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WorldPM2026 is here!
t’s hard to forget about heat-treating if you have to live through a summer in the 
South. And although the official beginning of summer is in just a few days, in 
the South, summer feels like it begins around February 12.

By the time you may be reading this, many will be arriving at WorldPM2026 — the 
primary source for metal powder technology transfer — in Montreal, Canada. This marks 
the first time the conference has been in North America in six years.

WorldPM, presented by the Metal Powder Industries Federation (MPIF), is the largest 
global powder metallurgy and particulate materials event of the year. The PM industry 
comes together at WorldPM, but also for two more conferences as well. The other shows 
making up this hat trick of PM are AMPM2026 and Tungsten2026.

The 2026 show will boast in-person interaction for business deals, information 
exchange, and panel discussions on the latest innovations in the industry.

But, if you’re not lucky enough to be walking the floors of WorldPM this month, this 
issue also has a few entries that take on the topics of additive manufacturing and sintering.

In addition to our main articles, make sure you check out our columnists. They’re 
always offering up must-know expertise on a variety of important heat-treating subjects.

I also want to guide you to this month’s Q&A. Women in the industrial sector has always 
been an important topic of conversation since I have been editor of Thermal Processing, so I 
want to make sure you don’t miss this feature. In it, I talk with Tormach’s Amanda Lucas 
and Kimberly Upton on why it is vital for companies to see the advantages that come with 
a diversified workforce.

As we take the plunge into summer, I’d like to take this moment to remind you to let 
Thermal Processing be your eyes, ears, and, most importantly, your voice. No matter the 
challenges you face, we are here, first and foremost, to shine a spotlight on your valuable 
products, services, and know-how.

Whether it’s a powerful ad or an expert article, let us share your insights with the 
people who are searching for it.

Stay cool, and, as always, thanks for reading!

I
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UPDATE /// HEAT TREATING INDUSTRY NEWS

SEND US YOUR NEWS   Companies wishing to submit materials for inclusion in Thermal Processing’s Update section should contact 
the editor, Kenneth Carter, at editor@thermalprocessing.com. Releases accompanied by color images will be given first consideration. 

Tenova’s advanced 
solutions featured  
on INCITE platform
Tenova, a leading developer and provider 
of sustainable solutions for the green tran-
sition of the metals industry, has five of its 
innovative techniques mentioned in the 
European Innovation Centre for Industrial 
Transformation Emissions (INCITE) web plat-
form. Launched in 2024, INCITE identifies 
and evaluates emerging cutting-edge tech-
nologies and processes committed to decar-
bonization, depollution, and the increase of 
resource efficiency and circularity.

Among the technologies featured on the 
platform are Tenova’s solutions for steel pro-
duction, including electric arc furnace (EAF) 
with Consteel® and Consteerrer® technolo-
gies, the open slag bath furnace (OSBF) for 
melting DRI, the iRecovery® and heat leap 
systems for heat recovery from EAF plants, 
Tenova KT for polymer injection in EAF, and 

Energiron for direct reduced Iron (DRI) pro-
duction, jointly developed with Danieli.

The INCITE platform provides a com-
prehensive overview of the environmental 
benefits and performance, technology matu-
rity, possible trade-offs, location, and costs 
benefit elements of these technologies. Of 
the five Tenova solutions, three are already 
fully operational:

Consteel®, a well-established EAF technol-
ogy with more than 80 installations world-
wide, is an efficient steelmaking process 
in which raw materials are continuously 
heated and charged into an EAF, where they 
are melted by immersion in the liquid steel 
present in the furnace, while simultaneously 
controlling gaseous emissions. Thanks to a 
joint technological effort and close collabo-
ration, Tenova and ABB have co-developed 
and successfully implemented Consteerrer®, 
enabling faster, safer, and more cost-effective 
liquid steel production.

iRecovery® is one of the leading technolo-
gies for recovering and reusing the thermal 
energy of off-gases directly within the EAF 

melting process — energy that is typically 
lost through steam generation. The saturated 
steam acts as an energy carrier for internal 
use, electricity generation, and district heat-
ing. The integration of the heat leap system, 
a high- performance heat pump, further 
enhances energy recovery by using low-tem-
perature heat from the EAF cooling water to 
supply district heating networks.

Energiron, jointly developed by Tenova 
and Danieli, is a direct reduction process 
(DRP) that enables the production of reduced 
iron (DRI or HBI) using a vertical shaft fur-
nace. This technology is among the lead-
ing solutions implemented worldwide for 
low-environmental- impact DRI production, 
thanks to the use of natural gas and hydro-
gen. DRP are typically followed by electric arc 
furnaces (EAF) to produce liquid steel (DRI/
EAF process).

The other two Tenova solutions also 
included are:

» Open slag bath furnace (OSBF), current-
ly under development and commercialized 
as iBlue®, is an AC electric furnace designed 
for melting DRI and producing pig iron. The 
intent of combining a direct reduction plant 
with a reducing furnace technology like 
the OSBF is primarily driven by the need 
to reduce carbon emissions associated with 
conventional pig iron production by the blast 
furnace route.

» Tenova KT Twin SRA and Tenova KT 
Multi enable the injection of recycled poly-
mers as a substitute for coal through two 
specific systems that can be installed on 
the EAF wall. The former combines a super-
sonic oxygen injector with a polymer injector, 
while the latter allows the injection of both 
recycled polymers and lime using the same 
device.

In the RFCS OnlyPlastic project, funded 
by the European Commission, both injectors 
demonstrated good performance in terms 
of slag foaming, without carryover of solid 
material into the off-gas extraction system.

“We are very proud that Tenova’s innova-
tive technology appear on the INCITE plat-

Five of Tenova’s innovative techniques are included on the INCITE platform for clean EU technologies, 
underscoring Tenova’s role as key enabler of a sustainable and circular EU economy. (Courtesy: Tenova)

mailto:editor@thermalprocessing.com?subject=Referred by Thermal Processing
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form — confirming our role as pioneering 
developers of advanced and sustainable steel-
making techniques,” said Enrico Malfa, R&D 
director at Tenova.

MORE INFO	 www.tenova.com

New interfaces 
expand Optris CTi 
pyrometer series
Optris GmbH & Co. KG is specifically expand-
ing its CTi pyrometer platform with the 
digital interfaces EtherCAT and IO-Link. 
This makes the compact, modular infrared 
pyrometers of the CTi series even more effi-
cient and integrates them more easily than 
ever into modern automation environments.

With EtherCAT, users benefit from 
extremely short response times and high 
synchronization accuracy. Especially in fast 
processes — such as metal processing or auto-
mated production lines — this enables precise 
real-time temperature control. At the same 
time, CPU load in the control system is reduced, 
increasing overall throughput. Thanks to flex-
ible topologies, CTi pyrometers can be inte-
grated directly into existing machine concepts 
without additional infrastructure.

Commissioning is also significantly sim-
plified: automatic addressing, high immu-
nity to interference, and fast fault detection 
ensure minimal installation and mainte-
nance effort. Thanks to its short integration 

times, EtherCAT enables cost-effective imple-
mentation while delivering outstanding per-
formance in terms of high data transfer rates 
and short cycle times.

With IO-Link, Optris further expands the 
CTi series with a particularly user-friendly 
interface for the field level. Standardized 
three-wire cables significantly reduce wiring 
effort, while automatic parameterization in 
the master enables fast sensor replacement 
without downtime. In addition, users benefit 
from extended diagnostic functions and con-
tinuous condition monitoring. Digital data 
transmission ensures high measurement accu-
racy of the CTi pyrometers, while parameters 
can be adjusted remotely at any time—ideal 
for hard-to-access or safety-critical areas.

With the integration of EtherCAT and 
IO-Link, the CTi series evolves into an even 
more f lexible platform for Industry 4.0 
applications. The combination of precise, 
non-contact temperature measurement, fast 
data processing, and intelligent communica-
tion enables optimized process control and 
higher system availability.

“With EtherCAT and IO-Link, we are tak-
ing the CTi platform to the next level,” said 
Andreas Rotärmel, product manager at 
Optris. “Our customers benefit from faster 
integration, greater process reliability, and 
maximum flexibility in their applications.”

The CTi pyrometers thus combine their 
proven strengths — robust design, separate 
electronics box with display, and flexible 
interfaces — with state-of-the-art communi-
cation standards, opening up new possibili-

Optris’ EtherCAT, pictured, and IO-Link enhance performance and integration into modern automation 
environments. (Courtesy: Optris)

http://www.tenova.com
http://www.dimplexthermal.com
http://thermalprocessing.com
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ties in networked production environments.
Optris GmbH & Co. KG was founded in 

2003 and has established itself as one of the 
leading manufacturers of non-contact tem-
perature measurement devices. Its product 
portfolio consists of both wearable and sta-
tionary infrared thermometers and online 
infrared cameras for thermographic real-
time analyses. Optris develops and produces 
in Germany to ensure the highest standard 
in quality as a key component of its company 
policy. 

MORE INFO	 www.optris.com

Aichelin Americas 
partners with Wm. 
Wright & Associates
Aichelin Americas announced a new strategic 
partnership with Wm. Wright & Associates, 
effective May 9, 2026. Through this agree-
ment, Wm. Wright & Associates represents 
a broad portfolio of thermal processing tech-
nologies, equipment, and services across the 
Aichelin Americas group.

This partnership strengthens Aichelin 

Americas’ commitment to delivering 
enhanced regional support and improved 
access to its comprehensive range of solu-
tions.

Under this agreement, Wm. Wright & 
Associates will support the promotion and 
delivery of solutions from leading brands 
within the Aichelin Americas group, includ-
ing:

»AFC-Holcroft.
» Nitrex.
» G-M Enterprises.
» UPC-Marathon. 
The portfolio includes:
»Aluminum furnace systems and heat-

treating equipment.
»Atmosphere generation systems and 

process control technologies.
» Sensors, probes, analyzers, and 

advanced instrumentation.
» Spare parts, hot zones, and critical com-

ponents.
» Digital platforms, including QMULUS 

software and engineered solutions.
» Replacement parts, system upgrades, 

and modernization solutions.
» Field services, rebuilds, repairs, and 

service contracts.
By partnering with Wm. Wright & 

Associates, Aichelin Americas enhances its 
ability to provide localized expertise backed 
by global engineering and manufacturing 
capabilities.

Customers will benefit from:
» Faster response times and improved 

regional accessibility.
» Dedicated technical support and appli-

cation expertise.
» Streamlined access to integrated equip-

ment, software, and services.
» Enhanced lifecycle support for both 

new and existing installations.
This collaboration reflects a continued 

focus on delivering complete, end-to-end 
solutions to manufacturers across a wide 
range of industries. From new equipment 
installations to upgrades, digitalization, 
and aftermarket support, the partnership 
enables a more connected and efficient cus-
tomer experience.

Aichelin Americas is a leading provider 
of industrial furnace systems, thermal 
processing technologies, and digital solu-
tions. 

Through its group companies — AFC-
Holcroft, Nitrex, G-M Enterprises, and 
UPC-Marathon — the organization delivers 
advanced equipment, process control tech-
nologies, and lifecycle services to manufac-
turers worldwide.

MORE INFO	 www.afc-holcroft.com
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U.S. national lab 
selects Retech  
PGA platform
Retech, a Seco/Warwick Group company, 
has been contracted to supply a plasma gas 
atomization (PGA) system to a leading U.S. 
national laboratory in support of a strategic 
critical materials initiative.

The pilot-scale PGA platform will enable 
advanced powder development for next-
generation materials essential to high-per-

formance manufacturing and emerging 
technologies. Designed with flexibility and 
scalability at its core, the Retech PGA system 
allows researchers to transition seamlessly 
from process validation to broader industrial 
deployment.

National laboratories play a vital role in 
bridging the gap between metallurgical dis-
covery and manufacturable solutions. While 
early-stage research confirms material prop-
erties, pilot-scale systems demonstrate pro-
cess reliability, repeatability, and economic 
feasibility. 

Retech’s PGA platform is engineered to 

address these challenges by offering precise 
process control, feedstock versatility, and the 
ability to scale parameters in alignment with 
future production systems.

The system will support efforts aimed at 
strengthening domestic supply chains and 
reinforcing U.S. technical leadership in stra-
tegically important materials.

“National labs are focused not only on 
proving what’s possible, but on proving 
what’s practical,” said Earl Good, Retech 
president. “Our PGA platform is built to give 
them a pathway from controlled pilot-scale 
experimentation to scalable, production-
ready capability. 

We design our equipment so that once a 
process is validated, scaling it up becomes 
a streamlined next step rather than a rede-
sign.”

Beyond individual equipment capabilities, 
Retech’s modular platform approach allows 
integration with existing lab infrastructure, 
consolidating operations, maintenance, and 
training across multiple systems. 

This integrated strategy enhances cost 
efficiency while maintaining the high puri-
ty and performance standards required for 
advanced materials applications. 

MORE INFO	 www.secowarwick.com

The pilot-scale PGA platform by Retech will enable advanced powder development for next-generation 
materials essential to high-performance manufacturing and emerging technologies. (Courtesy: Seco/
Warwick)
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Important conferences through 2027

7th Asian Conference on Heat Treatment and Surface 
Engineering 
September 10-12, 2026 
Chengdu, China
The 7th Asian Conference on Heat Treatment and Surface Engineering 
of Materials (7ACHTSE2026) will be in Chengdu, Sichuan Province, 
China, September 10-12, 2026. The conference will focus on the latest 
research progress, technological frontiers, and future trends in the 
field of material heat treatment and surface engineering and is com-
mitted to promoting deep integration and collaborative innovation 
in this field in the Asian region.

The Asian Conference on Heat Treatment and Surface Engineering 
of Materials (ACHTSE) is an important series of international confer-
ences jointly initiated by China, Japan, South Korea, and other coun-
tries. It focuses on the latest research and developments in surface 
engineering and heat treatment.

DEADLINES
»Extended abstracts/full papers submission: July 31, 2026.
»Notification of acceptance: August 5, 2026.
»Early bird registration: August 31, 2026.

31st IFHTSE World Congress 
October 13-15, 2026 
Cologne, Germany
The 31st IFHTSE World Congress is organized by AWT – 
Arbeitsgemeinschaft Wärmebehandlung + Werkstofftechnik e. V. and 
will be in Cologne, Germany, October 13-15, 2026, at the International 
Conference and Trade Fair.

In addition to the World Congress, the event will also feature HK 
2026 and the European Conference on Heat Treatment 2026.

This will truly be a huge event. If you have never attended the AWT 
HK (HärtereiKongress) event, this is one of the largest (if not the larg-
est) heat-treating trade show in the world. This, combined with ECHT 
2026 and the 31st World Congress, will be the one event to attend.

The largest European congress on topics of heat treatment and 
materials technology, manufacturing and process engineering in 
2026 is organized in cooperation with the International Federation 
for Heat Treatment and Surface Engineering (IFHTSE) as well as 
the European heat treatment associations from France, Austria, 
Switzerland, the Czech Republic, Slovakia, and the Benelux countries. 
Due to the expected number of lecture registrations, the congress 
event is planned as a three-day event. The language of the conference 
will be English.

The 7th Asian Conference on Heat Treatment and Surface Engineering of Materials (7ACHTSE2026) will be in Chengdu. (Courtesy: Shutterstock)

INTERNATIONAL 
FEDERATION OF 
HEAT TREATMENT 
AND SURFACE 
ENGINEERING
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TOPICS

HeatTreatmentCongress, IFHTSE World Congress, ECHT 
2026

»Heat treatment – processes, systems, media, safety.
»Sustainability concepts for heat treatment plants and process 

chains.
»Artificial intelligence, simulation and digitalization.
»Production and processing of components in the process chain.
»Properties of components in processing.
»New material developments.
»Material analysis and quality control.

Steel Innovation
»Materials Engineering steel.
»Digital steel technology.
»High strength and wear-resistant steels.
»Sustainable steel – recycling, re-use and re-manufacturing.
»Corrosion-resistant steels.
»Hydrogen embrittlement / steel development for the hydrogen 

economy.
»Materials testing for steel.
»Increasing the damage tolerance of steels.

»New steel concepts for additive manufacturing.

CROSS GLOBAL INDUSTRY HIGHLIGHT
In addition to the extensive scientific and technical program, attend-
ees will have the unique opportunity to experience a major interna-
tional exhibition and trade fair with approximately 150 exhibitors. 
Leading companies from around the world will present their latest 
developments in equipment, services, operating materials, and other 
relevant technologies essential for the heat treatment and surface 
engineering industries. The exhibition will provide invaluable net-
working opportunities and foster collaborations between academia 
and industry.

DEADLINES
»Notification of abstract acceptance: May 15, 2026.
»Deadline for proceedings manuscript (extended abstract 2-4 

pages): July 15, 2026.

MORE INFO	 www.hk-awt.de

32nd IFHTSE World Congress | ECHT 2027 
Milan, Italy  
April 14-16, 2027 

Organized by Associazione Italiana di Metallurgia, this event com-
bines the IFHTSE World Congress and ECHT. The event is dedicated 
to researchers, engineers, metallurgists, and industry leaders seek-
ing to bridge the gap between laboratory innovation and large-scale 
industrial application.  

»Conference Chair: Prof. Massimo Pellizzari. 
»Co-Chair: Lesley Frame (IFHTSE President).

DEADLINES
»Abstract Submission Deadline: November 20, 2026.
»Notification of Acceptance: January 15, 2027.
»Early Bird Registration: February 5, 2027.
»Full paper or extended abstract: March 5, 2027.

MORE INFO	 www.aimnet.it/eng/echt2027-32ifhtse.shtml

The 31st IFHTSE World Congress will be in Cologne, Germany. (Courtesy: 
Shutterstock)

IFHTSE LEADERSHIP

EXECUTIVE COMMITTEE
Lesley Frame  I  President
University of Connecticut  I  USA

Massimo Pellizzari  I  Past President
University of Trento  I  Italy

Jianfeng Gu  I  Vice President
Shanghai Jiao Tong University  I  China

Dr. Stefan Hock  I  Secretary General
IFHTSE  I  Germany

Sabina Kuntzmann  I  Treasurer
Geschäftsstellenleiterin SVW  I  Switzerland

OTHER MEMBERS
Prof. Rainer Fechte-Heinen  I  Leibniz-IWT  I  Germany

Prof. Imre Felde  I  University of Obuda  I  Hungary

Bernard Kuntzmann  I  Listemann AG  I  Switzerland

Prof. Masahiro Okumiya  I  Toyota Technological Institute  I  Japan

Prof. Bojan Podgornik  I  Institute of Metals and Technology  I  Slovenia

Prof. Reinhold Schneider  I  Univ. of Appl. Sciences Upper Austria  I  Austria

Prof. Marcel Somers  I  Technical University of Denmark  I  Denmark

Christophe Stocky  I  R&D Centre of ABS Acciaierie Bertoli Safau  I  France

Eva Troell  I  RISE IVF Research Institutes of Sweden  I  Sweden

Prof. Mufu Yan  I  Harbin Institute of Technology  I  China

ONLINE  www.ifhtse.org  I  EMAIL  info@ifhtse.org
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INDUSTRIAL HEATING 
EQUIPMENT ASSOCIATION

IHEA in motion: Successes, insights,  
and the road ahead

The Industrial Heating Equipment Association (IHEA) continues to 
strengthen the industry through focused training, meaningful con-
nections, and initiatives designed to help members grow, collaborate, 
and move forward. IHEA members contribute their time and exper-
tise to provide technical information and the necessary tools to assist 
those in the industrial heating industry. Whether you’re looking to 
connect with industry professionals, explore technologies through 
flexible virtual learning, access in-depth training resources, or pick 
up practical tips from webinars, IHEA offers a variety of opportunities 
to support your growth. Bookmark www.ihea.org to explore IHEA’s 
programs and events.

HANDS-ON LEARNING SPARKS INTEREST  
IN INFRARED CURING
For several years, the Infrared Equipment Division (IRED) of IHEA 

has partnered with the Chemical Coaters Association International 
(CCAI) to provide the Powder Coating and Curing Processes seminar. 
In May, this outstanding training course was at the Alabama Power 
Technology Applications Center in Calera, Alabama, which provided 
the perfect training facility for attendees. 

The combination of expert classroom instruction coupled with 
hands-on learning in its training lab proved to be beneficial for every-
one involved. The IRED portion of the seminar generated a lot of inter-
est on infrared curing processes and real-world applications. Scott 
Bishop of EPRI delivered a fascinating demonstration using various 
heating devices during the presentation to drive home the concept 
of infrared curing. 

Additional speakers contributing to the seminar’s success from 
the IRED were John Podach with Fostoria Infrared and Michael Stowe 
with Stowe & Sons PLLC.

http://www.ihea.org
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TECHNICAL TRAINING MEETS FLEXIBLE LEARNING
IHEA’s online courses have been a successful source of high-level 
education for those who prefer a virtual learning experience. The 
Fundamentals of Industrial Process Heating will run from October 26 
through December 13, 2026. This extensive six-week course provides 
a basic understanding of process heating, and an engineering back-
ground is recommended to take this course. The curriculum includes 
the basics of heat transfer, fuels and combustion, energy use, furnace 
design, refractories, automatic control, and atmospheres as applied to 
industrial process heating. Weekly coursework, quizzes, and a final 
exam project are administered to guide students on their progress 
and evaluate their knowledge of the material. 

Moderator interaction is available during the weekly forum dis-
cussions and via email for questions and to review the coursework. 
Registration fee includes the online course materials sent electroni-
cally. A printed version can also be purchased. Students successfully 
completing the course will receive a certificate of completion not-
ing 18 PDHs. The course fee is $775 for IHEA member, $950 for non-
members. For a complete listing of the topics covered and registration 
information, go to www.ihea.org/event/FundamentalsFall26. 

EXPLORE IHEA’S LIBRARY  
OF ENERGY-FOCUSED WEBINARS
IHEA has built a library of topics focusing on carbon-producing heat-
ing processes. The webinars provide methods to optimize efficiency 
and thereby reduce carbon emission intensity. Additionally, these 
webinars cover the various scopes of carbon emissions and methods 
to determine your site’s or your specific equipment’s carbon foot-
print. The available DOE tools and other resources for determining 
and reducing your carbon footprint are also discussed. Overall, this 
webinar series gives viewers an excellent overview of carbon emis-
sions, how to determine them, and how to reduce them. To access 
the free sustainability and energy management webinar library, go 
to www.ihea.org and click “Sustainability Past Webinars” under the 
Sustainability tab.

LEARN AND CONNECT AT IHEA’S FALL SEMINARS
IHEA’s annual Combustion Seminar and Safety Standards and Codes 
Seminar will take place concurrently in Charlotte, North Carolina, 
November 17-18. Led by seasoned industry professionals, these popu-
lar training classes offer two days of in-depth instruction enriched 
with real-world examples. Attendees will have the opportunity to 
engage directly with expert speakers and get answers to their ques-
tions. Enhancing the experience, the fall seminars also feature a table-
top exhibition showcasing leading suppliers and innovations from the 
thermal-processing industry.

The Combustion Seminar includes 16 sessions designed to give 
vast exposure to combustion technology, led by industry professionals 
in a non-commercial environment. The seminar also includes a ses-
sion on hydrogen and decarbonization. The Safety Standards & Codes 
Seminar provides a comprehensive review of the NFPA 86 standard 
as well. Attendees receive a copy of the standard with registration. 

Admission to the tabletop exhibition is included with the semi-
nar registration fee. Registration will be open soon at www.ihea.org/
events under the events & training tab.

IHEA’S ENERGY MANAGEMENT SUMMIT  
IS GOING VIRTUAL IN 2026
Mark your calendar for December 2 and 3 when IHEA’s popular annual 
SUMMIT takes a deep dive into energy management and sustainabil-
ity. IHEA believes this is an ever-evolving issue in our industry, and it’s 
important that IHEA continues to provide quality education and infor-
mation to the industry as we make this journey together. Scheduled 
for the afternoon of December 2 and the morning of December 3, 
this format will allow you to participate without the cost of travel.

Presentations topics will include:
»Highlight economic and energy savings, and profit improve-

ments.
»Introduce new technologies for energy management.
»Explore where will we be 10 years from now.
»Deliver case histories from around the globe.
Sponsorships available: Promote your company and support the 

SUMMIT by becoming a sponsor. IHEA members receive a 10 percent 
discount off sponsorship fee.

Sponsorship includes:
»Two complimentary registrations.
»Logo on event website.
»Logo in all promotional eblasts.
»Logo in event promotion brochure.
»Logo on welcome slides during SUMMIT.
»Recognition on IHEA social media channels once per month 

starting in June.
Mark your calendar and watch for more details at www.ihea.org/

event/SUMMIT26. 

http://www.ihea.org
http://www.ihea.org/event/FundamentalsFall26
http://www.ihea.org
http://www.ihea.org/events
http://www.ihea.org/event/SUMMIT26
http://www.ihea.org/event/SUMMIT26
http://thermalprocessing.com
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istortion from heat treatment is a main concern because heat 
treatment is often one of the last steps in the manufacturing 
process. Excessive distortion can ruin hours of work on parts 

that are machined and hardened. Reworking the parts may be chal-
lenging, and scrapping the parts leads to lost revenue. In 1995, the 
German Research Association of Drive Engineering estimated annual 
losses of ~850M Euros to remove distortion from manufacturing [1]. 
Around the same time DANTE, a heat-treatment process modeling tool, 
was born from a project with the American automotive industry, aca-
demia, and the national labs, to combat distortion in excess of hundreds 
of millions of dollars annually. 

All distortion from heat treatment can be broken down into two 
categories: shape change and size change. Size-change distortion is 
caused by the reorientation of the crystal structure as the steel chang-
es phase and is unavoidable. Shape change is the difference in part 
dimensions before and after hardening, assuming no volume change. 
Shape and size change is caused by material, geometry, and process 
effects. Material effects refer to the initial state of the steel, including 
the microstructure phases, chemical composition, carbide phases and 
sizes, alloy segregation, grain size, and the effects from the material 
fabrication process. Part geometry affects distortion due to differenc-
es in heating and cooling between thick and thin sections, causing 
material strain. Process uniformity and consistency directly affect 
part distortion during heating and cooling due to the accompanying 
phase transformations. Chemical gradients of carbon and nitrogen 
play a role in nonuniform phase transformations due to their effect 
on martensite start temperature. The volume change from tempering 
martensite can have a similar effect if the thermal gradient is high. 
Process consistency and residual stresses from previous processes also 
impact process distortion. 

To accurately model the distortion from heat treatment, the model 
must include thermomechanical and phase transformation behavior. 
A multi-phase plasticity model captures the stress and deformation 
during the phase transformations and must include the mechani-
cal properties over a wide range of parameters such as carbon level 
and temperature. Understanding the equipment behavior and the 
equipment/part interaction in the form of heat transfer coefficients 
is needed to accurately describe the heat transfer, and temperature 
gradients, within the part. Heat-treat process modeling can show the 
root causes of part distortion and potential measures that can be 
taken to reduce it.

CASE STUDY
A Ferrium C64 bevel gear was selected for a modeling case as it is 
known to have difficulty in controlling the taper distortion in the teeth 
during heat treatment. All exposed surfaces are carburized using a 
low-pressure carburization process, typical of aerospace heat-treatment 
methods for these types of gears. Since taper distortion is the main 

modeling objective, the gear geometry can be simplified by model-
ing only a single tooth to reduce computational costs. A finite-element 
mesh consisting of nodes and elements is created to simulate the car-

Excessive distortion can be a problem during heat treatment of parts. Modeling  
can help understand the factors that contribute to part distortion. 

Bending under pressure: Controlling distortion
D

Figure 1: Time/Temperature plots for straight heating and stepped heating 
models.

Figure 2: Axial distortion contours for the straight heating and stepped heating 
models.

Figure 3: Time/Temperature plots for the HPGQ and DCGQ models.
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bon, thermal, phase transformation, and stress gradients developed 
within the part. Additional model assumptions include martensite as 
the initial phase and a uniform heat-transfer coefficient applied to the 
outer surfaces for simulating the heating and quenching processes. The 
study starts with a furnace heating model to predict distortion during 
heating. Two models were developed, with a straight-furnace heating 
and a stepped heating to compare the distortion from heating alone. 
The time/temperature history of a surface point, or node, from each of 
the models is shown in Figure 1. The straight heating model assumes 
the part is placed into a furnace preheated to 912°C. The stepped heat-
ing model assumes the part is heated to 650°C and is allowed to reach 
thermal equilibrium. The furnace is then heated to 800°C and held for 
another 15 minutes until finally heating to the 912°C holding tempera-
ture. The temperature holds help control the thermal gradient in the 
part before and during the transformation to austenite ensuring the 
phase transformation happens more uniformly throughout the part. 

The results of the two heating models are shown in Figure 2. The 
contours show axial distortion, to capture the tooth-taper mode, and 
both models are at the end of heating while the part is uniformly at 
912°C. At first glance, the stepped heating model, right, shows a slightly 
higher magnitude of axial distortion. However, each of the color divi-
sions in the contour are almost perfectly horizontal, showing a uniform 
expansion from heating in the axial direction. In contrast, the straight 
heating contour, left, has a “wavier” appearance to the color divisions in 
the contour, showing non-uniform distortion from heating compared 
to the stepped heating model. 

Following heating, two quench methods are modeled, one with a 
standard high-pressure gas quench (HPGQ) process and another with 
a DANTE Controlled Gas Quench (DCGQ) process. The DCGQ process 
is determined by modeling the quench with a hold just before the 
martensite transformation to achieve thermal equilibrium, and a 
design requirement of no greater than 10°C temperature gradient in 
the part during the martensite transformation. For the DCGQ process, 
the ambient temperature is controlled to maintain the thermal equi-
librium in the part with a series of temperature holding steps. The 
time temperature plots for the surface node during the two quench 
models in Figure 3 illustrate the difference in quenching methods. 
Due to the complexity of the part geometry and the tight temperature 
gradient requirement, the quench holding steps appear to ramp the 
temperature down. 

Figure 4 shows the stark contrast in axial distortion between the 
HPGQ and DCGQ models. The HPGQ model shows that the tip of the 
tooth curls up while the middle of the tooth dips down, contributing 
to an overall curl of about 115 µm. The bore of the gear also shows 
some nonuniform axial distortion. The DCGQ model shows an over-
all shrinkage in the part with the tooth tapering down about 47 µm 
near the tip. Because of the controlled heating and quenching, the 
distortion from the DCGQ process is more uniform than from the 
HPGQ process. If corrective machining were needed to bring the parts 
within spec, the HPGQ processed gear may need to remove material 
from the case nonuniformly, reducing the effectiveness of the case-
hardening process. 

The mechanism behind the increased distortion shown in the 
HPGQ model can be seen in the in-process martensite contours, Figure 
5. When martensite begins to form in the HPGQ model, a large thermal 
gradient is present in the part. This gradient causes the martensite to 
form first in the thinner cross sections of the part, such as the tips of 
the gear teeth, where the cooling is fastest. The temperature is low 
enough to have a nearly complete martensite transformation, and 
the associated volume expansion bends the tip of the tooth upwards, 
causing the taper shown in the final distortion contour. The DCGQ 
model specifically aims to keep the thermal gradient to a minimum 
during the martensite transformation, so the transformation occurs 
more uniformly through the core of the gear, as shown in the right 
contour in Figure 5. 

This case study reinforces the need to understand the factors that 
contribute to part distortion, such as part geometry, thermal uniformi-
ty, material condition, surface chemistry, and phase transformations. 
Minimizing the thermal gradient within a part during phase change 
can reduce the nonuniform size and shape change leading to more uni-
form, or even reduced, distortion. The DCGQ method presented here is 
particularly suited for high-hardenability steels in which the holding 
steps during quench can reduce the part thermal gradient while still 
forming the desirable martensite phase. In applications where toler-
ances are tight, such as aerospace components, the distortion from 
heating should also be considered. Heat-treat process modeling can 
help to gain a better understanding of what is going on behind the 
black box of heat treatment to get to the root causes of distortion.   

REFERENCES
[ 1 ]	 Zoch, Hans-Werner & Lübben, Thomas. (2012). Distortion Engineering - A New 

Concept to Control Distortion Problems.

ABOUT THE AUTHOR
Jason Meyer joined DANTE Solutions full time in May 2021 after receiving his 
Master’s degree in mechanical engineering from Cleveland State University. 
His main responsibilities include marketing efforts, project work, and support 
and training services for the DANTE software package and the DANTE utility 
tools. Contact him at jason.meyer@dante-solutions.com.

Figure 4: Axial distortion contours for the HPGQ and DCGQ models. Figure 5: In-process martensite contours for HPGQ and DCGQ processes.

This case study reinforces the need to 
understand the factors that contribute to part 
distortion, such as part geometry, thermal 
uniformity, material condition, surface 
chemistry, and phase transformations.

mailto:jason.meyer@dante-solutions.com?subject=Referred by Thermal Processing
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his month, I will be discussing the physical metallurgy of 
the precipitation hardening beryllium-copper alloys, used in 
a variety of unique applications such as non-sparking tools 

and electrical connectors.

INTRODUCTION
Beryllium-copper alloys are unique in that they can be used for appli-
cations requiring high electrical conductivity and high strength. The 
most common uses of Be-Cu are in electrical applications, such as 
connectors, terminals, sockets, spring contacts, and switch blades. 
These applications require the high strength, excellent electrical con-
ductivity, and fatigue properties to prevent failure during repeated 
use. By properly balancing the heat treatment, the optimum electrical 
conductivity and mechanical properties can be achieved.

Be-Cu is also used in non-sparking tools and safety-related hard-
ware for hazardous environments. Because the alloy does not produce 
sparks easily on impact, it is selected for oil-and-gas facilities, chemi-
cal plants, mining operations, and explosive atmospheres. In those 
settings, the non-sparking characteristic can be more important than 
maximum strength.

Spring performance is one of the applications using Be-Cu. This 
is especially true if the springs require good electrical conductivity, 
such as flat springs, diaphragms, beam springs, bellows components, 
and small load-bearing elastic elements. The fine precipitate struc-
ture developed on aging gives a high elastic limit, so springs can be 
cycled many times without taking a permanent set. 

The alloy is particularly effective where the spring must also serve 
as an electrical conductor or where dimensional precision is critical. 
In such cases, the aged structure provides both mechanical resilience 
and sufficient conductivity for functional integration. That combina-
tion is difficult to match with many other spring materials.

The most common wrought strengthening grades, such as C17200, 
contain roughly 1.8 to 2.0 wt% Be, while other wrought and cast 
grades vary in Be content and may also include Ni, Co, or Pb depend-
ing on conductivity, machinability, or casting requirements. These 
additions matter because they can shift precipitation kinetics, modify 
the sequence, and change the balance between strength and conduc-
tivity. In the base Be-Cu alloy, however, the same basic precipitation 
sequence governs hardening.

BERYLLIUM-COPPER PRECIPITATION SEQUENCE
In many ways, the Be-Cu system can be compared to the Al-Cu system 
for precipitation heat treatment. As in the Al-Cu alloy system, there 
is decreasing solubility of beryllium in the copper alpha (α) phase 
with decreasing temperature. Since there is decreasing solubility as 
temperature decreases, this satisfies the basic criteria for precipita-
tion hardening. This is seen in the copper rich end of the Be-Cu phase 
diagram (Figure 1).

At Be concentrations encountered in typical Be-Cu alloys (1.8-2.0%) 
the precipitation sequence is made more difficult by the beta phase, 
in the alpha + beta phase field, converting to gamma. However, the 
essential aging sequence is unchanged. 

Beryllium-copper alloys are solution heat treated at approximately 
1,500°C (815°C) to bring all the alloying elements into solution. Upon 
rapid quenching (typically water or polymer), a supersaturated solid 
solution of Be-α copper results. There is a large thermodynamic driv-
ing force for decomposition during aging because of the large solu-
bility gap. It is this large solubility gap that is one reason why Be-Cu 
alloys can achieve high strengths relative to other copper alloys.

Initially, during aging, there is clustering of the Be atoms in the 
copper matrix. These very fine clusters form Guinier-Preston zones 
on {100} matrix planes[2] [3]. The GP zones act as precursors to later 
coherent precipitates that provide strengthening, and eventually the 
incoherent equilibrium precipitate.

The basic precipitation mechanism is supersaturated alpha-Cu 
after quench, GP clustering on {100}, metastable gamma double-
prime, metastable gamma prime, then stable gamma equilibrium 
precipitate (Equation 1):

As in aluminum alloys, strengthening occurs before the formation 
of the equilibrium precipitate, and the onset of coarsening.

The gamma double-prime stage provides the largest amount of 
strengthening because it is extremely fine and coherent or nearly 
coherent with the face-centered cubic (FCC) α-Cu matrix. These γ" 

The most common uses of Be-Cu are in electrical applications, such as connectors, terminals,  and 
socket. But these alloys are also used in non-sparking tools and safety-related hardware.

Beryllium-copper alloys
T

Figure 1: Copper-rich end of the Beryllium-copper phase diagram. At 1,590°F, 
beryllium has a solubility of about 2.7% in alpha. At room temperature, the 
maximum solubility is less than 0.2% [1].

Equation 1
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precipitates are extremely small and are observable only through 
the TEM. They are typically body-centered tetragonal in structure 
and usually appear as plates or disc-shaped precipitates. 

The precipitates grow along the {100}a planes of the copper matrix. 
Coherency strains make dislocation motion difficult, so even a low 
volume fraction can produce a large increase in hardness and yield 
strength. 

The gamma prime phase is a metastable semi-coherent phase that 
appears after gamma double-prime during aging. It occurs before 
the precipitation of the equilibrium gamma phase. The γ' phase has 
an ordered body-centered tetragonal (BCT) structure, which is a step 
closer to the equilibrium body-centered cubic (BCC) structure of the 
equilibrium precipitate.

The morphology of γ' is either later plate like precipitates, or acicu-
lar or needle shaped, compared to the disc-shaped γ". Gamma prime 
is coherent on the {112}a or {112}a of the cop-
per matrix [4]. While γ’ still contributes to the 
alloy’s strength, it typically corresponds to 
the onset of over-aging, as the γ' grows and 
consumes the γ" phase, the hardness begins 
to decrease.

The final equilibrium precipitate, CuBe is 
an ordered body-centered cubic (BCC) struc-
ture, and is an intermetallic, with a 1:1 ratio 
of copper to beryllium atoms. It is incoherent 
with the copper matrix. 

A summary of the precipitates is provided 
in Table 1.

Cold work before aging generally increas-
es the rate and sometimes the magnitude of 
hardening. Plastic deformation raises the 
dislocation density, which provides hetero-
geneous nucleation sites and short-circuits 
diffusion paths. The result is often a faster 
approach to peak hardness and, in some 
cases, a higher peak because more precipi-
tates can nucleate on the stored strain field 
[1] [2] [3].

CONCLUSION
In this article, the basic precipitation 

sequence of beryllium-copper alloys has been discussed. In a later 
column, the aspects of heat treatment of beryllium-copper alloys will 
be provided.

Should you have any questions or comments regarding this arti-
cle, or suggestions for additional articles, please contact the editor 
or author. 

ABOUT THE AUTHOR
D. Scott MacKenzie, Ph.D., FASM, Quaker Houghton Research 
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member of the executive council of IFHTSE. He can be reached at 
kb0fhp@gmail.com.

Table1: Summary description of precipitates occurring in Be-Cu alloys [4]. 
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WHY A METAL 
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PLASTIC IN 
COOLING TOWER 
UPGRADE

In process cooling, 
few applications 
push the limits quite 
like powder metal 
sintering. (Courtesy: 
ProChemTech)
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Case study: Sintered metals plant finds long-term reliability and 
cost savings by replacing corrosion-prone metal towers with 
corrosion-proof engineered plastic.
By GREG RANKIN

n powder metallurgy, material selection is everything. 
Choosing the right alloy determines whether a compo-
nent will deliver reliable and long-term performance 
under intense environmental conditions such as high 

heat, extreme pressure, or excessive wear. A miscalculation can 
result in increased maintenance needs, premature failures, and costly 
downtime for end users.

The same principle applies to cooling towers. These systems are 
essential to industrial operations, constantly regulating heat loads 
to keep processes running smoothly. The material used in their con-
struction plays a critical role in determining reliability and longev-
ity. Many towers are built from galvanized metal, which is highly 
susceptible to corrosion and rust. Over time, this can result in greater 
maintenance demands, unplanned downtime, and expensive repairs.

For one sintered metals facility in western Pennsylvania, the deci-
sion to break away from traditional metal cooling towers was driven 
by both necessity and experience. Faced with unique high-tempera-
ture cooling needs and the financial burden of repeated replacements, 
the plant opted for high-density polyethylene (HDPE) engineered plas-
tic for its most recent upgrade.

THE HEAT IS ON 
In process cooling, few applications push the limits quite like powder 
metal sintering. Inside a sintering furnace, temperatures in the high-
heat zone can reach several thousand degrees Fahrenheit. The process 
bonds and shapes metal particles using heat and pressure without 
fully melting the material. This controlled fusion creates strong, pre-
cise parts while maintaining the desired material properties.

At the Pennsylvania facility, the water leaving some furnace zones 
is nearly boiling, requiring a specialized cooling system.

“They have a unique setup with hot and cold wells to manage those 
temperatures,” said Timothy Keister, chief chemist and head of the 
performance chemical division at ProChemTech.

Here’s how it works: Hot water from the furnaces flows into a hot 
well and is then pumped to the top of the cooling tower. After it is 
cooled, the water is stored in a cold well before being recirculated 
back to the furnaces. At the same time, the cold well water is con-
tinuously overflowing at a set rate into the hot well to decrease the 
temperature of the water going to the cooling tower.

“We call this a quench circuit, and it keeps temperatures below the 
melting point of the tower’s internal fill,” Keister said.

Due to these extreme operating conditions, the system operates 
with an unusually high temperature differential. Water enters the 
cooling tower at roughly 105°F and exits at 85°F — a much larger ΔT 
than the typical 10°F seen in many industrial cooling applications.

With this kind of heat load, reliability is critical. While some facili-
ties have emergency city water backups to prevent catastrophic fur-
nace damage, if the cooling system fails, production stops.

“There’s a lot riding on these towers,” Keister said. “Downtime is 
not an option.”

STRONGER BOND FORMED WITH HDPE
For decades, galvanized metal has been the default material for cool-
ing towers. While it can perform well in certain environments, metal 
is vulnerable to a range of chemical and mechanical stresses that 
limit its lifespan.

“With galvanized steel, you have to be very careful with your 
water chemistry,” Keister said. “If the pH goes above about 8.2, you 
get what’s called white rust. That eats the galvanized coating right 
off, leaving bare metal exposed, and corrosion sets in very quickly.”

Keister has personally witnessed metal towers disintegrate in as 
little as five years, and most fall in the 10- to 15-year range. 

Even stainless steel, often viewed as the premium option, is not 
invincible. In areas with high chloride levels, operators risk chloride-
stress corrosion cracking, especially at points where the metal has 
been bent or formed. In some cases, chlorides and certain chemical 
additives can react to form chlorine, which aggressively attacks stain-
less surfaces.

“I’ve seen stainless towers develop pinholes through the bottom 
within just a couple of years if the water chemistry is not just right,” 
Keister said.

I

HDPE cooling towers have steadily gained ground in industrial applications 
because of their ability to solve many of the challenges that plague metal tower 
designs. (Courtesy: ProChemTech)

http://thermalprocessing.com
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The financial implications go far beyond 
maintenance costs. While a new tower 
itself might cost anywhere from $80,000 to 
$150,000, installation can be double or even 
triple that. Cranes are required to lift the old 
unit out and place the new one, sometimes 
requiring nearby rail lines or roads to be 
closed.

Keister recalls one project where an aging 
metal tower was so badly corroded that it 
broke in half mid-lift, nearly causing cata-
strophic damage to the building below.

“When you add up the cost of replacing 
the tower and the installation every 10 or 15 
years, it becomes incredibly expensive,” he 
said. “If you can avoid those repeat installa-
tions, you’re way ahead of the game.”

HDPE tower lifespans range from 30 to 
50 years, dramatically reducing the need for 
costly replacements and installations. 

A COOL DECISION TO SPEC 
ENGINEERED PLASTIC
When it came time for their latest upgrade, 
the Pennsylvania sintering plant carefully 
evaluated its options. The facility needed a 
435-gallon-per-minute unit that could meet 
current production demands while support-
ing expected growth over the next decade. 
After reviewing stainless steel and engi-
neered plastic designs, the decision was clear: 
engineered plastic offered a level of durabil-
ity, reliability, and long-term performance 
that metal simply couldn’t match.

HDPE cooling towers have steadily gained 
ground in industrial applications because of 
their ability to solve many of the challenges 
that plague metal tower designs. For this 
plant, several key benefits drove the decision:

» Corrosion-proof and chemically resis-
tant: Unlike metal towers, HDPE is completely 
impervious to rust and corrosion. This resis-
tance makes it ideal for facilities with fluctu-
ating or challenging water chemistry, reduc-
ing both chemical costs and maintenance 
requirements.

» Seamless, one-piece construction: Most 
metal towers are assembled on-site using 
many pieces, which creates seams that even-
tually become leakage points. HDPE towers are molded as a single, 
seamless piece, eliminating this risk entirely. 

» Simpler, lower-cost installation: Engineered plastic cooling tow-
ers are significantly lighter than metal, which means smaller cranes 
and less complex rigging. This makes them faster and more affordable 
to install.

MATERIAL GAINS
Working with ProChemTech, the plant selected a Paragon model 
manufactured by Delta Cooling Towers, which has a maximum cool-
ing capacity of up to 250 tons and comes with a 20-year warranty. 
ProChemTech supplied the complete package, including the tower, 
pumps, and central control panel that manages the entire system.

As industrial facilities face increasing pressure to reduce costs, 
improve reliability, and minimize downtime, many are rethinking 
their approach to cooling tower materials. 

“Just as precise material selection inside the plant’s furnaces 
ensures strong, consistent parts, selecting the right material for the 
cooling tower will keep those furnaces, and the entire operation, run-
ning smoothly for decades to come,” Keister said. 
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While it can perform well in certain environments, cooling towers made of metal are vulnerable to a range 
of chemical and mechanical stresses that limit their lifespan. (Courtesy: ProChemTech)

For a sintered metals facility in western Pennsylvania, the decision to break away from traditional metal 
cooling towers was driven by both necessity and experience. (Courtesy: ProChemTech)
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There are a lot of hyperbole and myths regarding ancient heat 
treatment and quenching with much simply being wrong; however, 
this article looks at the works of possible quenchants used by ancient 
blacksmiths and how they may further the understanding of the 
technological and cultural contribution of the first metallurgists.
By D. SCOTT MACKENZIE, PHD, FASM

here have been many myths concerning the quenchants 
used by ancient blacksmiths in the heat treatment of 
swords and knives. Various liquids have been cited in 
the archeometallurgical literature as quenchants. Each 

of these quenchants is supposed to extend to the knife’s special and 
even mythical properties. Some possible quenchants used by ancient 
blacksmiths will be discussed.

INTRODUCTION
Much of the early history of quenching is unknown prior to 1500 AD 
because it wasn’t written down. There have been some texts written 
throughout the past that hinted at quenchants used, but very few 
detailed the process. 

Much of the history of quenching is interlaced with the early pro-
duction of iron. Probably one of the earliest references to smelting and 
blacksmithing is from the Old Testament in Genesis 4:22 [1] where 
Tubal-Cain is mentioned as “an artificer of bronze and iron.”

It is not known when steel was first created, or who first cre-
ated steel. It is suggested from tradition (Herodotus, Xenophon, and 
Strabo) and archaeological evidence [2] [3] that ironworking devel-
oped in the Middle East, in Turkey, near the plateau of Anatolia in 
1400–1200 BC by the Hittites [4] [5]. Iron smelting was well known by 
the second millennium, and described by Homeric poems (880 BC), 
the History of Herodotus (446 BC), and Aristotle [6] (350BC). Because 
of ore variation, and the skill of the individual craftsman, the pro-
duction of steel was often poor quality and limited in production [7].

One of the first mentions of quenching is from Homer (circa 800 
BC):

“As when a man who works as a blacksmith plunges a screaming great 
axe blade or adze into cold water, treating it for temper, since this is the  
way steel is made strong, even so Cyclops’ eye sizzled about the beam of the 
olive ….” Odyssey 9.389-9394, translation by R Lattimore

This dramatic image of quenching indicates familiarity with the 
concept of quenching of steel. But, much of the history of quenching 
has been shrouded in mystery and magic. 

QUENCHING MYTHS
One of the earliest myths perpetrated regarding quenching ancient 
steel was the idea that slaves or virgins were used as a quenching 
medium. The idea being that the hot sword or knife plunged into the 
body of a slave would impart special properties. Slaves as a quench-
ing medium was first presented with a tongue-in-cheek reference 
by Douglas Fisher [8]. This was previously noted by John Sullivan [9]. 
From a practical perspective, it is not likely that slaves or virgins were 
used as a quenching medium. The physical force required to plunge 
a blade while hot would likely cause the blade to deflect and warp 
due to Euler Column Theory [10]. Further, it is likely that the slaves 

would tend to writhe about, causing distortion to the blade. Lastly, 
slaves and virgins are not renewable. Any large production would 
certainly exceed the available supply.

In the first millennium, few technological advances were made 
in Europe. Some Icelandic sagas spoke of searching through many 
kingdoms to find the proper water to harden the sword Ekkisax and 
weapons that are hardened in blood [11]. Predominantly, the advances 
in metallurgical technology were located in the Arab world, India, 
China, and Japan. While European armor blacksmiths were improv-
ing and gradually perfecting their craft, the Crusaders of the 12th 
century had no steel that was the equal of Islamic metallurgy. The 
Japanese sword was even better than the Islamic sword by an even 
greater margin [12].

In an account of Second Captain Massalski [13], it was indicated 
the Persians quenched their steel in pre-heated hemp oil. He further 
indicated that grease and bone marrow were sometimes added to 
the quenchant:

“If it is a dagger, it is held f lat; if it is a sabre, it is quenched little by little, 
beginning by the end of the cutting edge, holding the latter toward the bath. 
This manoeuvre is repeated until the oil stops smoking, which proves that the 
blade has cooled. After quenching, the blade is always soiled with burnt oil. 
This dirt is removed by heating it enough to set light to a piece of wood and by 
rubbing with a rag from a bedsheet.” — English Translation by Graham Cross.

Pretextat-Lecomte is a French painter and mosaic artist who lived 
at the end of the 19th century and was invited to Istanbul for the 
restoration and reconstruction of some historical art pieces. He spent 
many years in Istanbul, and from his studies of oriental arts, he wrote 
the “Arts and Crafts of the Orient” in 1902. (Les Arts et Metieres de la 
Turquie de l’Orient, published in Paris in 1902) [14]. He described the 
process of quenching a blade:

“... Now it was required to quench it in order to give it the necessary strength, 
and that was the interesting point of the procedure: Europeans quench the steel 
in water, vegetable oil, or cattle fat, but in the East they were doing it on air. 
When the craftsmen were done with the processing of the metal, they heated 
it until totally red and gave it to a cavalry man waiting on his horse, ready for 
a ride. The cavalry man rode his horse in the wilderness, waving the blade in 
the air with crazy screams to make his horse ride faster.”

On the other hand, “air quenching” was certainly not the only 
method for making “superior steel” in the Ottoman period. Kemankes 
(translation is Bowman) Mustafa Aga gives a special formula in his 
book, The Book of Arrow [15], for making armor-piercing arrowheads 
and sword blades. His quenching medium consists of:

»1 okka Quick Lime (CaO)
»1/2 okka Soda (NaCO)
»1/2 okka Carbonas Cupricus (Copper Oxide?)
»1/2 okka Arsenic Sulphate (AsS)
» 2 okka Radish juice
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A review of the adoption of different types of post-treatment 
processes for extrusion and sinter-based technology.
by ALESSANDRO PELLEGRINI, MARIA GRAZIA GUERRA, ROBERTO SPINA, and FULVIO LAVECCHIA

aterial extrusion for metals (MEX/M) has emerged as a 
cost-effective and versatile additive manufacturing tech-
nology (AM) for producing complex metal components. 
Despite its potential, parts realized via MEX/M suffer 

from significant limitations, primarily poor surface quality due 
to the intrinsic layer-wise effect from the printing deposition and 
selected printing conditions. Furthermore, the multi-step nature of 
the MEX/M process, particularly the sintering stage, can exacerbate 
roughness along with the printing orientation, thereby affecting part 
performance and limiting potential applications. In addition to sur-
face defects, MEX parts are characterized by a high content of porosity 
when compared to other metal AM technologies such as powder bed 
fusion laser-based (PBF-LB) and directed energy deposition laser-based 
(DED-LB). These defects, both on the surface and within the parts, can 
compromise the mechanical properties and overall quality of the 
final parts. In this context, the scientific community has increasingly 
recognized post-treatment processes as essential for simultaneously 
improving surface quality and enhancing bulk material properties. 
This review, according to the PRISMA 2020 guidelines, provides a 
comprehensive analysis of the most critical post-treatment processes 
applied to MEX/M parts. By critically reviewing the state-of-the-art, 
this article discusses how these treatments can effectively mitigate 
outer and inner defects, reduce porosity, and significantly improve 
mechanical performance, ultimately enabling the broader industrial 
adoption of MEX/M technology.

1 INTRODUCTION
Material extrusion for metals (MEX/M) is a multi-step additive man-
ufacturing (AM) technology composed of three main stages: print-
ing, debinding, and sintering. The first stage of printing is essential 
to generating the green part, so the designed part is composed of 
a mixture of polymers and metal particles. The printing deposi-
tion induces in the part the layer-wise effect that characterizes AM 
technologies. In detail, during the printing, the feedstock can be 
deposited through the nozzle using a filament-based approach (such 
as the atomic diffusion additive manufacturing (ADAM) technique 
proprietary of Markforged Inc.), a plunger-based approach (such as 
the bound metal deposition (BMD) technique proprietary of Desktop 
Metal Inc.) or a screw-based one. For each extrusion mechanism, there 
are corresponding proprietary or commercial feedstock shapes, such 
as filaments, bars, and granules of pellet [1,2]. Regardless of the dif-
ferent extrusion mechanisms, potential defects can arise, such as 
inner and outer pores and lack of adhesion between the deposited 
strands or between the layers [3]. These defects can deteriorate the 
strength of the parts in further stages. After printing, the debinding 
is carried out. As for other multi-step sinter-based technologies, such 
as binder jetting for metals (BJT/M) and metal injection molding (MIM), 
the debinding is a crucial phase. Indeed, depending on the adopted 
binder and the volume percentage of metal powder, the selection of 
how the polymers are to be removed is very important [4]. Solvent-
based, thermal-based and catalysis-based approaches are the main 
types of debinding that can be adopted, or often a combination of two 

of them is used [4]. During debinding, choosing a balanced combina-
tion of time and temperature can prevent the incomplete removal 
of the polymers. Indeed, when this happens, undesired defects such 
as blistering, swelling, or cracks may occur on the debound part (or 
brown part) and, consequently, on the sintered one [5,6]. Finally, the 
sintering stage is the fundamental phase for providing the desired 
material characteristics to the designed part. This stage considers dif-
ferent process parameters to drive the part to the desired conditions. 
In this context, sintering time and holding time are the main drivers. 
Indeed, a good compromise of time and temperature is fundamental 
to completing the densification of the powder, obtaining a homog-
enous microstructure and controlling the shrinkage [7,8]. Moreover, 
considering sintering theory, heating rate, cooling rate, and atmo-
sphere, each play a fundamental role [7,9]. Along with the printing 
stage, the sintering stage can also induce various defects on the part, 
such as residual pores due to an incomplete sintering of the powder, 
a worse surface quality compared to the green condition, unpredict-
able shrinkage, and potential oxidation of the surface or carbon and 
oxygen contamination inside the part [6,10,11].

MEX/M: Parts Criticalities
According to the literature, MEX/M covers a large range of metal alloys 
from the most common stainless steels (e.g., AISI 316 L and 17-4 PH) 
[12,13] to tool steels [14], copper (Cu) and its alloys [15], aluminum 
alloys [16], titanium alloys [17], and superalloys [18]. This wide variety 
of materials available for MEX/M allows a range of different properties 
according to the specific application field. However, the multi-step 
nature of the technology can generate defects on the sintered parts, 
making them not directly suitable for the desired scope. In detail, 
the literature confirms how residual porosity and surface defects 
remain the main challenging aspects for the industrial applicability 
of MEX/M. These defects appear sometimes hard to avoid because 
of the extrusion- and sinter-based processes [3]. Achieving the high-
est densification of the sintered parts is the key target for reaching 
the intrinsic material properties. Indeed, it appears more frequently 
that the adoption of customized printing strategies during the depo-
sition can fill the inner voids in the green parts. This is performed 
by modifying the main influencing parameters (e.g., flow rate) [19] 
or generating specific algorithms for the deposition path [3,20]. 
Furthermore, tailored sintering profiles can also provide benefits 
to the density of the parts and, consequently, to their mechanical 
properties, microstructure, and shrinkage [21]. Based on the existing 
literature, the achieved range of sintered density values is between 
95 percent and 98 percent of the relative value. This value appears 
lower than ones typically achieved with other metal AM technologies. 
Indeed, the residual porosity reduces the load section of the MEX/M 
parts, which are therefore often mechanically weaker than parts 
produced by other AM methods. Consequently, the growing inter-
est in MEX/M in recent years prompted the scientific community to 
consider potential solutions to overcome the current technological 
limits. Therefore, MEX/M technology is nowadays an affordable and 
fast solution for the prototyping of metal components, and it is start-
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ing to be a good alternative in the manufacturing of fixtures, molds, 
tools, and spare parts. Nevertheless, the aforementioned criticalities 
still limit the application scenarios. In this context, the adoption of 
post-treatment processes appears fundamental to enhancing MEX/M 
part performance and tailoring the material properties.

The aim of the present review is to provide an overview of the 
most common post-treatment processes applied to parts produced 
by MEX/M, specifying their purposes, the properties that can benefit 
from their implementation, and the potential future perspectives for 
industrial applications.

2 POST-TREATMENT PROCESSES
Post-treatment processes are usually applied to improve various prop-
erties of parts realized through laser-based metal AM technologies. 
Indeed, the as-built parts derived from laser-based and powder-based 
technologies are frequently subjected to dedicated post-treatments to 
reduce thermal residual stress, microstructural instabilities, agglom-
erates of partially fused powder, and balling effects [22]. According 
to the literature, several kinds of post-treatment processes can be 
applied to the metal parts using different technological methods: 
thermal, mechanical, and chemical [22,23]. Each of these techniques 
has an effect on the mechanical, surface quality, and microstructural 
characteristics.

Concerning MEX/M, there is also a large variety of post-treatment 
processes that can be adopted according to the specific application. 
In this review, they will be grouped into three categories: heat treat-
ments (HT), surface treatments (ST), and machining technologies (MT).

Following the “Preferred Reporting Items for Systematic Reviews 
and Meta-Analyses” (PRISMA) guidelines, this review article employed 
a systematic search strategy as reported in 
[24]. Relevant studies on the MEX/M post-
treatment processes on as-sintered parts 
from the last five years were considered. 
Indeed, from this analysis, articles based on 
the adoption of post-treatment processes on 
polymer parts produced through MEX and 
on green parts produced through MEX/M 
are considered unsuitable. As reported in 
the PRISMA flow chart (Figure 1), Scopus, 
Google Scholar, ScienceDirect, and Springer 
databases are used for the analysis.

Once enough papers were chosen, the 
selected papers were first analyzed and 
classified according to the main categories 
of post-treatments: HT, ST, and MT. Subsequently, the specific treat-
ments applied were identified, as well as the outputs investigated. In 
detail, three main outputs, such as tensile properties, surface rough-
ness, porosity, etc., were considered to evaluate the effects of the 
post-treatment processes. Figure 2a reports an overview of the main 
categories of post-treatment processes adopted in the analyzed papers. 
Figure 2b, instead, shows the specific techniques and their frequency.

2.1. Heat Treatments

2.1.1. Aging Treatment
The AM metal parts possess a unique microstructure and residual 
stresses. Therefore, conventional heat treatments are often applied 
to homogenize the microstructure and reduce these stresses, in addi-
tion to tailoring the overall material properties [25]. Heat treatments 
are the most frequent and effective techniques used to overcome the 
limits of the MEX/M parts, as shown in Figure 2a. In detail, based on 
the current literature, the “aging” treatment covers ≈50% of the post-

Figure 3: Materials under investigation for post-treatment processes on 
MEX/M.

Figure 2: (a) Pie chart of the main post-treatment processes adopted. (b) Specific post-treatment processes 
mentioned in the analyzed papers. The colors of the bars are derived from the pie chart. HIP refers to hot 
isostatic pressing and SMAT refers to surface mechanical attrition treatment.

Figure 1: Flow chart according to PRISMA guidelines [24].
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treatment processes adopted (see Figure 2b). 
Other heat treatments such as hot isostatic 
pressing (HIP) and quenching are less adopt-
ed. The predominance of aging is related to 
the availability of heat-treatable materials 
as feedstock for MEX/M, such as the precip-
itation-hardened martensitic stainless steel 
(e.g., 17.4 PH). Indeed, as reported in Figure 3, 

more than 50 percent of the works mention-
ing a post-treatment process refer to 17-4 PH 
stainless steel.

According to the relative standard ASTM 
A564 [26], aging treatments on 17-4 PH stain-
less steel are performed after a solutioning 
treatment (SHT) at 1,040°C for 0.5 to 1 hours. 
However, aging can be performed without 

Figure 6: Comparison of UTS values after SHT + H900 for 17-4 PH stainless steel [13,21,26,27,28,29,31,35]. 
*refers to a cooling in water.

Figure 5: (a) Chemical mapping of copper and silicon on 17-4 PH that is H900-heat-treated [34]. (b) Image of 
microstructure of a 17-4 PH and (c) relative chemical maps [30].

Figure 4: Tensile test curves in the as-sintered condition and the aged one for the different printing 
orientations. W = on-edge, T = flat, and L = upright. Adopted from [25].
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prior solutioning, and in this case it is called “direct aging.”
Abe et al. [27] and Bouaziz et al. [28] applied aging on 17-4 PH parts. 

In both works, the authors considered the H900 treatment (482°C for 
1 hour) with a prior solutioning treatment and compared the prop-
erties of the as-sintered parts and the aged parts in terms of tensile 
properties. The H900 condition is named “peak hardening” condi-
tion because the highest values of tensile strength and hardness are 
reached. Indeed, according to the standard, the minimum tensile 
strength is 1,310 MPa, the minimum yield strength (YS) is 1,170 MPa, 
and minimum hardness is 40 HRC. Abe et al. [27] observed for differ-
ent printing orientations (see Figure 4) an increase up to a maximum 
of 1,100 MPa of ultimate tensile strength (UTS) starting from a range 
of 840-880 MPa. At the same time, as expected, the aged parts became 
more brittle, with a significant decrease in elongation. Bouaziz et 
al. [28], instead, using the proprietary system ADAM, observed an 
increase in UTS of 16 percent in the aged parts compared to the sin-
tered ones. Furthermore, the surface roughness was evaluated. A 
slight increase in average roughness (Ra) from 4.1 μm to 4.6 μm was 
obtained, possibly due to the thin external oxide layer generated on 
the surface after the HT.

Akessa et al. [29] investigated the response of 17-4 PH parts, vary-
ing the holding time (0 hours, 0.5 hours, or 1 hour) of SHT before the 
hardening stage H900 treatment and the cooling phase (air or water). 
Authors described a notable increase in UTS, up to 1,078 MPa, and in 
YS, up to 921 MPa, when the parts were solutioned at 1,038°C for 0.5 
hours, aged and cooled with water. Indeed, cooling with water after 
H900 aging produced parts with a significantly higher YS compared 
to the parts cooled in air. In detail, YSs equal to 513 MPa (SHT time 
= 0.5 hours) and 602 MPa (SHT time = 1.0 hour) were observed for 
cooling in air, instead of 921 MPa (SHT time = 0.5 hours) and 892 MPa 
(SHT time = 1 hour) for cooling in water. However, the highest value 
of hardness (417 ± 29 HV) was recorded with prior solutioning for 1 
hour and cooling in air. Another aspect often considered is the effect 
of the heat treatment on the residual porosity of the parts. Different 
authors analyzed how, after a specific heat treatment, the porosity 
in the parts changes. Pellegrini et al. [30] heat-treated 17-4 PH parts 
fabricated through different industrial extrusion-based technologies, 
such as ADAM, BMD, and traditional MEX filament-based technology. 
The H900 (482°C for 1 hour) and H1150 (620°C for 4 hours) condi-
tions were adopted and investigated for their effects on hardness and 
porosity. The H1150 condition, referred to as “overaging,” provides the 
highest ductility, accompanied by a corresponding decrease in hard-
ness. Following the two aging treatments, hardness changed notably, 
particularly after H900, compared to H1150. More significant, how-
ever, was the effect on porosity. Indeed, the heat treatment reduced 
porosity from minus-1.5% to minus-34.3% compared to the as-sintered 
condition. Less significant were the differences in porosity observed 
by Go et al. [21] after SHT + H900. However, as observed also in the 
previous works, the mechanical response registered a significant 
increase in UTS (+9.3%), YS (+24.9%), and hardness (+17.6%), but also 
of the elongation (+26.7%).

Liew et al. [31] derived, from the aging treatment (H900 and H1150), 
interesting results relating to UTS (1,235 MPa) after H900, and to an 
elongation of 10.9% (≈+203% higher than the as-sintered condition) 
after H1150. These significant variations, as is widely discussed in 
the literature, are due to the enrichment of copper (Cu) precipitates 
in the matrix [30,32,33]. In Figure 5a and 5b, the matrix of 17-4 PH 
parts with a significant enrichment in copper can be seen. The ten-
dency of Cu-precipitates to deposit on the grain boundaries emerged 
from the chemical mapping (see Figure 5b). However, when increas-
ing the aging temperature and aging time, the Cu-precipitates tend 
to be coarse, favoring the increase in ductility. On the other hand, 

Figure 9: (a) Coefficient of friction (CoF) comparison, (b) wear-rate values for 
as-sintered and heat-treated M2 samples, (c) wear track on M2 as-sintered, and 
(d) wear track on heat-treated M2. Adopted from [35].

Figure 8: CT image of (a) as-sintered parts pre-HIP and (b) as-sintered parts 
post-HIP. Adopted from [34].

Figure 7: Illustration of a HIP process. *The image was created through an AI 
assistant tool.
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authors [31] found a notable result related to the pitting corrosion 
resistance that increased with the aging treatment, compared to the 
as-sintered condition. In detail, when overaged, the highest pitting 

potential (Epit) is achieved.
With the aim of making a comparison of the above mentioned 

results, Figure 6 reports the UTS achieved in the as-sintered on 17-4 
PH parts after SHT + H900. Despite receiving the same post-treatment 
process procedure, notable differences were observed between the 
studies. Bouaziz et al. [28] reached the lowest UTS after SHT + H900 
(825 MPa), despite Liew et al. [31] and Akessa et al. [29], using the same 
MEX/M technique (e.g., ADAM), reaching 1,235 MPa and 1,075 MPa, 
respectively. In the same way, in the work of Go et al. [21], the differ-
ences between as-sintered and aged were minimal (≈9.3%). In this case, 
a different sintering procedure, due to the different feedstock, can 
alter the result of the aging process. Finally, as observed in [29], when 
water was used as cooling agent, a notable increase in strength was 
achieved due to the rapid cooling of the quenching and the arising 
of the martensite phase.

Similarly, Forcellese et al. [34] exploited the intrinsic corrosion 
characteristic of the 17-4 PH material to understand how heat treat-
ment can affect the localized corrosion resistance. Different printing 
orientations were investigated (orthogonal, parallel, and 45° with 
respect to the printing bed). Authors observed how the 17-4 PH parts 
realized through BMD increased their corrosion resistance properties 
thanks to the heat treatment that favored the growth of the chromi-
um-rich ferritic phase, improving the localized corrosion resistance 
properties.

Finally, based on investigation of the literature, Thompson et al. 
[18] reported the effect of aging treatment on a nickel-based alloy and, 
in particular, Inconel 718. Nickel-based alloys are heat-treatable as a 
PH martensitic stainless steel. In detail, a typical heat treatment for 
the superalloy consists of a solutioning at 980°C for 1 hour, air cool-
ing and subsequent aging at 720°C (8 hours) and 620°C (8 hours) in 
air to tailor the microstructure, favoring the precipitation of niobium 
precipitates. Compared to the previous works on 17-4 PH, residual 
porosity remained in the parts, but a significant enhancing of the 
mechanical performance after the aging treatments was observed.

2.1.2 HIP and Other Heat Treatments
Hot isostatic pressing (HIP) is a well-known heat treatment fundamen-
tal to consolidating metal powder, increasing density, and reducing 
porosity [23]. Generally, the process involves placing the part in a 
high-pressure furnace and subjecting it to both high temperature 
and uniform pressure from an inert gas such as argon (see Figure 7).

HIP is a crucial process for AM metal parts thanks to its capability 
to reduce porosity occurring during the manufacturing process. In 
this context, HIP for sinter-based processes such as the MEX/M can 
have a pivotal role. Nevertheless, the literature reports few examples 
about the use of HIP on MEX/M parts. Wang et al. [36] applied HIP for 
the first time on 316 L parts fabricated via MEX. As expected, the most 

significant result was in terms of porosity. 
Indeed, the authors decreased the porosity 
from 7.5 percent in the as-sintered parts to 
0.3 percent in the HIPed parts, as reported in 
Figure 8a and 8b, respectively. Therefore, the 
reduction in porosity suggested an improve-
ment in the mechanical properties, such as 
the tensile ones. Indeed, the UTS increased 
from 412 MPa to 540 MPa (+31%).

Ajjarapu et al. [15] analyzed the effects 
of the HIP process on pure copper parts. 
As for the previous work, the HIPed parts 
achieved a density of 97.7 percent, leading 
to higher UTS (+10%), higher elongation 
(+40%) and a higher Young’s Modulus (+100%). Figure 12: (a) Representation of SMAT [38] and (b) shot peening process [22].

Figure 11: Results comparison of (a) tensile test curves, (b) tensile properties, 
and (c) fatigue test. Adopted from [13].

Figure 10: Scanning Electron Microscope (SEM) image of an as-sintered sample 
on top and lateral faces and a shot peened one. Adopted from [13].
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Furthermore, the authors evaluated the intrinsic properties of cop-
per such as the electrical conductivity, pre- and post-HIP. A dramatic 
increase in the electrical conductivity, close to 100 percent of IACS 
(International Annealing Copper Standard), was achieved thanks to 
the higher densification provided by the HIP process.

From Figure 2b, other heat treatments, such as quenching, have 
been less extensively investigated for metal parts fabricated via MEX. 
Generally, quenching is employed to increase the hardness of the 
metal through rapid cooling in water, oil, or gas. To reduce the brittle-
ness introduced by quenching, a subsequent tempering step is often 
performed to enhance the toughness of the metal.

An example is reported by Naranjo et al. [37] on M2 tool steel pro-
duced through MEX technology. The authors heated MEX parts up 
to 1,180°C and performed oil quenching in the first step, followed 
by tempering at 525°C in a secondary step. They highlighted the 
benefits of heat-treating the parts, noting that the microstructure 
became more homogeneous, with a phase transformation from aus-
tenite to martensite and an enrichment of carbides, which resulted 
in increased hardness. Hardness in the as-sintered condition was 

≈45 HRC and moved up to ≈62 HRC after the 
quenching and tempering cycles. Finally, the 
authors analyzed the tribological properties 
of the as-sintered and heat-treated parts. M2 
tool steel, indeed, is often adopted in highly 
complex working conditions. The heat-treat-
ed parts showed better tribological proper-
ties than the as-sintered counterparts thanks 
to a higher hardness that generated a higher 
coefficient of friction (CoF) and a lower wear 
rate (see Figure 9a and 9b, respectively). The 
wear effects on the surfaces for an as-sin-
tered sample (Figure 9c) and a heat-treated 
one (Figure 9d) are reported.

2.2 Surface Treatments
Regardless of the extrusion mechanism, the 
parts realized through MEX suffer from a 
poor surface quality due to the layer-wise 
effect generated by the deposition of layer upon layer. Indeed, the 
wrong choice of some printing parameters can influence the outer 
surfaces, generating undesired voids the deposited strands or 
between layers. As for the other metal AM technologies, a rough sur-
face, especially along printing orientation, can potentially affect the 
parts’ response by reducing the application window of the produced 
parts. In this context, surface post-treatment processes appear to be 
the best solutions to overcome these limitations. Various surface post-
treatment processes have been applied to the metal parts fabricated 
in AM. However, considering the MEX/M, this area is still unexplored. 
In Figure 2a, the papers related to the surface post-treatment are 
only 16 percent of the total, and when including machining tech-
nology as well, the total is lower than 40 percent. The modification 
of the surface properties of MEX/M parts is performed exclusively 
through mechanical treatments. In detail, it is requested that a tool 
(e.g., cutting tool, media, or granules) with determined characteristics, 
deforms, removes, or finishes the material surface (Figure 10).

Based on Figure 2b, shot peening, surface mechanical attrition 
treatment (SMAT), and polishing were the adopted processes. In this 
section, the machining is excluded from the discussion because it 
will be discussed more deeply in a dedicated section.

A significant contribution to this topic was proposed by 
Suwanpreecha et al. [13]. In their work, they showed how different 
post-treatment processes can affect MEX parts’ characteristics. In 

Figure 15: (a) Comparison of UTS values for the different printing orientations 
in as-sintered condition (orange bar) and machined condition (green one). 
(b) 90° printing orientation: UTS and Ra values for the different conditions. 
Adopted from [43].

Figure 14: Fatigue test sample after printing, sintering, and machining. Adopted from [12].

Figure 13: Three-dimensional profile of sample in (a) as-sintered condition and 
(b) SMAT condition. (c) Comparison between as-sintered and SMATed sample 
in terms of open porosity. Adopted from [40].
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detail, the authors used a shot peening process on 17-4 PH samples 
and evaluated different outputs such as surface roughness, tensile 
properties, and fatigue strength. The comparison for the top surface 
and lateral surface between the as-sintered and shot-peened samples 
is reported in Figure 10. The shot peening process removed any poten-
tial characteristics of MEX parts. Indeed, the typical layer-wise effect 
(lateral view) was completely removed, and the deposited strands were 
absent. In this context, the surface roughness (Ra) decreased dramati-
cally from 6.60 ± 0.84 μm to 2.90 ± 0.14 μm on the top faces and from 
15.80 ± 1.00 μm to 3.40 ± 0.30 μm on the lateral faces. Furthermore, 
the reduction in surface roughness allowed the sample to obtain a 
slight increase in tensile properties (+5.6% in UTS, +7.9% in YS) and 
significant improvement in fatigue strength (+46.2%). However, the 
authors obtain the best UTS, YS values and fatigue properties when 
the samples were shot peened and aged as reported in Figure 11a-c. 
These findings suggest how a combination of two or more post-treat-
ment processes can be the right way to overcome the defects of the 
parts and the technological limitations of MEX/M.

To improve the tensile properties and surface roughness of 17-4 PH 
parts, Chemkhi et al. [38] adopted the SMAT process, a variant of the 
shot peening process with a multitude of parameters. SMAT consists 
of the high-frequency vibration of spherical balls (see Figure 12a) that 
creates a nanocrystallized layer at the material surface. On the other 

hand, the shot peening process (see Figure 
12b) is a cold-working process that uses a 
stream of small shots to affect the mate-
rial’s surface. Chemkhi et al. [38], through 
SMAT, observed a notable increase in UTS 
from 500 MPa to 700 MPa (+40%), along with 
a remarkable reduction (≈90%) in the rough-
ness measured on the top faces. The notable 
increase in the UTS appeared to be strictly 
related to the reduction in Ra and potential 
superficial defects that can generate crack 
initiation in the part. Indeed, the multiple 
shots that impact on the surface increase the 
hardness of the material, induce compressive 
residual stresses [22], and modify the grain 
size. All these characteristics typical of a 
surface mechanical treatment can enhance 
the mechanical response of the parts. Gong 
et al. [39], similarly, applied the SMAT tech-
nique on 17-4 PH samples and investigated its 
effects under mechanical loading. Firstly, the 
UTS tended not to vary; instead, the elonga-
tion of the SMATed samples reduced due to 
the hardening of the material (from ≈2.6% 
to ≈2.1%). Significant results, instead, were 
observed in the surface porosity. Indeed, 
SMAT reduced the pore content on the sur-

face, also known as “open porosity,” and their size in the initial stage 
under load (about 1.5 percent of strain). More than 1.5 percent of the 
strain, the pores closed through SMAT reopened, and no differences 
between the as-sintered and the SMATed ones are observed. Finally, 
a significant impact of the SMAT was observed in the deformation 
mechanism and crack propagation thanks to the reduction in super-
ficial defects, pores, and surface roughness.

The SMAT process also appeared beneficial for the tribological and 
corrosion behavior of 17-4 PH parts. Indeed, the decrease in roughness 
(see Figure 13a, 13b) and the closing of the open porosities (Figure 
13c) reduced the wear of the parts through abrasion and adhesion 
and at the same time avoided triggering of corrosion crevices. Naim 
et al. [40] indeed observed a reduced wear rate of the SMATed samples 
compared to the as-sintered ones. Furthermore, the corrosion prop-
erties, such as potential (Ecorrosion), current (Icorrosion), and localized 
potential (Elocalized) improved after SMAT.

As for the SMAT process, shot peening process parameters must 
be optimized to avoid undesired results. Hence, Suwanpreecha et al. 
[41] analyzed the effect of the shot peening time (5, 25, 50, and 75 
minutes) on 316 L parts fabricated through BMD using hydroxyapatite 
as material media. After an initial decrease to 1.95 μm at 25 minutes, 
the Ra started to increase, becoming higher than the as-sintered con-
dition at 75 minutes (2.57 μm vs. 2.42 μm). However, at the highest 

Figure 16: (a) Different stages of the methodology. (b) Roughness parameter comparison (as-sintered vs. 
machined). Adopted from [44].

Table 1: Comparison of surface roughness values for different post-treatment processes.
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exposure time, the best results in terms of 
microhardness and tribological properties 
(coefficient of friction and wear rate) were 
obtained thanks to the induced work harden-
ing mechanism of the post-treatment process.

2.3 Machining Technologies
Machining technologies belong to conven-
tional manufacturing (CM) processes, togeth-
er with forging and casting. Despite AM tech-
nologies and CM technologies often having 
been considered alternatives to each other, 
their combination generated a new area of 
manufacturing called “hybrid manufactur-
ing.” This hybridization consists of the adop-
tion of CM technologies as post-treatment 
processes for parts manufactured through 
different AM technologies to satisfy geomet-
ric, dimensional, and surface quality require-
ments [42]. Indeed, computer numerical con-
trol (CNC) machines are commonly used to 
remove metal parts produced by laser-based 
technologies from the printing bed. In a sub-
sequent step, the parts are reworked using 
CNC machining to eliminate typical defects 
resulting from the additive process. In the 
industrial landscape, DMG Mori AG (Tokyo, 
Japan) is the pioneer and leader company 
in the hybrid manufacturing area. On the 
other hand, in the last decade, the scientific 
community has deeply investigated this area, 
especially considering PBF-LB and DED-LB 
technologies.

Over the past five years, MEX/M has begun 
to adopt this hybrid approach. According to 
the available literature, milling is the pre-
ferred machining technique (see Figure 2b). 
In particular, CNC milling machines are 
employed for their high accuracy and repeat-
ability, allowing the correction of manufac-
turing errors or achievement of the desired 
part dimensions.

CNC machining was adopted by Tecelli et 
al. [43] and Jansa et al. [12] in their respec-
tive works. Jansa et al. [12] adopted the CNC 
machining for each sample test, as report-
ed in Figure 14. In addition, the authors 
observed how the machining provided sig-
nificant improvements in the elastic modu-
lus of the samples tested under a bending test (about two times) and 
in the flexural stress, which was about 8 to 11 percent higher than 
in the as-sintered condition.

Tecelli et al. [43] observed how the machined test samples reduced 
the initial surface roughness along the printing orientation (the most 
critical one) from 10.22 μm to 0.48 μm and enhance the UTS along 
each printing orientation as reported in Figure 15a, 15b. However, 
the improvement in Ra and UTS appeared lower compared to the 
machined and polished samples (0.08 μm and 1,030 MPa, respectively), 
but higher if compared when the samples are machined and H900 
aged. These results confirmed the observation in [13] that the com-
bination of the post-treatment processes enhances the properties of 
the MEX/M parts.

With respect to the previous work, Monzón et al. [44] reported 
an interesting approach for the hybrid manufacturing of MEX/M 
Cu-parts. The aim of their study was to provide an analysis of dimen-
sional characteristics and surface characteristics of different types of 
test artifacts realized through ADAM technology. These parts belong 
to the standard ASTM 52902:2019. The process chain consisted of 
the printing, debinding, and sintering of the artifacts, subsequent 
analysis of the reduced dimensions after sintering due to the shrink-
age, computation of the oversizing factors for machining process, and 
validation of the methodology. The results obtained allowed them 
to define the oversizing factors for a complex part in a hybrid manu-
facturing process chain (see Figure 16a). In Figure 16b, instead, the 
surface properties in terms of roughness (Ra, Ry, and Rq) were evalu-

Table 2: Summary table of post-treatment process category and detail, material and main properties 
investigated for each author. HT (heat treatment), ST (surface treatment), MT (machine technology).

Figure 17: Analysis of the investigated properties based on the analyzed literature.



thermalprocessing.com   31

ated pre- and post-machining treatment, and 
an overall decrease ≈81% was obtained.

With respect to previous works, in the 
work of Kolomy et al. [14], the inadequate 
surface characteristics of the as-sintered 
parts were considered the main issue of the 
MEX/M parts for the industrial application 
fields. In this context, the authors reported 
a structured approach to define the best 
combination of cutting parameters for H13 
parts fabricated through MEX/M and make 
the surface characteristics compliant to 
the strict industrial quality requirements. 
Cutting speed, feed per tooth, and cooling 
were considered tunable process parameters 
for their work. After several tests, authors 
identified 80 m/min, 0.005 mm/tooth and 
flood cooling as best combinations. Indeed, 
a significant low Ra was obtained (0.08-0.09 
μm) and the microhardness of the machined 
parts increased +20% with respect to the as-
sintered condition. However, the authors 
reported that using flood cooling along 
with the highest cutting speed and feed per 
tooth resulted in the highest compressive 
residual stresses in the samples. Conversely, 
dry machining produced slightly higher sur-
face roughness (Ra = 0.08-0.10 μm) but lower 
compressive residual stresses.

The comparison of the effects of surface 
roughness for the investigated post-treat-
ment processes is reported in Table 1. The 
analyzed surface is considered due to the 
evident differences that MEX/M parts show 
between the lateral faces and the top face. 
When the authors did not specify the surface 
of analysis, “n.d.” is reported.

In summary, significant improvements 
were observed after each post-treatment 
process, with a final Ra value in the range 
of 0.08-2.48 μm after machining, 0.04-0.46 
μm after SMAT and slightly higher after shot 
peening at 1.95-3.40 μm. Polishing, instead, 
allowed the achievement of a final Ra equal 
to 0.08 μm, with the highest percentage 
variation (DRa%) being equal to minus-99.2% 
with respect to the as-sintered condition. The 
DRa% was calculated as the percentage varia-
tion in Ra before the post-treatment process 
and after.

2.4 Summary of the Results
In this section, an overview of the analyzed 
and discussed papers is reported in Table 2. 
A representative graph of the main investi-
gated properties is reported in Figure 17.

3 OUTLOOK AND INDUSTRIAL 
APPLICATIONS
MEX/M technology is still undergoing inten-
sive investigation across all its main phases, 
as researchers continue to optimize processes 

and mitigate the well-known limitations that 
characterize multi-step technologies. The 
adoption of post-treatment processes is rec-
ognized as a necessary step to overcome the 
inherent limitations of the MEX/M process 
chain. While a sequenced approach of two 
or more post-treatments has been shown in 
a few studies to combine and amplify individ-
ual process benefits, this expansion directly 
conflicts with management factors such as 
production time and cost. Accordingly, the 
challenge for the combination of MEX/M and 
post-treatment processes lies in defining a 
critical balance between these technological 
benefits, the economic constraints, and the 
environmental impact of the process chain.

Furthermore, the analyzed literature sug-
gests a significant shift in the scientific com-
munity’s approach: Post-treatment processes 
are no longer seen as a separate, optional step 
but are now considered essential to making 
MEX parts industrially viable and competi-
tive. This evolution is driven by the recogni-
tion that post-processing is a critical tool for 
enhancing material properties and quality. 
A more advanced trend is the development 
of “in-process treatments.” Thanks to tech-
nological advancements and the integration 
of different enabling technologies, both 
industries and academia are exploring inte-
grated manufacturing systems. Collaborative 
robots or other automated systems that com-
bine the MEX printing process with a post-
treatment step are under development or in 
the prototyping phase. This approach allows 
post-treatments to be implemented not as a 
separate workstation operation, but as a lay-
er-by-layer, or quasi-layer-by-layer process, 
integrated into fabrication. In addition, in 
situ visual scanning systems able to monitor 
the deposited layers can further improve the 
industrial applicability of this technology.

4 CONCLUSIONS
The present review paper has dealt with the 
adoption of different types of post-treatment 
processes for metal parts realized through 
material extrusion (MEX/M). The adoption of 
post-treatment processes opens the possibil-
ity to enhance mechanical properties, tailor 
the microstructure, reduce the porosity, and 
improve the surface roughness. Based on the 
analysis of the available scientific literature, 
heat treatment, surface treatment, and 
machining are identified as the main post-
treatments adopted. The predominance of 
heat treatment (they represent about 60 per-
cent of the performed treatments on MEX/M 
parts) is strictly related to the characteristics 
of the feedstock material available for MEX/M, 
the easiness to perform, and the relevant 
impact on material properties. Surface treat-
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ments are also commonly applied, and studies focused on enhancing 
surface finish and dimensional precision through machining play a 
key role in advancing hybrid manufacturing technologies. The imple-
mentation and optimization of hybrid processes enable the reduction 
or elimination of typical AM defects, while preserving their inher-
ent advantages. Recently, considerable interest has emerged in these 
multi-step, integrated processes, which are effective in enhancing the 
performance of AM technologies. In this context, surface treatments 
and machining can be regarded as auxiliary techniques, even from 
an “in-process” perspective.
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For the first time in six years, WorldPM will bring its  
additive manufacturing knowledge to North America.
By THERMAL PROCESSING STAFF

owder metallurgy has become a crucial part of manu-
facturing in the thermal processing industry, not just 
in North America, but across the globe. That’s why it’s 
vitally important that workers in this field have the 

opportunity to gather in one place to discuss the latest trends and 
innovations in the powder metallurgical sector.

For years, the WorldPM conference has provided this service to 
the industry, and for the first time in six years, WorldPM will be in 
North America.

WorldPM, presented by the Metal Powder Industries Federation 
(MPIF), is the largest global powder metallurgy and particulate mate-
rials event of the year. On June 25-29, 2026, the PM industry will come 
together in Montreal, Canada, at, not only for WorldPM, but for two 
more conferences as well. These conferences will be sintered together 
into one global event. The other shows making up this hat trick of PM 
are AMPM2026 and Tungsten2026.

Montreal is a charming destination that is quickly becoming one 
of North America’s leaders in cutting edge innovation — thanks to 
the booming tech scene powered by the city’s creativity and afford-
ability. Montreal is one of the top destinations in North America for 
international association conferences, according to the International 
Congress and Convention Association.

The WorldPM2026/AMPM2026/Tungsten2026 conferences are the 
primary source for metal powder technology transfer and is host to 
the largest annual North American exhibit showcasing leading sup-
pliers of metal powders, particulate materials, and metal additive 
manufacturing (AM)/3D printing process equipment, powders, and 
products. This meeting is the premier conference in this field and 
will draw participants from industry, government laboratories, and 
academic institutions.

The conference will offer a plethora of innovative programs, 
including a keynote speech, oral and poster technical presentations, 
industry awards, and, of course, an exhibition filled with companies 
demonstrating new concepts and equipment.

AMPM2026 is the leading technical conference focusing on metal 
additive manufacturing in the Americas and is a hub for technology 
transfer for professionals from every part of the industry. AMPM2026 
will feature worldwide industry experts presenting the latest technol-
ogy developments in this fast-growing field. 

Tungsten2026 is dedicated to tungsten, refractory, and hard mate-
rials in the Americas. This event serves as a vital platform for profes-
sionals across the industry to share knowledge and foster innova-
tion. Tungsten2026 will feature leading experts presenting the latest 
advancements and research in this essential field.

To prepare for these important conferences, Thermal Processing 
has compiled highlights from the technical sessions that readers 
might find helpful in planning their WorldPM schedule:

FRIDAY, JUNE 26
» A High-Performance Ni-based Superalloy for Extreme 

Environment Applications. Harikrishnan Rajendran, The Boeing 
Company. ATI 1700(TM) is a high-performance, nickel-based superalloy 

engineered to enhance the performance of additively manufactured 
components for extreme environments. The alloy delivers exceptional 
strength at temperatures approaching 1,800°F, outperforming many 
other nickel-based superalloys suitable for additive manufacturing, 
and demonstrates resistance to strain-age cracking and corrosion as 
validated during the Boeing DOE-ARPA E HITEMMP program. While 
initial development focused on additive manufacturing routes, we 
have expanded the effort by consolidating ATI 1700(TM) powder via 
hot isostatic pressing and further refining the microstructure through 
various thermomechanical processes. Preliminary mechanical testing 
of these PM variants across multiple temperatures has been completed 
and ongoing testing aims to provide a detailed comparison between 
powder metallurgy and additively manufactured properties. The 
efforts support qualification of PM ATI 1700(TM) for extreme environ-
ment structural applications.

» Influence of Sintering - Homogenizing Conditions and Rapid 
Cooling on Microstructure and Properties of Sinter – Hardened PM Parts. 
Ravindra Kumar Malhotra, Malhotra Engineers. Sinter-Hardening pro-
cess is a combination of PM Primary process of sintering and secondary 
process of hardening. Conventional hardening via homogenizing in 
controlled atmosphere and oil quenching after completing sintering 
needed two separate furnaces, which cause bottlenecks. The advent 
of sinter-hardening steels gave sinter-hardening process for PM parts 
needing subsequent hardening in one furnace with special cooling fea-
tures utilizing same protective sintering atmosphere. The result of the 
sinter-hardening process is dependent on different sub processes such 
as lubricant removal, pre-sintering, sintering, and homogenizing prior 
to rapid cooling and post cooling. There will be influence of cooling 
rates achieved during rapid cooling coupled with alloy customization 
for desired part properties. There is a role of sintering fixtures too 
which may hinder with free cooling as a tradeoff for maintaining criti-
cal dimensions or flatness. Limitations of multilayer loading reduces 
sinter-hardening outputs as compared to normal sintering from the 
same furnace. A dream sinter-hardening furnace would work with 
similar process parameters as would a normal sintering operation 
from the same furnace giving identical throughputs. The only differ-
ence should be high-low running of the cooling blowers as per design. 
Comparison of set of sintering parameters and thermal profile with 
end results on sinter-hardening parts would be an in-depth review 
of process equipment design and powder to achieve best results of 
microstructure and properties of PM parts for demanding applications 
with rated life cycle.

» Reactive Liquid-Phase Sintering of TiB2-MoB2 Ceramics. Jhewn-
Kuang Chen, National Taipei University of Technology. Titanium dibo-
ride (TiB2) is a promising ultra-high-temperature ceramic for aerospace 
and defense applications due to its high hardness, thermal stability, 
and electrical conductivity; however, poor sinterability and intrinsic 
brittleness limit its practical use. Molybdenum diboride (MoB2) exhib-
its improved sinterability and toughness but reduced hardness when 
used alone. In this work, a reactive liquid-phase sintering strategy was 
employed to fabricate TiB2-MoB2 ceramics at a relatively low tempera-
ture of 1,550°C. Optimized compositions exhibited refined microstruc-
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tures and reduced porosity, achieving a maximum relative density of 
94.2% for Ti0.5Mo0.5B2. The highest hardness of 22.5 GPa was obtained 
for Ti0.75Mo0.25B2, while a balanced mechanical performance of 323.4 
MPa flexural strength and 8.9 MPa·m0.5 fracture toughness was 
achieved. Toughening mechanisms include crack deflection, grain-
boundary pinning, and liquid-phase-assisted densification. Density 
functional theory calculations confirm enhanced metallic bonding 
from MoB2 dissolution into the TiB2 lattice, contributing to improved 
toughness and ductility.

» Retained Austenite Formation and Its Impact on Mechanical 
Properties of Sinter-hardened and Heat-treated Low Alloy Steels. 
Amber Tims, PMT, North American Höganös Co. Martensitic transfor-
mation is a primary objective for sinter-hardenable and heat-treated 
powdered metal (PM) materials. Equally important is the stabilization 
of austenite within the metallurgical matrix at room temperature. 
Retained austenite can significantly influence impact strength, duc-
tility, and fatigue resistance of PM components. It can also detrimen-
tally affect dimensional stability and hardness due to its inclination to 
transform to bainite or martensite when subject to thermal variations. 
Therefore, precise control over the quantity of retained austenite is 
essential for optimizing both wear performance and impact resistance 
in these materials. This paper will evaluate various sinter-hardened 
and heat-treated alloys to assess the relationship between retained 
austenite and mechanical properties and the effect of tempering con-
ditions.

SATURDAY, JUNE 27
» Active HIP Atmospheres -  The Next Lever for HIP Processing. 

Anders Magnusson, Quintus Technologies. When using Hot Isostatic 
Pressing (HIP) to optimize the reliability of mission-critical compo-
nents in aerospace, medical, energy, racing, etc., an inert gas pressure 
medium is typically preferred to avoid introducing unknown variables 
to the process. Due to this, inert, high-purity argon is the standard 
gas for transmitting pressure and heat from the system to the pro-
cessed components. The most common exception to this rule is for 
densifying nitride materials such as silicon nitride where nitrogen 
gas is used to prevent the nitride from dissociating at the high tem-
peratures required for sintering and full densification of the material 
system. However, outside these two main HIP atmosphere scenarios, 
the use of specific atmosphere gases in the HIP system is generally 
considered experimental. Several specific applications have histori-
cally been explored with varying success, including active carburizing 
atmosphere for case hardening or for retaining alloy carbon, using 
partial pressure oxygen to stabilize oxides, or to use a nitrogen atmo-
sphere for pressure assisted nitridation case hardening. The latter has, 
due to recent advances in clean-HIP processing, proven to be a promis-
ing candidate for the in-situ creation of a wear-resistant surface on, for 
example, medical implants needed for both increased wear resistance 
and as diffusion barrier for metal ions leaving the implants provoking 
metal hypersensitivity. Building upon these possibilities, this paper 
takes a further look into the integration of process steps that enhance 
both productivity and component properties within the HIP cycle.

» Transferred Arc Plasma - Wire Atomization of Refractory Metals. 
Joseph Tunick Strauss, HJE Company, Inc. Processing of refractory met-
als via additive manufacturing enables the production of parts with 
refractory metal properties in shapes not attainable by any other man-
ufacturing method. For laser and e-beam AM processes, this requires 
that the refractory metal be available as powder with a spherical 
morphology. Current production of spherical refractory metal pow-
ders includes conventional non-transferred arc plasma atomization, 
EIGA-type and plasma melted gas atomization, and plasma spheroidi-
zation of nascent powders. Past studies have shown that transferred 

arc plasma-wire atomization has the potential to process conventional 
materials (i.e. stainless steels) while operating at a lower specific ener-
gy consumption. This paper presents the preliminary trial results of 
processing W, Mo, and Ta via transferred arc plasma-wire atomization.

» Optimization of Sinter-Brazing Process Parameters for 
Repeatable High-Strength Joints for Mass-Produced Complex PM 
Components. Sudarshan Palve, Egearz Pvt Ltd. Sinter-brazing is an 
efficient technique for assembling multiple complex components 
together. A combination of sintering and brazing into a single thermal 
cycle enables efficient joining of complex components with reduced 
process time and cost. However, achieving consistent brazed joint 
quality, mechanical strength, and controlled dimensions of the com-
ponents is challenging. This paper presents a systematic approach to 
improve the sinter-brazing process by optimizing key parameters such 
as RM selection, atmosphere control, thermal profile, and joint design. 
Experimental trials were conducted using modified furnace param-
eters, improving wetting behavior to enhance brazed-joint integrity. 
Advanced characterization techniques including metallography and 
breaking load performance evaluation were used to assess the effec-
tiveness of the improvements. The optimized process demonstrated 
significant enhancements in bond strength with improved dimen-
sional stability and repeatability. The outcome of this study provides 
a practical framework of a robust and efficient sinter-brazing process.

» Grain Growth Control by Niobium Additions in Cryomilled and 
Spark-Plasma Sintered Aluminum Alloys. Mathieu Brochu, McGill 
University. Niobium additions were investigated as a way of preventing 
excessive grain growth by pinning grain boundaries during sintering 
in nanostructured aluminum alloys. Two Al-Nb powders and one Al 
powder were cryomilled, annealed, and spark-plasma sintered, fol-
lowed by characterization using X-ray diffraction and electron micros-
copy to determine grain size and other microstructural changes during 
processing. It was found that small niobium additions were effective in 
avoiding grain growth without modifying sintering behavior, while 
alloys containing higher amounts of niobium were more difficult to 
densify because of their increased strength at high temperature.

SUNDAY, JUNE 28
» Compact Vertical Furnace for Iron Powder Reduction and 

Annealing: Minimum Floor Footprint, Maximizing Energy Efficiency 
Using Low Reaction Gas and Ensuring Uniform High-Quality Output. 
Ravindra Kumar Malhotra, Malhotra Engineers. Reduction and anneal-
ing of iron powder in a vertical furnace will improve powder quality 
as compared to a conventional horizontal sheet-belt furnace. In a hori-
zontal furnace, the reducing gas hydrogen or cracked ammonia passes 
over a powder bed of fixed height with limited penetration through 
powder particle spaces. As the reduction and annealing process takes 
place, there is particle-to-particle bonding commonly known as cake 
formation. In a vertical retort, the powder is completely filled, allowing 
reducing gas to pass through the space between all powder particles. In 
the vertical furnace, gravity-and-screw-feeder-assisted powder move-
ment has inherent attrition taking place. This attrition would not allow 
particle-to-particle bonding or cake formation. Slight vibration can 
further increase attrition, therefore powder will have more space for 
gas movement and better oxide reduction of each iron particle. The 
retort will be heated by cylindrical embedded heaters giving uniform 
heating around the retort. The four-zone (84kW) furnace will have 3 
cylindrical heaters per zone (21kW). The hot shell height can be con-
trolled below 5 meters. The cooling system will also have cylindrical 
jackets of SS and MS covering a height of less than 4 meters. Spiral 
path water flow within each jacket will be metered separately. This 
will ensure the adjustable cooling rate to control powder properties. 
The design temperature of this furnace will be 1,000°C for iron powder. 
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With this setup, different furnaces can handle a variety of process 
cycles of powders on the shop floor. This furnace should give outputs 
of about 8-10 tons per day.

» Integrated Production of High-Purity Copper Powder via Novel 
Vertical Continuous Chip Oxidation and In-Line Reduction for Precision 
Sintered PM Components. Ravindra Kumar Malhotra, Malhotra 
Engineers. A novel vertical continuous oxidizer processes machining 
chips (0.5-3mm) or shredded fine copper wires in to high surface area 
input for replacing traditional mill-scale used in production of sub-
micron reduced copper powder by pulverization-reduction process. 
Conventional mill-scale a by-product of copper extrusion process has 
refractory fines and oils as contaminants. This new method using a 
vertical oxidizer will eliminate any such impurities. There is a distinct 
advantage in using this method to convert non-usable coarse powder 
from a water atomization plant into a premium powder grade. The 
loss-making recycling of coarse powder in melting can be diverted as 
good input for reduced powder production upscaling. The sheet belt 
reduction furnace used in the plant can handle both powder types, 
atomized as well as reduced. The dryer section of the reduction furnace 
can be used for preheating copper scales before reduction and then 
annealing. The improvised reduction muffle will have hot nitrogen 
curtains in the beginning and end. The reduction hydrogen or cracked 
ammonia gas also will be preheated. Reduction and annealing sections 
will be separated by a reverse parabolic baffle for gas dam. This will 
ensure reduction side gas will not diffuse in annealing gas thereby 
purity of reduced powder will be enhanced. The cooling jackets with 
controlled spiral path water flow will give uniform cooling. Additional 
nitrogen gas curtains in the cooling jackets will protect powder cake 
color and purity needed for precision PM parts.

» Effect of Supersolidus Liquid Phase Sintering Conditions on the 
Bonding of Particles, Microstructure, and Mechanical Properties of 
AlSi10Mg Alloy. Julien Moreau, École de Technologie Supérieure. This 
study investigates the effect of supersolidus liquid phase sintering 
conditions on AlSi10Mg powder bonding, microstructure formation, 
and the resulting mechanical properties of the samples. Sintering was 
conducted in the 550-579°C range with a holding duration of 2 hours. 
The sintering included heating (varied between 5 or 15 hours) and 
cooling (varied between 12 or 70 hours). All thermal cycles — heating, 
cooling, and sintering dwell — were performed under a nitrogen atmo-
sphere. The result indicates that higher sintering temperatures and 
faster heating/cooling rates lead to a lower fraction of AlN. In contrast, 
lower sintering temperatures or slow heating promoted the develop-
ment of a thicker AlN shell around the powder particles. This shell 
inhibited the bonding of the powder and prevented densification via 
the sintering process. Sintering in the 571-579°C range, with heating 
during 5 hours, constitutes a more favorable window for the densifi-
cation of AlSi10Mg under a nitrogen atmosphere. At 571°C, the alloy 
exhibits fine Al grains and small Si particles uniformly distributed 
within the Al matrix, resulting in high hardness. At 575°C, grain coars-
ening and partial coalescence of Si particles occur, leading to a reduc-
tion in hardness. At 579°C, grains become larger, while Si evolves into 
elongated structures that surround the Al grains, improving overall 
hardness. After T6 heat treatment, Si particles and Al grain structure 
remain stable; however, the hardness nearly doubles due to precipita-
tion strengthening.

» A Double Sand-Sealed Electric Kiln with Inconel-Sheet Fabricated 
Retort for Production of Reaction-Sintered and Nitride-Bonded High-
Strength Silicon Carbide Parts. Ravindra Kumar Malhotra, Malhotra 
Engineers. A double sand-sealed 21 kW kiln with a fully welded 
Inconel-sheet fabricated retort has been designed for 1,250°C tempera-
ture. The three cubic feet (retort volume) kiln under construction is for 
trials of reaction-sintering processes, especially nitride-bonded high-

strength silicon carbide parts. Nitrogen gas is needed above 1,200°C 
for silicon-nitride formation from silicon powder to be use as bond 
for silicon carbide molded, compacted or vibration cast parts being 
sintered. Nitrogen or any other process gas is released inside the retort 
base itself. A ceramic monolithic precast block with well distributed 
holes has been engineered to cover the entire charge area. Uniformly 
spent gas and binder vapors are led out of the retort using a vent pipe 
of suitable height and diameter to increase dwell time of heated reac-
tion gas inside the retort. This gas dwell penetrates the green compacts 
to complete the nitriding reaction without any air ingress from any 
part of the kiln. The outer surface of the circular retort is electrically 
heated uniformly as per the desired ramping cycle selected in the kiln 
monitoring system. The start and end of process reaction gas flow is 
interlocked as per the gas reaction time needed. Suitable kiln furniture 
is designed for the parts to be sintered. Green parts can be powder 
compacted, slip cast, or 3-D printed. Even a single large 3-D printed 
part can be reaction-sintered. The retort can be removed to increase 
kiln volume for non-critical work using single sand-seal of the kiln 
body. The electric terminals of the kiln are kept gas tight using suit-
able gland packing technique. 

MONDAY, JUNE 29
» Novel Multi-Burner Exothermic Lubricant Removal System with 

Metal Roof Embedded Heating for High-Throughput Mesh-Belt Iron PM 
Sintering Furnaces. Ravindra Kumar Malhotra, Malhotra Engineers. 
Exothermic gas fired lubricant removal systems employing multiple 
burners are commonly used for iron-based powder metallurgy (PM) 
parts in mesh-belt furnaces. The air-to-gas ratio of each burner is 
adjusted for many purposes: lubricant combustion, generation of exo-
thermic gas, and green part heating. In the balancing act of firing for 
heating and exo-gas production, there is a mismatch. The roof shape 
and its gap from charge is critical for functioning of the exothermic 
delube system. Introduction of a metal roof instead of refractory blocks 
improved sintering results significantly. Embedded electric heaters 
in the roof would reduce heating load of burners. This change will 
stabilize exo-gas production. Uniform top radiation heating of green 
parts from metal roof will make this system robust and easy to operate. 
New hybrid lubricant removal systems will improve carbon control, 
part density, and surface finish of heavy multi-layer sintered parts.

» Effect of Vacuum Conditions on the Densification and Chemical 
Composition of Sinter Based Additively Manufactured Ti-6Al-4V. 
Giorgio Valsecchi, TAV Vacuum Furnaces SPA. Sinter based additive 
manufacturing (SBAM) technologies offer a cost-effective alternative 
to conventional methods for producing complex titanium geometries. 
However, the thermal processing of reactive metals like Titanium 
Grade 5 (Ti-6Al-4V) presents severe metallurgical challenges. The 
material’s high affinity for interstitial elements, specifically oxygen, 
nitrogen, and carbon at elevated temperatures necessitates rigorous 
atmospheric control to prevent alpha-case formation, embrittlement, 
and loss of ductility. This study investigates the critical role of sinter-
ing atmosphere by processing MoldJet fabricated Ti-6Al-4V green parts 
under distinct conditions including high vacuum, medium vacuum, 
and controlled partial pressures of argon. Comprehensive analysis of 
the sintered samples included Archimedes density measurements, 
interstitial chemical analysis, and mechanical testing. The study aims 
to define operational windows that minimize interstitial contamina-
tion, providing the data necessary to optimize the trade-off between 
component quality and production costs. 

EDITOR’S NOTE	 This article was compiled and edited from the 
WorldPM website at www.worldpm2026.org.

http://www.worldpm2026.org
http://thermalprocessing.com
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MARKETPLACE /// 

Manufacturing excellence 
through quality, integration, 
materials, maintenance, 
education, and speed.

Contact Thermal Processing 
at 800-366-2185 to feature 
your business in the 
Marketplace.

ADVERTISER INDEX ///
PRECISION INDUSTRIAL
FURNACES

Scan to visit us online at 
www.llfurnace.com

or call (877) 846-7628 

Bring Your Heat Treat In-House
with a Box, Bench-top, or
Dual-chamber furnace. 

Hundreds of models available with a
wide range of custom options including:
atmosphere, loader, chamber fan, and more. 

High Quality, Reliable Industrial Furnaces since 1946.
SERIES: XLE

noblefurnace.com · info@noblefurnace.com · 860-623-9256 

11997733  11998800’’ss  11999900’’ss  

22000000’’ss  22001100’’ss  22002233  

Celebrating 50+ years
‘Made to order’ thermal processing furnaces  

for industrial and aerospace applications

noblefurnace.com  •  info@noblefurnace.com  •  860-623-9256

For more information:
email@protectioncontrolsinc.com

www.protectioncontrolsinc.com

Dual/Redundant Self-Check

Ultraviolet Flame Sensor and Flame Safeguard 
Control for safety on 24-hour continuous 
burner application.

Series 3720 Split Box Oven

1.724.283.1212 sales@atspa.com

www.atspa.com

http://www.llfurnace.com
mailto:info@noblefurnace.com?subject=Referred by Thermal Processing
mailto:email@protectioncontrolsinc.com?subject=Referred by Thermal Processing
http://www.protectioncontrolsinc.com
mailto:sales@atspa.com?subject=Referred by Thermal Processing
http://www.atspa.com
http://noblefurnace.com
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Miura Quick Ship Xpress
BOILER RENTAL ALTERNATIVE
Muira Quick Ship Xpress (QSX) is a program offering brand-new, 
high-efficiency industrial steam boilers with emergency delivery 
in as little as 24-48 hours, serving as a fast, permanent alternative 
to costly and unreliable boiler rentals or used units, providing a 
full warranty and immediate operational readiness for urgent plant 
needs. 

LEARN MORE 
www.miuraboiler.com 

888.309.5574 

New Boilers Delivered in 
24-48 Hours

Faster Than Used
New boilers ship in 24-48 hours vs weeks to find 

good used equipment
Skip Rental Costs

Save up to $20,000/month compared to boiler 
rentals

 Full Warranty
Brand new with complete warranty vs unknown 

used equipment history
Emergency Ready

Emergency delivery service in as little as 24-48 
hours for plant shutdowns

All Types of High Temperature Thermal Processes
Heat Treatment, Annealing, Brazing, & Degassing

•  Max Possible Temperature: 3,500°C (6,332°F)
•  Hot Zones: 10 cc to 28 cu meters (0.6 cu in to 990 cu ft)
•  Debind, Sinter, Anneal, Hot Press, Diffusion Bond, CVD, CVI, MIM, AM
•  CVI testing in our lab to 2,300°C (4,172°F)
•  Worldwide field service, rebuilds and parts
    for all makes

Over 6,500 lab and production furnaces built since 1954

PRODUCTION AND LABORATORY
Process Metals and Ceramics

http://www.miuraboiler.com
mailto:sales@centorr.com?subject=Referred by Thermal Processing
http://www.centorr.com
http://thermalprocessing.com
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Q& A /// INTERVIEW WITH AN INDUSTRY INSIDER

What are your roles at Tormach?
Amanda Lucas: I’m a technical writer. I create and maintain all 

of the customer-facing instructional material like operator manuals, 
installation guides, release notes, and then the safety labeling that’s on 
the product. A big part of my role is to take the complex or technical 
procedures and write them in a way that’s clear and understandable 
to everyone.

Kimberly Upton: I work in our supply chain, and i have a degree in 
industrial engineering. I do a combination of planning and sourcing, 
but I also perform other duties like assembly instructions and routings 
and project management. I wear a lot of hats and also coordinate with 
other departments.

Why is it important to diversify these traditional roles in 
industry?

Lucas: I actually find it beneficial that I don’t have an engineering 
background because I think I can approach the user-interfacing con-
tent from a different perspective than the people who were developing 
the product. If we all had the same background, it would be easy to 
make assumptions about what the end user already knows.

Upton: I was taught through my education and experience the 
importance of understanding the various facets and roles that sup-
port manufacturing. Having that background makes it possible to work 
with various departments and with people of different experiences. 

How are manufacturing roles becoming more cross-functional 
while blending engineering, operations, and communication? 

Lucas: From my perspective, I’m bringing the documentation in 
earlier in the product cycle release so that it isn’t the last thing we’re 
thinking about. That helps me to work with engineers and support 
operations. It also helps me to not only understand how something 
works, but also how it’s actually used in the field.

Upton: The ability to wear many hats means understanding and 
being empathetic to what other people are doing in their roles and 
their jobs and to be able to soften those edges of the silo, so you’re 
able to work within the other departments and also question things.

Do you see the industrial landscape changing at a positive pace 
or do you still see a lot of opportunity for improvement?

Lucas: I feel encouraged to see the industry changing with regards 
to more women and younger generations getting into STEM fields. The 
opportunity there is converting that interest into long-term careers 
in the field. 

Upton: I’m noticing that there are more women in important roles, 

like leadership. Personally, I see this as a huge benefit.  Not only do 
women tend to have more empathy, flexibility, and support for employ-
ees, but it shows other women that these roles are possible.

Do you see the barriers not as high and more obtainable? 
Upton: I am noticing a positive change. Women are sticking with 

their engineering jobs and roles; there seems to be more flexibility, 
support, and acceptance in the workplace.  

Lucas: I don’t really see many barriers to entry and getting your 
foot in the door, but there is a need to create workplaces where more 
women or more diverse populations would want to apply to or could 
work and could see themselves long-term.

How are companies missing out on opportunities that would be 
advantageous to them by diversifying traditional roles?

Lucas: When we have a more diverse team, it creates an opportu-
nity to build products that apply to a wider range of people. If we’re 
bringing people into the company who could evaluate and give their 
opinions on products early in the life cycle of the development, then 
you know we have a better chance to create a product that more people 
will want to use.

Upton: If you have a diverse set of employees, you’re going to be 
more well-rounded in how you are coming up with an idea and putting 
that product out for a customer. 

How do you change the way decades-old companies approach 
their hiring paradigm? 

Lucas: It starts with recognizing that adjacent skill sets have value 
and not just the traditional engineering. On the hiring side, they can 
offer a workplace that can attract a wider range of people. Maybe that’s 
things like flexibility and remote work, benefits packages that support 
a different range of lifestyles and life situations that people might have. 
That could make a big difference in widening the scope of who is able 
to enter the workplace and stay in the workplace.

Upton: Flexibility and support are crucial. That didn’t exist 20 years 
ago with a lot of the companies I worked with. I have a lot of friends 
who I graduated with who no longer do engineering, and it was because 
of the lack of flexibility and support. 

There’s a plethora of very well-educated smart women out there 
who would gladly come back to the work environment if they knew 
of the flexibility and support that existed. It’s a golden nugget out 
there that hasn’t yet been found.   

MORE INFO	 tormach.com

“When we have a more diverse team, it creates an opportunity to build products 
that apply to a wider range of people.”

AMANDA LUCAS   ///  TECHNICAL WRITER 

KIMBERLY UPTON   ///  INDUS TRIAL ENGINEER  ///  TORMACH

http://tormach.com
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Take your additive-manufactured parts to the next level. Linde can help enhance the performance 
and durability of your 3-D printed parts. Whether you are metal sintering, performing HIP on your 
components, or surface finishing, our industrial gases such as argon, hydrogen, and nitrogen help 
keep your postprocessing clean, controlled, and consistent. 

Visit www.lindeus.com/powders or contact us at 1.844.44LINDE to learn more.

Industrial Gases for the 
Heat Treatment of Additive Parts
Enhance Durability. Improve Finish. Establish Reproducibility. 

Making our world more productive

Learn more about Linde at 

WorldPM2026 - Booth 513

http://www.lindeus.com/powders


MENTOR® PRO
VACUUM HEAT TREATING FURNACE

PROUDLY MADE IN THE USATHE  BR IGHTEST  SOLUT IONS  THROUGH INGENUIT Y

MID-SIZED, ECONOMICAL, PRODUCTION FURNACE
The Mentor® Pro, Model HFL-3036-2IQ, is a horizontal, front loading, mid-sized, 
vacuum heat treating and brazing furnace generally designed and developed to 
accommodate mid-size furnace loads in an efficient and economical manner. It is 
a high temperature, high vacuum, batch-type furnace with electrical resistance 
heating elements. The Mentor® Pro is mounted on a portable platform for easy 
shipment and maneuverability. Designed for heat treating processes such as 
hardening, brazing, stress relieving, normalizing, annealing, tempering, sintering, 
homogenizing, degassing, diffusion bonding, and creep forming.

267.384.5040
sales@solarmfg.com

solarmfg.com

Give us a call to learn  
more about our vacuum  
furnace ingenuity.

INTERNAL & EXTERNAL  
QUENCH

NEO™ VACUUM
OIL QUENCH

VERTICAL  
BOTTOM LOADING

HORIZONTAL  
CAR BOTTOM

MENTOR® 
MENTOR® PRO
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