October 13–16, 2019, focused on 
aspects of process control, including process simulation, in Powder Injection 
Moulding. The session programme consisted of a number of papers from 
international academia and industry, looking at key areas such as numerical 
simulation and analysis with regard to sintering, debinding and other steps in 
the PIM process. Dr David Whittaker reports on behalf of PIM International. 

Euro PM2019: Innovations in 
Powder Injection Moulding 
process simulation and control

Euro PM2019: Process simulation & control

Fig. 1 The EPMA’s Euro PM congress and exhibition series is firmly established 
as the leading European technical conference on PM, MIM and metal AM (Photo 
Andrew McLeish / EPMA)
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nent. Depending on permeability and 
the rate of gas formation, high local 
pressure can build up, which might 
lead to blistering or crack formation. 
Additionally, thermal gradients can 
lead to critical stresses. In order 
to avoid such detrimental effects, 
systematic optimisation of heating 
cycles is helpful. In order to obtain 
optimised cycles, a combined 
approach of precise experimental 
methods and finite element simula-
tion, completely based on measure-
ment data, has been developed. This 
approach has been successfully 
applied in several studies, showing 
that a prevention of defect forma-
tion and a significant reduction of 
debinding time and energy consump-
tion can be achieved. 

The experimental work reported 
in this paper included the deter-
mination of the debinding kinetics 
and measurement of the gas 
permeability and thermal diffusivity, 
which change during the progress 
of binder decomposition. In order 
to consider heat and gas formation, 
the exothermic and endothermic 
effects during binder decomposition, 
as well as the types of gases that 
are formed, were measured using 
differential scanning calorimetry and 
mass or FTIR spectroscopy. These 

data were then used to simulate the 
development of temperature, pres-
sure and resulting stresses as well 
as the degree of conversion during a 
given time-temperature-profile. As a 
first iteration, conditions for constant 
debinding rates were determined 
using the so-called kinetic-field 
approach. As mass loss is usually 

not a linear function of temperature, 
more complex heating programs 
were necessary. In the next step, 
FE analysis was used to adapt this 
approach to larger components or 
higher amounts of binder, where 
heat transfer influences temperature 
distribution and thus the progress of 
binder decomposition, including gas 
formation. As a further refinement, 
the effects of heat transfer to the 
components via the atmosphere and 
kiln furniture, as well as the effects 
of the surrounding atmosphere 
(e.g. flow rate), can be integrated 
in the FE simulation, in order to 
account for the effects of real furnace 
conditions.

After debinding, consolidation 
of the powder compact is achieved 
in a sintering step. The sintered 
product should show a minimum of 
geometric distortion, a homogeneous 
microstructure with the desired 
amount of porosity and be free of 
flaws. In powder metal sintering, 
the small temperature interval 
between the onset of densification 
and deformation due to increased 
creep requires a well-defined heating 
profile. 

Similarly to the case of debinding, 
a kinetic approach has been pursued 
in order to describe and simulate the 

sintering process. The experimental 
input was based on shrinkage data, 
viscous properties and thermal 
diffusivity. In the case of shrinkage, 
high accuracy and reproducibility 
were required. These data were 
obtained using special furnaces, 
called thermo-optical measurement 
(TOM) devices. 

Two different TOM-devices have 
been installed to characterise the 
sintering behaviour of powder-
metals: TOM_ac and TOM_metal. 
Both devices use graphite heated 
furnaces for sintering in vacuum, 
inert or reducing atmospheres. In 
the case of TOM_metal, additionally, 
pure hydrogen and over-pressure 
of up to 30 bar can be applied. 
The atmosphere conditions 
of most powder metallurgical 
heating processes can therefore 
be achieved. For process control, 
the atmosphere of the furnace is 
monitored. 

Geometric changes of the 
samples have been determined 
using non-contact optical methods. 
Undesired external forces, as in a 
push rod dilatometer, can therefore 
be avoided. Based on defined 
heating cycles with varied heating 
rates, the kinetic field can be 
calculated. Additionally, the onset 
of deformation due to gravity can 
be determined. In order to measure 
the viscous properties of the mate-
rial during sintering, the capabilities 
of forged sintering or cyclic loading 
have been achieved in the TOM-
devices. Thermal diffusivity as a 
function of the state of sintering has 
been measured using laser flash 
methods.

For the experimental 
programme, additively manufac-
tured samples were produced using 
ExOne Binder Jetting equipment 
and 420 stainless steel powder and 
binder, also supplied by ExOne. 
Cylinders with a diameter of 20 
mm and a height of 25 mm were 
built in two different orientations, 
in order to investigate the influence 
of the build direction on sintering. 
Additionally, discs with a diameter 
of 12 mm and a thickness of 2 mm, 
as well as discs with a diameter of 
40 mm and a thickness of 2.5 mm, 
were built for the measurement of 
permeability and thermal diffusivity, 
respectively. In these cases, the 
build direction was perpendicular to 
the cylinder axis. For comparison, 
the debinding behaviour of a MIM 
product, based on 42CrMo4 stain-
less steel, was analysed.

“In order to obtain optimised cycles, 
a combined approach of precise 
experimental methods and finite 

element simulation, completely based on 
measurement data, has been developed. 

This approach has been successfully 
applied in several studies...”

Euro PM2019: Process simulation & control
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Weight loss during debinding 
was measured by thermo-
gravimetric analysis (TGA) under a 
flowing argon atmosphere. Basic 
chemical analysis was performed 
with respect to hydrogen, oxygen, 
nitrogen and carbon. Energetic 
effects during debinding were 
taken from the differential thermal 
analysis (DTA) curves of the TGA 
measurements. Permeability in 
the green state and after debinding 
was calculated from the flow of a 
test gas through the sample as a 
function of pressure gradient using 
small disc-shaped samples. The 
thermal diffusivity of the component 
as a function of temperature was 
measured in situ by the laser flash 
technique for both the debinding 
and the sintering steps. 

Shrinkage was measured on 
additively manufactured cylinders 
with the TOM ac device. Cylinders, 
with their build directions parallel 
and perpendicular to the cylinder 
axis, were used. For the measure-
ment of the viscous parameters, 
forged sintering was performed 
by applying a constant load of 
100 N in the z-direction. In all 
measurements, in-situ shrinkage 
of width and height was determined 
using optical dilatometry, using a 
picture frame rate of ten pictures 
per second. A sketch of the set-up 
for optical dilatometry is shown in 
Fig. 2. 

The numerical simulation of 
debinding and sintering behaviour 
was performed using COMSOL 
Multiphysics®. As different kinds of 
physical mechanisms and chemical 
reactions occur simultaneously and 
influence each other, a coupled 
multi-physical formulation of the 
problems was required. 

In the case of debinding, the 
temperature distribution due to 
external heat transfer from the 
furnace and reaction energies 
from the combustion process were 

described using an energy conserva-
tion formulation. Flow of gases 
(volatile decomposition products and 
counter-diffusion of atmosphere) 
and build-up of local pressure was 
implemented based on Darcy’s equa-
tion for flow in porous media. Finally, 
mass transfer due to chemical 
reactions and interdiffusion was 
considered.

For sintering, equations for 
heat transfer, sintering partial 
differential equations (PDE) and 
solid mechanics were coupled 
to simulate the shrinkage and 
deformation behaviour for a defined 
time-temperature cycle. With respect 
to the temperature distribution, 
thermal diffusivity, density and heat 
capacity were implemented. The 
PDEs for sintering considered strain 
due to free sintering as well as the 
contribution of viscous effects based 
on gravity and external forces. In 

addition, Young’s modulus, Poisson’s 
ratio and the coefficient of thermal 
expansion (CTE) were considered 
for solid mechanics. Whereas these 
material data were taken from 
well-established databases, all 
other input was based on precise 
in-house measurements. Data for the 
free shrinkage rate were generated 
from the TOM measurements using 

“As different kinds of physical 
mechanisms and chemical reactions 
occur simultaneously and influence 
each other, a coupled multi-physical 

formulation of the problems was 
required.”

Euro PM2019: Process simulation & control

Fig. 2 Left: General set-up for the measurement of shrinkage and deformation during sintering using optical dilatometry. 
Right: A sample’s shape (bottom) and achieved shadow (top) with indicated so-called measurement windows for in-situ 
determination of geometric changes [1]
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optical dilatometry via the calculated 
kinetic field. Viscous properties were 
determined from forged sintering and 
cyclic loading using the optical dilato-
metry set-up of the TOM-devices. 
Thermal diffusivity as a function of 
the sintering state was measured 
using the laser flash method during 
sintering.

The weight loss curves of the AM 
and MIM materials are shown in 
Fig. 3. Measurements were run for 
three different heating rates. The 
total weight losses for AM and MIM 
samples were about 0.5 wt.% and 
12.5 wt.%, respectively. 

Depending on the heating rate, 
mass loss started in both cases 
between 200 and 250°C. Above 450°C, 
no further weight loss could be 
determined. With increasing heating 
rate, the curves were shifted to higher 
temperatures. The weight loss for the 
MIM material was much higher than 

that of the AM material due to a 
higher content of organic processing 
additives. The shapes of the weight 
loss curves for the two different 
materials also differed, based on their 
different compositions. Whereas a 
one-step mass loss took place for 
the AM material, a second step could 
be seen between 350 and 450°C for 
the MIM material. However, the main 
mass loss took place between 300 
and 350°C. 

Based on the measured TGA data, 
the kinetic field was set up and used 
to calculate required heating cycles 
for constant, but arbitrarily chosen, 
debinding rates. Depending on the 
chosen debinding rate, the time 
frame of the debinding process can 
vary strongly. Due to the different 
weight loss characteristics, the 
suggested heating cycles also 
differed considerably for the two 
materials.

The maximum acceptable 
heating rate can be determined 
experimentally using a special device 
called TOM pyr, where samples of 
up to 500 g can be debound under 
defined atmospheres and gas flow. 
The device aims at representing flow 
conditions in industrial furnaces 
more accurately. Cracking is 
monitored using sound emission 
analysis. Alternatively, a well-
established heating cycle could be 
improved, based on the same total 
debinding time but adapted time-
temperature intervals. Otherwise, FE 
analysis can be used to calculate the 
maximum stress occurring during 
the standard process. Subsequently, 
a time optimised heating profile 
is calculated, during which this 
acceptable stress is never exceeded. 
FE analysis is also used for more 
complex or larger components. 
In combination with elemental 
analysis for gas formation, heat 
transfer characteristics and gas 
permeability, the stress development 
during debinding is first simulated 
for defined constant debinding 
rates. Then the heating cycle is 
iteratively optimised with respect to 
stress minimisation. For industrial 
solutions, the component geometry, 
heat transfer conditions in the 
furnace and heat transfer due to the 
contact of the component with the 
kiln furniture should also be included 
in the simulation.

The shrinkage behaviour during 
sintering is shown in Fig. 4 for the 
additively manufactured material. 
Similar to the case of debinding, 
measurements with three different, 
constant heating rates were 
run in order to determine the 
sintering kinetics. Depending on 
the heating rate, sintering starts 
at a temperature of about 1050°C. 
The first indications of deformation 
can be seen starting above 1350°C. 
Additionally, the shrinkage curve of a 
vertically printed cylinder is included 
in Fig. 4 for comparison. As can be 
seen, the printing direction has an 
influence on the shrinkage behaviour. 
Therefore, for a comprehensive 
simulation, the sintering kinetics has 
to be measured in all directions. 

Euro PM2019: Process simulation & control
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Fig. 3 Weight loss curves for the AM and MIM material during debinding, 
measured at indicated heating rates in flowing argon. Residual weight versus 
time (left) and for selected measurements versus temperature (right) [1]

https://www.pim-international.com/pim-international-publishing-team/


March 2020    Powder Injection Moulding International 99Vol. 14 No. 1  © 2020 Inovar Communications Ltd

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

Especially for metal powders, 
deformation due to plastic flow at 
increased temperatures has to be 
considered. The material behaviour 
is characterised by the viscous 
moduli. Experimental determination 
is usually difficult with standard push 
rod dilatometry, so optical dilatom-
etry in combination with the option 
of applying defined external forces is 
an efficient solution. The measure-
ment of the shrinkage curves under 
constant or cyclic loading and their 
comparison with shrinkage curves 
measured without load enables the 
calculation of the viscous moduli. The 
influence of a constant load on the 
sintering shrinkage is shown for an 
additively manufactured sample in 
Fig. 4. A constant force of 10 N was 
applied in the vertical direction. This 
leads to an increased shrinkage in 
the vertical and reduced shrinkage in 
the horizontal direction. 

Fig. 5 shows the results of a 
sintering test for a T-profile made by 
AM in comparison with the simulation 
results. Despite small differences, 
the simulation demonstrates the 
problems, which arise during 
sintering. In a consecutive step, 
both the sintering profile and the 
shape of the additively manufactured 
green body can be adjusted in order 
to obtain an in-spec component 
in the first run. The advantage of 
this approach is that, based on the 
specific material data, any shape 
or component can be simulated, 
allowing high flexibility and efficiency, 
especially for prototype and small-
series production.
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Fig. 4 Left: Shrinkage curves for the width of additively manufactured 
cylinders measured with indicated heating rates and adapted maximum 
temperatures and holding times. Additionally included is the shrinkage curve 
for a horizontally printed cylinder for demonstrating the influence of the build 
direction on the sintering characteristics. Right: Shrinkage behaviour with and 
without external force (10 N) in z-direction (forged sintering) [1]

900 1000 1100 1200 1300 1400

0,80

0,85

0,90

0,95

1,00

1,05

re
l. 

w
id

th
temperature   /   °C

 0.5 K/min 
  1 K/min 
  3 K/min 
  3 K/min horiz.

150 200 250 300 350 400 450

0,80

0,85

0,90

0,95

1,00

1,05

re
l. 

di
m

en
si

on
s

time   /   min

free
 height 
 width

with force
 height
 width

900 1000 1100 1200 1300 1400

0,80

0,85

0,90

0,95

1,00

1,05

re
l. 

w
id

th

temperature   /   °C

 0.5 K/min 
  1 K/min 
  3 K/min 
  3 K/min horiz.

150 200 250 300 350 400 450

0,80

0,85

0,90

0,95

1,00

1,05

re
l. 

di
m

en
si

on
s

time   /   min

free
 height 
 width

with force
 height
 width

Fig. 5 Pictures of an additively manufactured T-shaped sample at 1170°C and at maximum temperature of the heat 
treatment together with indicators for shrinkage (white dashed lines) and the predicted shrinkage (red lines) based on 
FE simulation on the right [1]
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Review of sintering 
behaviour of different tool 
steels and low-alloy steels 
made by MIM

Next, Luke Harris, Martin Kearns, 
Paul Davies and Szymon Kubal, of 
Sandvik Osprey Ltd., UK, and Viache-
slav Ryabinin and Erainy Gonzales, 
of TCK S.A., Dominican Republic, 
provided a review of the sintering 
behaviour of a number of tool steels 
and low alloy steels made by MIM [2].

Low alloy steels, for the purposes 
of this paper, were regarded as 
having up to ~0.5%C, with widespread 
use in general engineering, 
automotive and firearms parts, where 
their high strength and toughness 
provide cost effective solutions. 
Popular low alloy MIM steels include 
AISI8620, 4140, 4340 and 4605 with 

~0.2-0.5%C. Tool steels typically 
have carbon content in the range 0.4 
- 1.5% and, in traditional cast forms, 
heat treatments are designed to 
achieve the optimum distribution of 
matrix carbides to give the required 
balance of hard wearing properties. 
The choice of alloy for a specific 
application depends on cost, working 
temperature, required surface 
hardness, strength, shock resistance 
and toughness requirements. The 
sintering mechanisms in high-speed 
tool steels such as M2 and other 
high C tool steels is Super-Solidus 
Liquid Phase Sintering (SSLPS) 
and densification occurs rapidly 
once a liquid phase is formed at 
grain boundaries. Grain growth 
also tends to occur rapidly and, as 
the liquid film thickness increases, 
the likelihood of distortion also 
increases.

There is relatively little published 
information on the MIM processing 
of tool steels and one aim of this 
study was to compare such data 
with low alloy steels. In addition 
to AISI8620, the behaviours of 
H11, H13 and T15 tool steels were 
examined. H11 and H13 are tough, 
high-strength tool steels suited to 
hot work environments such as for 
extrusion and forging dies. T15 is 
a highly alloyed tool steel used in 
high-performance broaches and 
milling cutters. The high V level 
increases wear resistance and W 
and Co improve high-temperature 
performance.

Previous studies have shown the 
advantages that can be obtained 
via a masteralloy (MA) approach, 
including higher density and lower 
distortion. Recognising the criti-
cality of carbon control on sintering 
behaviour and finished part proper-
ties, carbon loss was tracked during 
sintering and heat treatment to 
relate this to the chemistry of the 
starting powders. While this paper 
was focussed on MIM, part makers 
using binder jet Additive Manufac-
turing face a similar challenge in 
optimising the sintering of green 
parts.

In the reported experimental 
work, a series of PA and MA 
powders was produced by Sandvik 
Osprey’s proprietary inert gas 
atomisation process using nitrogen 
gas. ‘As-atomised’ powders were 
air classified to 90% - 22 µm or 90% 
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Table 1 Chemical analyses of powders used in the reported study [2]

Alloy Fe Cr W Mo V Co Ni Mn Si N C O S P

8620 PA Bal 0.60 - 0.22 - - 0.60 0.70 0.27 0.02 0.25 0.11 0.005 0.01

8620 MA Bal 1.77 - 0.61 - - 1.77 2.25 0.85 0.03 0.64 0.10 0.007 0.01

4140 PA Bal 1.02 - 0.25 - - - 0.84 0.26 - 0.43 0.13 0.008 0.01

H11 Bal 5.35 - 1.28 0.45 - - 0.46 1.09 0.05 0.37 0.12 0.008 0.01

H13 Bal 5.09 - 1.59 1.08 - - 0.32 0.90 0.06 0.43 0.11 0.009 -

T15 Bal 4.63 12.6 0.50 4.88 4.91 0.05 0.38 0.34 0.07 1.63 0.11 0.024 0.03

CIP BC Bal - - - - - - - - 0.01 0.035 0.20 0.001 -

Table 2 Particle size data for powders used in the reported study [2]

Material Nominal psd D10 D50 D90

H11 PA 90%-22 µm 4.05 10.16 20.97

H13 PA 90%-22 µm 4.06 9.95 21.17

T15 PA 90%-22 µm 5.47 11.95 21.93

4140 PA 90%-22 µm 4.40 10.50 21.50

8620 PA 90%-16 µm 3.72 8.39 15.65

8620 MA 90%-22 µm 4.50 12.94 21.81

CIP BC 90%-12 µm 2.60 5.60 11.20
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- 16 µm size ranges. The chemistry 
and particle size distribution data of 
each powder batch used in the study 
are shown in Tables 1 and 2. In the 
case of 8620 MA, an addition was 
made of low C CIP (carbonyl iron 
powder). The MA has a three times 
concentration of the main alloying 
elements, including 0.7%C. 

The CIP was significantly finer 
than the gas atomised powders and, 
when added to the MA, reduced the 
median size distribution to more 
nearly replicate a typical 90% - 
14 µm powder size distribution but 
with a bimodal distribution. Both 
powder morphologies were essen-
tially spheroidal.

Feedstocks were prepared 
by TCK using their proprietary 
binder formulation to achieve a 
powder loading level of 61.8%, 
corresponding to a 17.4% shrinkage 
factor. The feedstocks were 
moulded to produce green standard 
MIM tensile and Charpy test 
specimens. 

Moulded green parts were 
then subjected to an initial solvent 
debind, followed by thermal 
debinding and sintering in a 
nitrogen atmosphere. The tempera-
ture profile adopted was to ramp to 
750°C at 2°C/min (hold 1 h), ramp at 
3°C/min to 1150°C (hold 1.5 h) and 
finally ramp at 5°C/min to sintering 
temperature (hold 3.5 h) followed 
by a furnace cool. Sintering was 
carried out at 1360°C, for all alloys 
other than T15, which was sintered 
at 1240°C. 4140 and 4340 were 
sintered at 1300°C to maximise 
mechanical performance. For 
each sintering run, Charpy impact 
bars were mounted on refractory 
supports, both cantilever style 
(15 mm overhang) and suspended 
across refractory supports (38 mm 
separation), to determine the extent 
of distortion as a function of alloy 
type and sintering temperature. 

Table 3 shows the densities 
obtained for different alloys after 
sintering in nitrogen at 1360°C (T15 
at 1240°C, 4140 at 1300°C). Except 
for T15, which achieved nearly full 
density (99.6% theoretical), the 
lower carbon tool steels showed 

modest final density levels, in 
the range 91-93%. 8620 pre-alloy 
achieved just over 93% density, while 
the same composition produced via a 
masteralloy route reached over 95% 
theoretical density. 4140 achieved 
a density of 92%, modest by MIM 
standards, but certainly comparable 
to or better than many press & sinter 
automotive parts.

Metallographic assessments 
showed that 8620 had a mixed 
ferrite and fine pearlite structure, 
with the MA variant exhibiting a 
lower level of porosity and a coarser 
grain size. Pores were fine and 
evenly dispersed. In comparison, 
the 4140 microstructure was almost 
fully bainitic. Optimisation of the 
sintering cycle is crucial to ensure 
the optimised microstructure for low 
alloy steels. H11 and H13 showed 
mixed martensite and bainite 

microstructures, while T15 showed 
a uniform microstructure of mixed 
carbides. 

Table 4 shows that, during the 
sintering process, carbon was 
lost from each of the alloys and 
the amount lost was predictable, 
based on the amount of oxygen in 
the starting feedstock. The column 
showing the calculated molar ratio 
C/O2 is close to unity in most cases, 
suggesting that carbon was lost 
as CO2 and that, once the avail-
able oxygen had been consumed, 
the carbon level remained stable. 
Exceptional behaviour was shown 
by T15, whose C loss was far higher 
than expected, based on the oxygen 
level in the feedstock alone. Overall, 
the carbon losses across all tool 
steels were quite modest, predictable 
and could be compensated for as 
required. 
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Table 3 Densities of MIM specimens achieved after sintering in nitrogen at 
1360°C (*T15 at 1240°C, 4140 at 1300°C) [2]

Material Nominal psd Avg density (%)

H11 PA 90% - 22 µm 91.30

H13 PA 90% - 22 µm 90.85

T15 PA* 90% - 22 µm 99.60

4140 PA* 90% - 22 µm 92.60

8620 PA 90% - 16 µm 93.15

8620 MA + CIP 90% - 14 µm 95.25

*T15 at 1240°C, 4140 at 1300°C

Table 4 Progression in %C, N, O levels from powder to sintered product and 
heat treated products [2]

Alloy
Start
%C

Start
%O

Sinter
%C

ΔC start vs 
sintered

Molar 
ratio C/O2

4140 PA 0.43 0.13 0.39 0.04 1.1

8620 PA 0.25 0.11 0.20 0.05 1.2

8620 MA + CIP 0.28 0.17 0.21 0.07 1.1

H11 PA 0.37 0.12 0.32 0.05 1.1

H13 PA 0.43 0.11 0.39 0.04 1.0

T15 PA 1.65 0.11 1.52 0.13 3.2
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Table 5 shows the results of tensile 
and hardness testing of the different 
tool steel variants, including results 
from a previous study on M2. In the 
case of 8620, the MA variant provided 
a significantly higher strength and 
hardness level than the PA variant, 

without compromising ductility. In the 
case of 4140, previously reported work 
from this group had shown that an 
additional tempering step of 250°C for 
1 h would be beneficial in effectively 
doubling the tensile performance. 
Elongation values for the 4140 low 

alloy steel are not presented, but were 
typically a few % only. T15 achieved 
high density after sintering at 1240°C 
in nitrogen and, with optimised heat 
treatment, higher strength and hard-
ness values greater than the 65HRC 
achieved in this study should be 
possible. 

For the remaining alloys in this 
study, density levels of 91–95% were 
relatively modest by MIM standards, 
but were in the range where post HIP 
treatment should enhance density 
and mechanical properties, if desired. 
In the case of 8620, the density 
and strength level values reported 
before heat treatment are in line with 
values reported by parts makers 
and, in practice, parts would likely 
be subjected to further treatments 
such as heat treatment and carbur-
ising to enhance surface hardness. 
Comparative data have shown that 
the MA approach, using a three times 
concentrated alloy, and compounding 
with 2 parts CIP is confirmed to be 
advantageous in achieving higher 
density, which could lead to enhanced 
mechanical properties and lower 
distortion than evident in a PA route, 
see Fig. 6. For binder jet AM, the CIP + 
MA option is not feasible and so there 
is a challenge to develop more readily 
sinterable PA low alloy steels.

Fig. 7 shows a summary of hard-
ness values expected for popular tool 
steels, with the open ranges indi-
cating the typical working hardness 
ranges. Superimposed on this, black 
symbols indicated the peak hardness 
values determined in this study. For 

Table 5 Mechanical properties of as-sintered specimens [2]

Fig. 6 Compilation of Sandvik Osprey/TCK Joint studies since 2010 highlighting 
density versus PA and MA production routes [2]

Material Nominal psd Density (%TD)
0.2%PS 
(MPa)

UTS (MPa) %El VHN HRC

4140 PA 90% - 22 µm 92.60 - 800 - 253 23

8620 PA 90% - 16 µm 93.15 280 507 15.0 138** -

8620 MA + CIP 90% - 14 µm 95.25 339 585 13.8 164** -

H13 90% - 22 µm 90.85 902 1600 4.3 402 42

T15 90% - 22 µm 99.60 1097 1280 0.8 550 52

M2* 80% - 22 µm 99.9 1230 1471 1.5 579 54

*From ref 4; ** normally increased by case hardening (carburising)
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comparative purposes, hardness 
ranges for three other common tool 
steels (D2, M2, 18Ni300) have been 
shown, along with green symbols 
highlighting data obtained from other 
MIM studies featuring Sandvik Osprey 
gas atomised powders. 

Hardness expectations were met 
in this study for T15, but not for H13. 
The reasons for this may be found in 
a lack of densification on sintering, 
inhibited to some extent by the 
nitrogen sintering atmosphere and 
by carbon loss on sintering. Indeed, 
the carbon loss on sintering itself is 
shown, in Table 4, to be quite modest 
and predictable based on the starting 
level of oxygen, in all cases except 
T15, where nitrogen substitution plays 
a significant part in carbon loss. 

The fact that carbon control is 
predictable following the sintering 
stage is an important finding, 
confirming previous studies and 
highlighting the benefits of using 
gas atomised metal powders with 
relatively low and consistent oxygen 
levels. Variable carbon levels, within 
what is a narrow sintering window for 
tool steels and low alloy steels, would 
make control of hardness and part 
tolerances challenging.

Weld lines and their effect 
on the fatigue response of 
case-hardened MIM 8620 
steel

Finally, a paper from Dr.-Ing. Markus 
Schneider, Johannes Bergfeld and 
Christian Simon, GKN Sinter Metals, 
Germany, explored the effect of weld 
lines on the fatigue response of case-
hardened MIM 8620 products [3].

Weld lines are the result of two or 
more fill fronts where the feedstock 
flow splits and joins together during 
the filling process. Such weld lines 
can occur behind drillings or if the 
component is injection moulded 
with more than one gate. The plastic 
injection moulding industry has 
much experience with weld lines, 
and differentiates between weld lines 
formed due to different feedstock 
flow temperatures during fill front 
formation and weld lines formed by 

differently angle-orientated fill fronts. 
If two fill fronts meet each other with 
a certain angle, a blurred weld line 
can arise. The resulting part surface 
shows a local sink mark, which can 
be interpreted as a notch. 

In the plastic injection moulding 
industry, a characteristic sink mark 
angle of 135° is used to differentiate 
between merged and conventional 
weld lines. In the past, tool designers 
of MIM parts have shifted the gates 
to positions that ensure that the weld 
lines are far away from highly-loaded 
part regions. Another option is to vary 
the gate diameter or the volumetric 
injection feedstock flow rate to 
guarantee a quick injection moulding 
process without strong cooling. Also, 
feedstock flow temperature or tool 
temperature can be increased to 
decrease the feedstock viscosity. 

To analyse the injection moulding 
process in general and to investigate 
the resulting feedstock flow paths, 
a mould flow simulation is an often-
recommended procedure. Fig. 8 
(left) shows the weld line position 
of a fatigue specimen simulated 
with Sigmasoft Mold Flow. The tool 
designer can vary the gate position. 
However, the shifting of the weld line 
to uncritical part regions is not always 
possible, due to the complexity of the 
injection moulding tool (location of 
cooling channels, other cavities and 
length of the runner). Therefore, it 
is necessary to assume the worst-
case scenario, where the weld line 

is located in the highly-loaded part 
region and the weld line is loaded 
with fracture opening mode 1. For the 
determination of material properties 
and to investigate the effect of weld 
lines, a new tool concept for fatigue 
specimens and conventional tensile 
test pieces was developed. Also, 
fatigue specimens were injection 
moulded with two different gate 
variants. For the investigation of 
the notch sensitivity and to derive 
the resulting support factor, three 
different tools with different cavities 
were designed. The un-notched 
fatigue specimen exhibits a waist 
with a radius of r=30 mm (Kt =1.04 for 
bending loading). Also, two further 
fatigue specimens with notch radii 
of r = 0.9 mm (Kt = 1.91 for bending 
loading) and r = 0.45 mm (Kt = 2.47 for 
bending loading) were produced. The 
corresponding stress concentration 
factors Kt were calculated numeri-
cally using FEA. The worst-case 
scenario was created with the tool 
cavity in Fig. 8 (right). With this cavity, 
it is possible to produce one-gated 
and twin-gated fatigue specimens by 
adjusting valves. Due to the symmetry 
of the runners, the resulting weld line 
of the twin-gated process is located 
at the notch root, as shown in Fig. 8 
(left).

The injection moulding of all 
specimens was conducted with plant-
specific parameters. The one-gated 
and twin-gated fatigue specimens 
were injection moulded with the 

Fig. 8 Mould flow simulation of a twin-gated fatigue specimen with a notch 
radius of 0.45 mm (left) and tool cavity for fatigue specimens with a notch 
radius of 0.45 mm for two different offset factors and special adjustable valves 
(right) [3]
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same filling and packing parameters, 
e.g. the volumetric injection feedstock 
flow rate, filling pressure, packing 
pressure profile, filling time and 
packing time, to ensure similar mate-
rial properties. 

After the injection moulding 
process, the densities of the right-
hand and left-hand gripping ends 
were measured to guarantee compa-
rable green part densities. After 
moulding, all specimens were peened 
with a plastic granulate to remove 
burrs. Potential residual stresses 
were eliminated by sintering above 
the recrystallisation temperature of 
MIM 8620. Debinding and sintering 

were carried out in a continuous 
debinding and sintering walking 
beam furnace. Catalytic debinding 
of the specimens was conducted 
in a low temperature atmosphere 
of HNO3 (nitric acid) and N2 for 390 
min. The parts were sintered at 
1251°C for around 90 min in a 100% 
N2 atmosphere with an atmospheric 
pressure of 10 mbar. After sintering, 
the specimens were carburised, 
case-hardened and tempered. The 
carburising atmosphere consisted 
of natural gas, CH4O (methanol) and 
N2 with a carbon potential of 1%. The 
carburising temperature was around 
950°C. The required case hardening 

depth was d(H = 550 HV 0.1) = 0.3 mm 
+ 0.1 mm, resulting in a required 
surface hardness of H0 > 600HV 0.1. 
After oil quenching, specimens were 
tempered at 170°C for 2 h in air. A 
sintered density of 7.4 g/cm³ was 
achieved.

In the green state, neither the 
green density nor the dimensions 
showed any effect induced by the 
different gate variants. Sintered 
density was measured on four 
different specimen geometries 
(tensile test specimen, un-notched 
fatigue specimen and notched fatigue 
specimens with two different notch 
radii). The differences between the 
four variants, as well as the differ-
ences between the gripping ends, 
were negligible. Therefore, an aver-
aged sintered density of 7.4 g/ cm³ 
was found. The subsequent case 
hardening treatment did not affect the 
sintered density. The macro-hardness 
was measured on the surface as 
H = 114 HV 30 for the as-sintered 
condition and H = 631 HV 30 for the 
case-hardened condition, respectively 
(averaged between the four different 
specimen geometries).

A small nitrogen pick-up of 0.031% 
was found after sintering in the N2 
atmosphere and the subsequent 
case hardening treatment. MIM 8620 
contains 0.5% Cr, which has a high 
affinity to nitrogen. The measured 
oxygen content after sintering and the 

Geometry r (mm) Condition
σu (MPa),

1 gate
σu (MPa),
2 gates

DIN EN ISO 2740 ∞ As-sintered 397 Not realised

DIN EN ISO 3928 30 As-sintered 418 417

DIN EN ISO 3928 0.9 As-sintered 458 447

DIN EN ISO 3928 0.45 As-sintered 432 441

DIN EN ISO 2740 ∞ Case-hardened 1102 Not realised

DIN EN ISO 3928 30 Case-hardened 915 947

DIN EN ISO 3928 0.9 Case-hardened 802 781

DIN EN ISO 3928 0.45 Case-hardened 703 725

Table 6 Static tensile test results as a function of the material condition, the 
notch radius r and the weld line position (1 gate vs 2 gates) [3]
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Fig. 9 Micro-hardness profiles for MIM 8620 (20NiCrMo2-2) with a sintered density of 7.4 g/cm³ before (as-sintered 
condition) and after case hardening (case-hardened condition) [3]
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subsequent case hardening treatment 
showed typical values < 0.004%. 
The measured carbon content after 
sintering was found to be 0.136% 
(averaged between surface and core 
regions). Hence, a small decarburisa-
tion effect can be assumed. After 
case hardening, the core carbon 
content was measured as 0.146%. 
A sigmoidal carbon profile with an 
asymptotic plateau in the core region 
was assumed. The surface roughness 
parameters after case hardening 
were Ra = 0.86 µm and Rz = 6.07 µm. 

The static mechanical properties 
were characterised in terms of 
the stress-strain and the stress-
displacement responses. The 
corresponding ultimate tensile 
strength values can be defined 
in the nominal stress system. 
Table 6 summarises the results. 

A direct comparison between the 
two columns shows no effect of 
the gate variants. From the static 
tensile tests, it was concluded that 
weld lines had no negative effect. 
An interesting observation was the 
increase in ultimate tensile strength 
of the as-sintered variants as a 
function of the notch radius r. The 
damaging effect from an increasing 
stress concentration factor Kt is only 
recognisable for the case-hardened 
variants. This is related to the plastic 
constraint effect of ductile materials 
(notch strengthening) and the higher 
triaxiality factor due to the stress 
rearrangement around the notch 
root. Also, a comparison between 
the two conditions (as-sintered vs 
case-hardened) shows the effect 
from the martensitic transformation 
and the corresponding carbon 

content. Fig. 9 shows the micro-
hardness profiles of MIM 8620 with 
a sintered density of 7.4 g/cm³ 
before (as-sintered condition) and 
after the case hardening (case-
hardened condition). It can be seen 
from this that a surface hardness 
of 667 HV 0.1, a core hardness of 
265 HV 0.1 and a case hardening 
depth of d(H = 550 HV 0.1) = 0.3 mm 
were achieved, in line with the 
requirements defined earlier. 

The promising results from the 
static tensile tests needed to be 
confirmed by cyclic tests. Hence, 
the case-hardened MIM 8620 was 
cyclically tested with three different 
loading ratios (R = -1, R = 0 and 
R = 0.5). The results are summarised 
in Table 7 in terms of the Basquin 
parameters of the corresponding 
bending s-N lines, where k denotes 

Fig. 10 Haigh damage lines for case-hardened MIM 8620 (20NiCrMo2-2, 1 gate vs 2 gates) material [3]
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Table 7 Basquin parameters of the derived bending s-N lines (each s-N line was derived with fifty specimens) as a 
function of the weld line position (1 gate vs 2 gates) [3]

ρ (g/cm³) R (1) Kt (1) k (1) NK (1) σA (MPa) k (1) NK (1) σA (MPa)

1 gate 2 gates

7.4 -1 1.04 -19.227 3303592 610.78 -14.745 3072990 565.55

7.4 0 1.04 -6.213 172096 362.49 -7.560 309596 333.49

7.4 0.5 1.04 -6.981 198094 195.48 -4.228 128227 194.46

7.4 -1 1.91 -6.520 146430 468.72 -5.643 138222 470.39

7.4 -1 2.47 -5.673 124389 423.18 -5.405 140835 397.07
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the slope and NK the cut-off point. The 
bending fatigue strength at the knee 
point was derived for a survival prob-
ability of Ps = 50 %. 

The three loading ratios R could be 
used to derive Haigh damage lines in 
Fig. 10. In general, heat treated steels 
are known to show extraordinarily 
high mean stress sensitivities M and 
this tested material was no exception. 
From Table 7 and Fig. 10 the mean 
stress sensitivities M could be quanti-
fied as M2 = 0.69 (1 gate) and M2 = 0.70 
(2 gates) and M3 = 0.75 (1 gate) and 
M3 = 0.56 (2 gates), respectively. In 
contrast to expectations, the case-
hardened MIM 8620 was not perfectly 
notch sensitive. Due to the high 
sintered density 7.4 g/cm³ and the 
high surface hardness of 667 HV 0.1, 
a high notch sensitivity was expected. 
The notch factors are Kf(Kt=1.91)=1.30 
(1 gate), Kf(Kt=1.91)=1.20 (2 gates), 
Kf(Kt=2.47)=1.44 (1 gate) and 
Kf(Kt=2.47)=1.42 (2 gates). Obviously, 
the notch sensitivity and the resulting 
support factors nχ are in the same 
range as for conventional PM steels. 
The notch sensitivities and the 
resulting support factors are in the 
same range as for conventional PM 
steels. 

The effect of the weld lines was 
investigated five times (different 
loading ratios and different stress 

concentration factors). The twin-gated 
injection moulded fatigue specimens 
exhibited lower fatigue strength at 
the knee point. However, the average 
drop of fatigue strength at the knee 
point was only 4.3%. This effect was 
smaller than expected. This observa-
tion was based on small injection 
moulded fatigue specimens, where 
the temperatures of the feedstock 
fill fronts could be assumed as high 
enough to guarantee good welding. 
Lower feedstock flow temperatures 
may result in weaker weld lines.

Author

Dr David Whittaker
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International
Congress & Exhibition
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metallurgy association

www.europm2020.com
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Book now at www.europm2020.com/exhibition
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