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FROM THE EDITOR ///

Monitoring precise temps
takes precise equipment

operation, and it might be easy to dismiss them, but not using the proper ther-
mocouple could mean a huge dent in your company’s bottom line.

But just because something isn’t flashy, doesn’t mean you should take it for granted.

This month’s cover story takes a deep dive into the optimal fabrication of a thin-film
thermocouple using Alumel/Chromel junctions. This TFTC sensor technique can detect
temperatures in a unique environment in many cases, and it has potential for measuring
cutting temperature.

For the past few years, Thermal Processing has added a medical-applications Focus topic
because, like aerospace, heat-treating is also a big part of products that not only keep us
alive, but also help make living more comfortable.

To that end, our next story takes a high-tech leap into reducing the time and cost of
the heat treatment post of Ti6Al4V, a titanium alloy used in the medical sector.

In addition to those two articles, be sure and check out our company profile on Algas-
SDLI. In the article, I talked with Ad De Pijper, Algas-SDI's director of the combustion
products value stream division. In the profile, he laid out his company’s fascinating story
of how supply chain issues from the COVID pandemic changed the course of Algas-SDI’s
product catalog for the betterment of the industry.

But the May issue’s thermal-processing coverage is just getting started. Be sure to
check out our monthly columnists as they tackle a variety of subjects vital to heat treating.

I'hope you enjoy this month’s content, and if you'd like to contribute to a future issue,
please don’t hesitate to contact me. I'm always on the lookout for expert advice that fur-
thers the advancement of the heat-treat industry.

Yes, May is finally here with — hopefully — a relaxing summer close on its heels.

So, grab our latest issue and take it to the deck. It may not keep you cool, but the
information inside certainly is.

As always, thanks for reading!

. hermocouples may seem like routine pieces of equipment for a heat-treating

KENNETH CARTER, EDITOR
editor@thermalprocessing.com
(800) 366-2185 x204

CALL FOR ARTICLES Have a technical paper or other work with an educational
angle? Let Thermal Processing publish it. Contact the editor, Kenneth Carter, at
\ editor@thermalprocessing.com for how you can share your expertise with our readers.
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CUSTOM DESIGN HEAT RESISTANT
CASTINGS AND FABRICATIONS

Wirco has been trusted for over 60 years to
develop and manufacture high-temperature
heat treatment tooling for numerous
industries in the form of both castings and
fabrications.

Wirco has capabilities to create any custom
designed tooling of any shape and size along
with specific fabrication techniques to help
meet the needs for your process.

Wirco's serpentine trays are built to stay flat
while providing ample strength under heavy
loads. Our construction techniques allow for
expansion and contraction during the heating
and cooling process. Utilizing light weight
construction, Wirco's serpentine trays will
increase your part allowance by decreasing
tooling weight. Wirco can custom design a
tray of any size to fit your application.

OUR GOAL

CREATE EXCELLENT PRODUCTS
AND PARTNERSHIPS

e Fabricated Heat Treating Work Carriers
e Cast Heat Treating Work Carriers

® Heat Treatment Furnace Parts

e Steel Production Support

e Hyper Alloys Fabricated Products

CONTACT US. ]3]
Sales@Wirco.com i
800.348.2880 (=]

E Partner with Wirco, your American-made
engineered alloy solution.
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UPDATE /// HEAT TREATING INDUSTRY NEWS

All five Solar Atmospheres facilities are now an option for customers with Lockheed Martin requirements
for thermal processing services. (Courtesy: Solar Atmospheres)

Solar Atmospheres
S.C. earns Lockheed
Space Systems OK

Solar Atmospheres Greenville, South
Carolina, facility has been awarded Lockheed
Martin Space Systems approval. With this
approval, now all five Solar Atmospheres
facilities are an option for customers with
Lockheed Martin requirements for thermal
processing services.

“We are proud to once again provide our
customers in the Southeastern U.S. with
another regional option for aerospace and
defense thermal processes, saving them
time and money while continuing to deliv-
er the high level of quality required,” said
Steve Prout, president of Solar Atmospheres’
Greenville facility.

With the ability to support vacuum ther-
mal processing needs ranging from develop-
ment cycles to 50,000-pound loads at temper-
atures of up to 2,400°F, Solar Atmospheres

provides AS9100 and Nadcap quality accred-
ited heat treatments, providing its customers
with the confidence their product is being
processed as specified.

MORE INFO www.solaratm.com

Kuznia Jawor
elevates forging
expertise with Nitrex

Kuznia Jawor S.A., a European company
specializing in the production of hot forged
and CNC machined components for the
automotive, machinery, mining, and piping
industries, has enhanced its manufactur-
ing capabilities through a substantial plant
modernization. Located in the southwestern
region of Poland, Kuznia Jawor has solidified
its position as a leading provider of forged
and CNC automotive parts within Poland, as
well as mining parts in international mar-
kets such as Czechia and Ttirkiye.

Kuznia Jawor leverages its in-house capa-
bilities to design and manufacture forging
tools, a crucial element of the production
process. This is necessary for obtaining
repeatable strength parameters in steel
and ensuring their resistance to geometric
changes or abrasive wear, factors that are
addressed through heat treatment. Building
on this foundation, the company recently
revamped its heat-treating operations by
introducing cutting-edge equipment and
technologies, aiming to streamline opera-
tions for improved efficiency and to elevate
the quality of its forged and machined
products. The investment encompassed the
replacement of the entire production line,
based on an oil-hardening furnace and two
outdated nitriding furnaces. The decision
to upgrade was prompted by the need to
eliminate archaic technology, address inad-
equate controls, and ensure that the com-
pany remains at the forefront of innovation,
sustainability, and excellence in the forging
industry. The current production line has
been designed using a Nitrex nitriding sys-
tem and a vacuum hardening furnace.

The company’s forging and CNC processes
are marked by meticulous precision, with
dies initially undergoing treatment in the
vacuum furnace before proceeding to the
nitriding phase. This multi-step approach
is essential for achieving a zero-white layer,
effectively preventing surface cracking in
the H11, H13, and WNL hot work steel dies
subjected to high-pressure hammer forging.
A crucial part of this initiative was the instal-
lation of a new Nitrex horizontal-loading
system, featuring the furnace model NXH-
9912, a custom solution designed to facilitate
the seamless automatic transfers of loads
between operations.

The turnkey system is equipped with
Nitreg® nitriding technology, which sig-
nificantly enhances the wear and corrosion
resistance of treated tooling. This innovative
technology not only improves die durability
and performance but also facilitates effi-
ciency gains, leading to savings in process

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.
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Kuznia Jawor S.A. installed a Nitrex horizontal-loading system, featuring the furnace model NXH-9912,
a custom solution designed to facilitate the seamless automatic transfers of loads between operations.
(Courtesy: Nitrex)

time and resources, including electricity
and process gases. Furthermore, the system
adheres to industry standard 275910 con-
trolled nitriding, ensuring the highest qual-
ity and precision in the heat-treating process.
Interestingly, Kuznia Jawor is also engaged
in an ongoing collaborative research and
development project with a local university,
exploring hybrid coatings that combine
Nitreg nitriding technology with PVD and
CVD processes, with the aim of further
enhancing tool performance.

Kuznia Jawor’s core values prioritize a sus-
tainable future, and this strategic investment
seamlessly aligns with its mission to protect
the natural environment. This enables them
to actively reduce CO emissions, decrease
energy consumption, and more. This holis-
tic approach harmonizes operations with
Kuznia Jawor sustainability objectives, mak-
ing it an optimal fit for their business.

“Kuznia Jawor’s choice to partner with
Nitrex was driven by the need to replace
outdated equipment, modernize, and expand
their production facility,” said Marcin
Stoklosa, Nitrex technical sales manager who
oversaw the project. “The result? Improved
quality, enhanced performance, and a stron-
ger position in the forging industry. Nitrex’s
extensive experience and track record of suc-
cess in delivering the right technology for
forging dies, along with our proven history
of over 30 installations in Poland, played a
pivotal role in securing the partnership.”

MORE INFO www.nitrex.com

L&L delivers electric
dual-chamber
box furnace

L&L Special Furnace Co. has shipped a model
QDD29 economical dual-chamber heat-treat-
ing and tempering oven to an equipment
provider located in the Midwest. The furnace
will ultimately be installed in a Snap On pro-
duction facility servicing tool and die support
within the company’s production line.

The smallest of L&L’s dual-chamber fur-
naces, the QDD series is ideal for various
thermal applications. Its compact over/under
design saves floor space and provides depend-
able and reliable heat-treating without the
delays of third-party vendors, shipping costs,
and transit holdups.

The top chamber is primarily deployed
for heat-treating tool steels at temperatures
up to 2,200°F; the tempering chamber is
suited to temperatures up to 1,250°F and
has a recirculation baffle that makes it suit-
able for small aluminum work as well. The
hardening and tempering chambers have
interior dimensions of 12” wide by 8” high
by 24” deep, with total external dimensions
of 55” wide by 70” tall by 56” deep.

The QDD29 is controlled with digital
single setpoint controls along with overtem-
perature protection. Solid-state relays drive
the heating elements in a simple, robust con-
trol circuit.

All L&L Special Furnace machines can be

When

t to guide you

ineering suppor

to accommodate short project times.
Non-contact temperature measurement from -58 °F to +5432 °F.
Visit: www.optris.com | Phone: (603) 766-6060

to the best solution and inventory

Temperature
Matters

IR Cameras. Pyrometers. Accessories. Software.

optris
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L&L Special Furnace Company’s Model QDD over/
under heat-treating system. (Courtesy: L&L Special
Furnace Company)

configured with various options and be spe-
cifically tailored to solve your thermal needs.
We also offer furnaces equipped with pyrom-
etry packages to meet the latest ASM2750
specifications.

Options include a variety of control and
recorder configurations. An optional three-
day, all-inclusive startup service is available
with each system in the continental United
States and Canada. International startup and
training service is available by factory quote.

MORE INFO www.llIfurnace.com

Delta H builds on
record of excellence,
unveils growth plan

Delta H®, known for precision in the design
and manufacturing of industrial ovens and
furnaces, celebrates a year of significant
achievements and sets a strategic path for
growth and innovation. Proven as a hallmark
of quality and service, Delta H is positioned
at the cusp of another expansion phase,
marking its presence more prominently in
both military initiatives and commercial

10 MAY 2024

ventures, particularly in high-demand aero-
space applications.

2023 achievements include:

» Surpassed 450 lifetime oven and fur-
nace installations, firmly establishing Delta
H as a trusted leader in the industry.

» Conducted hundreds of technical ser-
vice and preventative maintenance projects,
ensuring products’ optimal performance
and reliability.

» Invested in a substantial inventory of
official OEM spare parts, ready for overnight
shipping, significantly minimizing down-
time for clientele.

» Strengthened military alliances and
developed new commercial partnerships,
notably within challenging aerospace frame-
works.

As Delta H ventures into 2024, it eyes
fruitful expansions across production capa-
bilities and customer support enhancements,
aiming to solidify its place in industrial ther-
mal processing technology. Key focus areas
include:

» Introducing advanced new products
designed to meet burgeoning market needs.

» Expanding its spare parts inventory to
promise immediate delivery of crucial com-
ponents, curtailing operational halts.

» Harnessing field service expertise to
fortify preventative maintenance programs
and technical enhancements.

» Forging invaluable commercial con-
nections in promising sectors, extending its
footprint beyond aviation and aerospace into
medical and automotive industries.

“Our decades of engineering and design
expertise, supported by advanced 3D mod-
eling and manufacturing excellence, have
been pivotal to our growth,” said Richard
Conway, director/CTO of Delta H. “As a turn-
key solution provider, from concept design
to delivery and commissioning, we remain
committed to precision manufacturing and
comprehensive customer service.”

With robust business acumen and a
vision deeply rooted in customer satisfac-
tion, Delta H is well-prepared for sustained
growth and continued leadership in technol-
ogy innovation.

MORE INFO www.delta-h.com

Automotive
company orders 2nd
EndoFlex generator

An automotive company in South America
has recently placed a follow-up order for a sec-
ond EndoFlex generator from UPC-Marathon,
a Nitrex company. Following the successful
installation of a 200 m?/h EndoFlex unit last

In 2023, DeltaH® surpassed 450 lifetime oven and furnace installations, establishing the company as a
trusted leader in the industry. (Courtesy: Delta H)
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A South American automotive company has ordered a second EndoFlex generator from UPC-Marathon, a
Nitrex Company. (Courtesy: Nitrex)

year, the new generator, boasting a similar
capacity, aims to enhance stability, ensure
consistent composition and gas flows, and
prioritize top-tier quality of automotive gear
boxes while achieving efficiencies in heat-
treatment operations.

Prior to adopting the EndoFlex solution,
the manufacturer relied on four outdated
generator units, each with a capacity of
70 m3/h and consuming 80 kW of power.
Remarkably, with the same 80 kW of power
consumption, the EndoFlex generator deliv-
ers an impressive 200 m3/h capacity, marking
a substantial increase in efficiency and cost-
effectiveness for the customer.

This transition to EndoFlex represents
not only a remarkable 75 percent reduction
in power consumption but also a significant
contribution to operational efficiency and
sustainability efforts. Furthermore, the new
generator streamlines maintenance proce-
dures, adheres to stringent quality standards,
and reduces CO, emissions. EndoFlex’s preci-
sion control over gas quality and production
for the neutral hardening furnace enhances
product quality, reduces operating costs, and
optimizes energy consumption. By automati-
cally adjusting gas production to match real-
time furnace demand, EndoFlex effectively
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eliminates overproduction and waste.

“We’re proud to continue our partnership
with this automotive customer,” said Marcio
Boragini, UPC-Marathon’s sales director for
Brazil. “This latest investment builds on the
success of our first EndoFlex installation,
establishing a benchmark for excellence.
Moreover, EndoFlex offers a compelling
return on investment, empowering the man-
ufacturer to achieve their business objectives
fast, while reinforcing our commitment to
driving success together.”

UPC-Marathon, a Nitrex company, pio-
neers industrial process control, automa-
tion, and digitalization for heat treatment
and combustion markets. The mission is to
support furnace OEMs and equipment end-
users with innovative solutions, enhancing
profitability and reliability while optimiz-
ing operational efficiency. End-to-end con-
trol solutions encompass probes, analyzers,
controllers, flow control systems, upgrades/
retrofits, SCADA, and engineered solutions
for various heat-treat processes. Leveraging
digitalization platform QMULUS, customers
gain a deeper understanding of their assets
and production processes.

MORE INFO www.nitrex.com

Tenova joins RINA’s
Hydra project fueled
by 100% hydrogen

Tenova, a leading developer and provider of
sustainable solutions for the green transition
of the metals industry, is partnering with
RINA, a multinational engineering consul-
tancy, inspection, and certification company,
on the ambitious European Commission-
backed Hydra project.

The 88-million-euro project is fund-
ed by the European Commission’s
NextGenerationEU and backed by the Italian
Ministry of Enterprises and Made in Italy. It
aims to drive 100 percent hydrogen-fueled
steel production and allow all steelmakers to
test it, using the results to drive future invest-
ment plans toward sustainable production of
steel.

Recognized for its expertise in innova-
tive green technologies that facilitate the
decarbonization of the steel sector, Tenova
has been contracted to supply a 30m tall
Direct Reduction Iron ore (DRI) tower which
will use hydrogen as a reducing agent, and
an electric arc furnace (EAF). The DRI plant,
based on the cutting-edge ENERGIRON®
Direct Reduction technology, jointly devel-
oped by Tenova and Danieli, together with
the Tenova EAF will produce up to seven
tons per hour at its full production capabil-
ity within 2025.

Thanks to this pilot mini mill, European
steelmakers will therefore have the opportu-
nity to test steel production with several dif-
ferent combinations: the DRI plant can use
different percentages of natural gases and
hydrogen as well as process a wide range of
iron ores that will be tested in Tenova EAF
providing thus concrete results and analysis
for future investment and applications. In
addition, plastics or other waste materials
can also be injected into the EAF steel bath
as an alternative to carbon.

“Iam very proud of this project with RINA
as it provides all European steelmakers the
first open-source facility that will enable
them to test the process with our pilot plant
and drive their future investments to drasti-
cally reduce their emissions,” said Roberto
Pancaldi, Tenova CEO. “Our cooperation with
RINA dates back to the nineties with several
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projects successfully developed.”

“Hydra aims at decarbonizing the steel
production process through hydrogen-based
technologies,” said Carlo Luzzatto, CEO and
general manager of RINA. “Thanks to the
help of our partners, we will build a pilot
plant to experiment with steel production,
emitting a marginal fraction of the carbon
emissions currently released by the world
steel industry. Hydra is available to the entire
supply chain for research and development
on the production of clean steel.”

MORE INFO www.tenova.com

First Seco/Warwick = . !
I nd ia n CAB Iine goes Seco/Warwick'’s first made-in-India CAB line will go to Narain Cooling Technologies. (Courtesy: Seco/

- y Warwick)
to Narain Cooling
ers. The furnace will help Narain Cooling The CAB line on order is a furnace with
Seco/Warwick will soon produce a CAB  Technologies maintain high efficiency pro- a 1,300 mm wide conveyor belt, which will
line in India. The solution’s recipient is an  duction while meeting strict energy con- be used to produce medium-sized heat
Indian company producing heat exchang- sumption requirements. exchangers. This is the first CAB line sold by

Bodycote

BODYCOTE PROVIDES HEAT TREATMENT AND SPECIALIST
THERMAL PROCESSING SOLUTIONS FOR A RANGE OF
MEDICAL INDUSTRY APPLICATIONS.

These solutions meet the specific challenges of medical
and dental components, extending part life,
improving wear and corrosion resistance,
and supporting sustainability.

Talk to us today about your requirements —
get in touch at info@bodycote.com

www.bodycote.com
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Seco/Warwick entirely made in India in the
Group’s new factory. The production site was
important to Narain Cooling Technologies.

“Starting continuous brazing line produc-
tion in India is a milestone in Seco/Warwick
history,” said Binoy Koshy, managing direc-
tor of Seco/Warwick India. “This allows us
as a Group to optimize production and sig-
nificantly reduce delivery costs and related
emissions. India is a world leader in the pro-
duction of heat exchangers, including those
intended for the automotive market. Secof
Warwick will provide significant support to
companies from this region, thanks to the
possibility of supplying high-class metal heat-
treatment furnaces, manufactured entirely
in this region of the world.”

“The key to success in this market is not
only local production, but also ensuring com-
petent on-site service,” said Piotr Skarbinski,
vice president of the aluminum and CAB
Segment of the Seco/Warwick Group. “Seco/
Warwick has a professional team of engi-
neers in this part of the world who provide
support to our partners.”

“Last year was a breakthrough for us
because we started production in India,”
said Stawomir Wozniak, CEO of the Seco/
Warwick Group. “Already this year, the first
CAB lines will roll off the Indian assembly
line and reach new customers. The first
made-in-India CAB line will go to Narain
Cooling Technologies. I believe that this will
be the beginning of our long-term coopera-
tion and a clear signal to the market about
the Group’s readiness to provide first-choice
solutions.”

Seco/Warwick’s CAB lines manufactured
in India are the first choice in this region.

The CAB line ordered by the partner is
equipped with a 1.3 m wide belt. The furnace
chamber design ensures perfect temperature
uniformity, and the furnace has an innova-
tive continuous atmosphere control system
as well as a PLC control system.

CAB lines are an excellent solution for
continuous brazing of products with similar
dimensions and features. The temperature
is distributed evenly over the entire width
and length of the conveyor belt, thanks to
several independent heating zones. The line
ordered by Narain Cooling Technologies was
adapted to its specific needs. The idea was to
obtain sufficiently high efficiency within the
constraints associated with limited access to
power supply.
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The new Ipsen Connect customer service portal simplifies access to essential resources, including order
history, service requests, and furnace documentation. (Courtesy: Ipsen USA)

“This is our first cooperation with Seco/
Warwick,” said Deepesh Goyal, managing
director from Narain Cooling Technologies.

“We set high and specific requirements for
this furnace, which Seco/Warwick met.
The fact that the solution is manufactured
in India is of great importance to Narain
Cooling Technologies. It is not only a matter
of reducing costs or better logistics, but also
subsequent service issues and global support
for the domestic market development.”

MORE INFO www.secowarwick.com

Solar Atmospheres
successfully relocates
to Chesterfield

Solar Atmospheres of Michigan has suc-
cessfully relocated from the old Fraser and
Warren facilities to a new, state-of-the-art
location in Chesterfield, Michigan.

All 10 furnaces (both new and existing)
are fully operational at the Chesterfield
plant, heralding a new era of efficiency and
productivity. This spring, construction will
begin on a 15,000-square-foot expansion on
an adjacent lot. The expansion will allow for
the investment in cutting-edge vacuum fur-
naces from Solar Manufacturing.

“Our future is very bright in Michigan,”
said Bob Hill, president of Solar Atmospheres
of Michigan. “The consolidation and expan-
sion will allow us to elevate our service

standards and meet the evolving demands
of our clientele across Michigan and the sur-
rounding states. Solar of Michigan remains
steadfast in its dedication to innovation, ser-
vice excellence, and customer satisfaction as
it ventures into this new chapter of growth
and expansion.”

MORE INFO www.solaratm.com

Ipsen launches
digital platform
to assist customers

Ipsen prioritizes customer assistance with
its new Ipsen Connect. The customer service
portal simplifies access to essential resources,
including order history, service requests, and
furnace documentation.

Key features of the new digital gateway
include:

» Convenient part management: Request
or reorder parts, view order history, and
access furnace documentation seamlessly.

» Streamlined service requests: Schedule
maintenance, troubleshooting, or calibration
appointments in just a few clicks.

» Best practices and expert insights:
Access troubleshooting guides, online train-
ing videos, and answers to frequently asked
questions.

» Real-time updates: Keep your opera-
tions informed and on track with live
updates, including order status, active quotes,


http://www.secowarwick.com
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planned maintenance, and scheduled service
appointments.

Ipsen’s Digital Technologies team worked
with internal and external stakeholders
over the last several years, leveraging their
insights to develop and evaluate the portal
before its launch.

“By aligning our digital initiatives with our
customers’ needs, our goal is to provide cut-
ting-edge solutions that enhance efficiency,
productivity, and customer satisfaction,” said
Aymeric Goldsteinas, Ipsen’s vice president of
digital technologies.

Following a successful beta test with 40
customers, Ipsen Connect is now available to
all existing U.S. customers with vacuum fur-
nace equipment. (Some features may not be
available for older furnace models.) The ser-
vice doesn’t require any software installation
and can be accessed through any internet-
connected PC or mobile browser.

MORE INFO www.ipsenusa.com

Argentine heat
treater commissions
Nitrex system

Sudosilo S.A., a leading commercial heat
treatment service provider in South
America, is bringing premier nitriding to
the Argentine industrial sector with the
recent commissioning of a Nitrex turnkey
installation. This newly operational nitrid-
ing system, acknowledged as a best-in-class
nitriding solution, represents a significant
milestone as the first ofits kind in Argentina,
offering third-party heat treatment services
to the region.

At the forefront of technological advance-
ment, Sudosilo has embraced cutting-edge
technologies to cater to various sectors,
including aluminum injection, aluminum
extrusion, forging, and oil applications. The
integration of a Nitrex system into its opera-
tions is set to establish a new benchmark for
quality and precision in nitriding treatments.

“The competitive edge of this installation
lies in its meticulous control and automation
capabilities, ensuring process stability and
the ability to generate specialized processes
and recipes tailored to unique requirements
of each application,” said Jerénimo Alberto
Colazo, production manager at Sudosilo.

“This high level of customization and preci-
sion guarantees superior quality, meeting
the intricate demands of industries served
by Sudosilo.”

The new Nitrex system adheres to CQI-9
guidelines for automotive heat-treatment
processes and NADCAP requirements for
aerospace applications. This aligns Sudosilo
with international standards, positioning
the company to meet the exacting demands
of both Argentine and South American mar-
kets for quality, innovation, and unparalleled
service.

The successful commissioning of the
turnkey system, featuring a pit-type fur-
nace model NX-1015 with Nitreg® controlled
nitriding, Nitreg®-C controlled nitrocarbu-
rizing, and ONC® post-oxidation process
technologies, was completed in November
2023. These advanced technologies ensure
a uniform case depth and precise manage-
ment of nitriding/nitrocarburizing/oxidation
layer formation, optimizing the mechanical
properties of tooling and dies. Nitreg and

Nitreg-C contribute to enhancing surface
hardness and fatigue resistance, while ONC
improves corrosion resistance. Notably, the
system eliminates the need for post-finish-
ing operations and boasts a substantial load
capacity of 4,400 pounds (2000 kg). Marathon
Systems Control, serving as a Nitrex repre-
sentative for Latin America, played a pivotal
role in executing the system installation and
finalizing the process validation.

“We sincerely appreciate Sudosilo for
choosing Nitrex as their preferred partner,”
Jack Kalucki, technical advisor at Nitrex.

“The installation at Sudosilo not only signifies
aleap in technological innovation butis also
a commitment to manufacturing excellence.
This adoption of advanced heat-treatment
technologies, such as Nitreg, will not only
enhance product performance and improve
manufacturing but will also set new bench-
marks that exceed the demands of industries
across the region.”

MORE INFO www.nitrex.com

Diff-Therm-
DIFFUSION PUMP HEATERS

® Over 100 casting sizes and
electrical combinations in
stock.

® For 2" thru 48" diffusion
pumps made by Agilent, CVC,
Edwards, Leybold, Varian, and
many others.

® One-piece design for easy
replacement, better heat
transfer, and longer life.

TO REQUEST A SELECTOR GUIDE
OR CHECK STOCK, CONTACT US:

978-356-9844
sales@daltonelectric.com
www.daltonelectric.com
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UPDATE /// HEAT TREATING INDUSTRY NEWS

Delta H surpasses
50 heat systems
to armed forces

Delta H® has provided more than 50 heat-
treating system installations to multiple mili-
tary facilities around the world along with
training and on-site qualifying assistance.

The military facilities include Air
National Guard bases; USAF bases stateside,
Guam, Alaska, and Hawaii; air bases in Japan,
Germany, United Kingdom — Royal Air Force,
Middle East; the U.S. Navy, U.S. Coast Guard,
and U.S. Army facilities.

The systems included either single, dual,
or triple chamber designs of both the heavy-
duty commercial aviation standard models
DCAHT®/SCAHT® Series, Delta H’s innova-
tive Defender Series — developed for the
armed forces, and aircraft composite walk-
in ovens.

All systems are in full compliance
to NAVAIR Tech Order 1-1A-9, and meet
AMS2750 accountability standards for accu-
racy, temperature uniformity, calibration,
and secure batch records.

Military personnel are provided full oper-
ator and heat-treating training, as well as on-
site qualifying assistance to meet and main-
tain the stringent pyrometry standards, and
maintenance training. Successful trainees
receive certificates of training as qualified to
use their Delta H furnace for heat treatment
of aircraft parts.

It is a deep honor and humbling for the
Delta H team to support our armed forces,”
said Delta H director/CTO Richard Conway.

“We take the utmost care to ensure the best of
our craftsmanship and abilities are utilized
to deliver the finest heat-treating equipment
for aircraft maintenance to our warfighters.”

MORE INFO www.delta-h.com

Can-Eng honors
Donofrio for 25
years of service

Can-Eng Furnaces International LTD
announced Tim DonofTio, vice president of
sales, has reached his 25-year milestone with
the company.
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Tim Donofrio

Donofrio joined Can-Eng in 1999 in an
outside sales capacity, eventually leading the
company’s aluminum products group, which
captured a significant portion of the ICE and
aluminum structural casting component
heat-treatment equipment market.

In 2009, Donofrio took on additional
responsibilities for the sales and market-
ing of Can-Eng’s flagship mesh belt fur-
nace technology resulting in sales around
the globe. Since 2016, he has been vice
president of sales, including all marketing
activities.

Prior to joining Can-Eng, DonofTrio held
a senior management position in com-
mercial heat treating and began his career
in the closed die forging business. He is a
graduate of the Manufacturing Engineering
Technology Program at Niagara College
and has a degree in business from Brock
University.

With the launch of Evergreen Kiln
Technologies, LLC in 2024, Donoftio has the
added sales and marketing responsibilities
for kilns used in the processing of anode and
cathode materials for the emerging EV BEV
(battery electric vehicle) market.

MORE INFO www.can-eng.com

Motorcycle maker
selects Nitrex
for sustainability

Guangdong Tayo Motorcycle Technology Co.
Ltd. has invested in a nitriding/nitrocarbu-
rizing system for its new production facil-
ity in Jiangmen City, in southern China’s
Guangdong province.

Heat-treat solutions company Nitrex was
commissioned to deliver a comprehensive
turnkey system, geared toward enhancing
the performance and durability of mul-
tiple components within Guangdong Tayo
Motorcycle including those for the brands
Haojiang, Daye, Shengshi, and Qidian.

As part of their development strategy,
Guangdong Tayo Motorcycle — a renowned
Chinese manufacturer of motorcycles and
bicycles — has placed sustainability, prod-
uct quality, service excellence, and market
expansion at the heart of their mission.
Paving the way for superior motorcycles
and bicycles, the company evaluated various
options and ultimately selected Nitrex for its
precision-controlled processes, process sta-
bility and repeatability, equipment longevity
and reliability, and commitment to environ-
mental friendliness.

The turnkey system comprises a large
pit-type furnace, model NX-1225, boosting
a 4,000-kg load capacity and incorporating
two cutting-edge process technologies —
Nitreg® controlled nitriding and Nitreg®-C
nitrocarburizing. These value-added sur-
face treatments augment the properties of
motorcycle and bicycle metal components,
significantly enhancing wear resistance and
providing protection against rust and corro-
sion. Additionally, the system features an
ammonia dryer and accelerated cooling sys-
tem, facilitating the delivery of high-purity
ammonia and faster cycle times to optimize
production efficiency.

“Our partnership with Guangdong Tayo
Motorcycle Technology Co. Ltd. will help
them in fulfilling their mission of deliver-
ing top-notch, highly durable, and reliable
motorcycles and bicycles to their global
customer base,” said Nikola Dzepina, Nitrex
account executive. “With precision control
and guaranteed results, the Nitrex system
will empower Guangdong Tayo Motorcycle
to consistently achieve excellence, setting
their products apart in the competitive two-
wheeler market.”

“This system’s exceptional reliability, engi-
neered for longevity with minimal mainte-
nance requirements and low utility and pro-
duction media consumption costs, aligns
perfectly with Guangdong Tayo Motorcycle’s
vision for a sustainable future,” said Tao Liu,
sales manager at Nitrex China. §

MORE INFO www.nitrex.com
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INTERNATIONAL
FEDERATION OF

HEAT TREATMENT
AND SURFACE

IFHTSE ENGINEERING

ECHT 2024 to focus on processes,
tech for sustainable future
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ECHT 2024 will deal with all fields of heat treatment and surface engineering, heat treatment of metals, thermochemical treatment of metals, coatings and surface
treatments, coatings and surface treatments including dry treatment operations, and wet treatment operations. (Courtesy: Shutterstock)

will be together in Toulouse, France, June 5-7, 2024. The focus

will be on processes and technologies for a sustainable future
in transport and industry. The conference will deal with all fields
of heat treatment and surface engineering, heat treatment of met-
als (iron and steel, non-ferrous alloys), thermochemical treatment of
metals, coatings and surface treatments, coatings and surface treat-
ments including dry treatment operations (PVD, CVD, plasma, ther-
mal spraying, etc.), and wet treatment operations (electrochemistry,
etc.). Specific sessions will be devoted to the aerospace industry.

T he ECHT 2024 Conference and the 50th Annual A3TS Congress

ADDITIONAL FOCUS AREAS

» Contribution of innovative heat and thermochemical treat-
ments to EU climate goals.

» Coatings made from enhanced materials for electrical and ther-
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mal conductivity.

» Digital technologies in heat treatment and surface engineering
industries.

» Surface engineering to address environmental constraints.

» New needs in tribological properties: An open challenge for heat
treatment and surface engineering.

PLANNED KEYNOTE TALKS

» Laurent Pinto. Metal technology senior expert, Airbus Group
(France): “Metallic and surface technologies development challenges
toward a sustainable future.”

»Thomas Ackerson. Senior metallurgist, Blue Origin (U.S.):
“Materials Challenges for Reusable Hardware and Sustainable
Processes for Space Travel in the Mid-21st Century.”

»»Marcel Somers. Professor, Dr.ir., Technical University Denmark



(Denmark): “Microstructure Optimization in Additively Manufactured
Metals through Heat Treatment and Surface Engineering.”

»>Denis Descheemaeker. IRT Saint Exupéry (France): “Strategy
and Technological Roadmap for Sustainability.”

For more information, go to: echt2024.a3ts.org/pagefaccueil.

MORE CONFERENCE UPDATES

29th IFHTSE World Congress

September 30-October 3, 2024 | Cleveland, Ohio

The ASM Heat Treating Society (HTS) and the International Federation
for Heat Treatment and Surface Engineering (IFHTSE) present the
highly anticipated 29th IFHTSE World Congress, a premier global
event dedicated to advancing the fields of heat treatment and sur-
face engineering. The conference is co-located with ASM’s Annual
Meeting, IMAT 2024.

The 2024 IFHTSE World Congress revolves around the theme
“Innovations in Heat Treatment and Surface Engineering for a
Sustainable Future.” Emphasizing the critical role of these technolo-
gies in shaping a sustainable world, the event will explore the latest
developments, breakthroughs, and practices that can enhance the
efficiency, performance, and environmental impact of heat treatment
and surface engineering processes. In addition, traditional heat-treat-
ing topics will be offered.

IMPORTANT DATES
» First draft of manuscript due: May 17, 2024.
> Editor feedback to authors: June 14, 2024.
»Final manuscripts due: June 28, 2024.
» More info: www.asminternational.org/ifhtse-congress/

Third International Conference on Quenching

and Distortion Engineering

May 6-8, 2025 | Vancouver, Canada

This event will be in conjunction with AeroMat 2025. This is a con-
tinuation of the successful Distortion Engineering conference series
and the Quenching and Distortion conference series. The first QDE
was in Chicago in 2012 and has occurred at approximately five-year
intervals. There is a strong focus on the effects of residual stress dur-
ing manufacturing and methods to control distortion and residual
stress. The call for papers is expected in the next few months.

IFHTSE LEADERSHIP
IFHTSE :
EXECUTIVE COMMITTEE

Prof. Massimo Pellizzari | President
University of Trento | Italy

Prof. Masahiro Okumiya | Past President
Toyota Technological Institute | Japan

IFHTSE 2024 EVENTS

JUNE 5-7, 2024
ECHT 2024 Conference and the 50th Annual A3TS Congress
Toulouse, France

SEPTEMBER 30-OCTOBER 3, 2024
29th IFHTSE Congress
Cleveland, Ohio | with IMAT and ASM'’s annual meeting

MAY 6-8, 2025

3rd QDE - International Conference on Quenching and Distortion
Engineering

Vancouver, Canada

For details on IFHTSE events, go to www.ifhtse.org/events

OTHER MEMBERS

Prof. Rafael Colas | Universidad Auténoma de Nueva Leon | Mexico
Prof. Jianfeng Gu | Shanghai Jiao Tong University | China

Dr. Patrick Jacquot | Bodycote Belgium, France, Italy | France
Bernard Kuntzmann | Listemann AG | Switzerland

Dr. Scott Mackenzie | Quaker Houghton Inc | USA

Dr. Lesley Frame | Vice President
University of Connecticut | USA

Prof. Larisa Petrova | MADI University | Russia

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

Dr. Stefan Hock | Secretary General
IFHTSE | Italy

Dr. Imre Felde | Treasurer
Obuda University | Hungary

Prof. Marcel Somers | Technical University of Denmark | Denmark
Prof. Mufu Yan | Harbin Institute of Technology | China

ONLINE www.ifhtse.org | EMAIL info@ifhtse.org
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nitely the latest buzz words flying around the industrial heating
industry, and everywhere else for that matter. The Industrial
Heating Equipment Association (IHEA) is dedicated to spearheading
critical insights and advancements around the topics of sustainability
and decarbonization.
For the past 18 months, IHEA has been developing and delivering
a very successful Sustainability webinar series, continuously updat-
ing terms and definitions, frequently asked questions (FAQs), and
resources for the industry on the IHEA website and — in its biggest
step — offering a comprehensive Decarbonization SUMMIT October
28-30, 2024, in Indianapolis, Indiana.
“All IHEA members are continuously being asked about ways to
decarbonize their processes,” said IHEA President and Sustainability
Committee Chair Jeff Rafter. “As the industry association dedicated to

D ecarbonization. Sustainability. Carbon neutral. These are defi-
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IREA" ;' EQUIPMENT ASSOCIATION

all things ‘heating,’ we feel it is our duty to present an unbiased view
of what’s happening now and how companies can begin the process
oflowering their carbon emissions on their current equipment, while
beginning to look at all the alternatives that are coming and how
those might fit into their operations. There’s no question that change
is imminent. We want to be the resource that the industry uses for
information on all options to begin to decarbonize operations.”

“We are in a unique position,” he said. “There has never been an
issue like this that has faced our industry. Working together and
bringing the industry together at a summit such as this gives every-
one a forum to learn, share ideas and best practices, review new tech-
nologies, and begin lowering carbon emissions as an industry. No one
is going to do this alone.”

While not much is going to happen overnight, “Legislation is com-
ing,” said IHEA board member Mike Stowe, who is serving on the ISO



Decarbonization Committee.

“The best thing companies can do is begin preparing now,” he said.
“Take alook at your current operations and start making changes that
improve efficiency now. Educate yourselfand your staff on technolo-
gies that will help you lower carbon emissions. Be ready for what lies
ahead.”

THEA is ready to help the industry take the next step by present-
ing the Industrial Heating Decarbonization SUMMIT. This event is
designed to start shaping the future of manufacturing heating pro-
cesses.

It will include keynote addresses by industry visionaries, ways
to begin your decarbonization process now, a look ahead at various
technologies that can also help you decarbonize, case histories and a
panel discussion on decarbonization collaboration, networking with
industry leaders, and a tabletop exhibition that showcases cutting-
edge technology.

THEMES RUNNING THROUGHOUT THE SUMMIT
»Low carbon fuels in industrial processes.
» Carbon capture and storage technologies.
» Global benchmarking.
»Economics and business concerns.
»Innovations in clean technologies.
»DOE programs and tools.
» Policy frameworks for decarbonization.
»»More.

TARGET AUDIENCE FOR THE SUMMIT

» CEOs and executives from industrial companies.

» Sustainability officers and environmental managers.

» Government officials and policymakers.

»Researchers and academics in clean technology.

» Sustainability engineers and program managers.

» Directors of sustainable manufacturing.

» Utility representatives.

The tabletop exhibits that will accompany the SUMMIT program
will allow attendees to explore a wide array of information that
will help them in their decarbonization efforts. Those interested
in reserving a tabletop should visit summit.ihea.org. Tabletops are
expected to sell out quickly.

As THEA works its way toward the SUMMIT in the fall, the
Sustainability webinar series continues with topics that touch all
aspects of the journey to decarbonization.

Nearly 1,000 people have tuned in over the past year since the first
webinar was launched.

UPCOMING WEBINARS

»»May 16: Increasing Available Heat to Lower CO2 Emissions.

»June 20: Understanding Carbon Credits & Net Zero.

> July 18: U.S. Codes & Standards.

> August 15: Renewable Fuels.

Additional webinars will be added regularly. IHEA’s webinars are
free to attend.

You can register by going to IHEA’s website (www.ihea.org) and
clicking on the Sustainability logo on the home page, then scroll down
and click on the “Sustainability Webinar Series” to review and register
for the upcoming webinars.

If you have a sustainability topic you would like us to address,
please email the topic to anne@goyermgt.com, and IHEA will work
to develop a webinar.

IHEA 2024 CALENDAR OF EVENTS

T ] =1

APRIL 8-MAY 19

Fundamentals of Industrial Process Heating Online Course

This course is designed to give the student a fundamental
understanding of the mechanisms of heat transfer within an industrial
furnace and the associated losses and the operation of a heating source
either as fuel combustion or electricity.

Course Fees: $775 IHEA members / $950 non-members

APRIL 18

Sustainability & Decarbonization Webinar Series — Making Decisions:
Gas vs. Electric

MAY 16

Sustainability & Decarbonization Webinar Series — Increasing Available
Heat to Lower CO,

This webinar will review the proven methods for heat recovery and
emissions reduction and their applicability to processes where fuel
savings and/or production increases have not previously justified their
implementation.

JUNE 20

Sustainability & Decarbonization Webinar Series — Understanding
Carbon Credits & Net Zero

JULY 18

Sustainability & Decarbonization Webinar Series — Industry Adoption:
U.S. Codes & Standards

AUGUST 15
Sustainability & Decarbonization Webinar Series — Renewable Fuels

For details on IHEA events, go to www.ihea.org/events

INDUSTRIAL HEATING EQUIPMENT ASSOCIATION

P.O. Box 679 | Independence, KY 41051 09‘“““. OR

2

859-356-1575 | www.ihea.org
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METAL URGENCY ///

MECHANICAL ENGINEER /// DANTE SOLUTIONS

Modeling cyclic loading and the Bauschinger effect

to understand plastic deformation in steel.

JASON MEYER

Metal plasticity in manufacturing

in manufacturing. From raw billet to parts in service, some

form of plastic deformation can be found in every step of the
manufacturing process, heat treatment not excluded. In fact, I used
to joke in Materials and Manufacturing Process class that you should
include the words “plastic deformation” in every answer to get full
credit. On amacro scale, plastic deformation is simply any permanent
shape change to the part. Microstructurally, deformations take the
form of atomistic dislocations and planes of slip in the matrix of the
base material. Engineers understand plasticity with the classic stress/
strain plot from a tension or compression test, Figure 1.

When a tensile sample is pulled in the testing equipment, the
resulting strain imparts a stress in the sample. This stress initially
increases in a linear relationship to the imparted strain, and the slope
of this line, stress over strain ratio, is called Young’s Modulus. If the
load isreleased in this region, the elastic range, the sample will return
to its original shape, largely unaffected. If the sample continues to
be pulled, the stress increases until the sample begins to yield, or
plastically deform. The onset of yield is sometimes not as obvious in
some materials, so engineers developed the 0.2% offset yield strength,
which ensures that the entire macroscopic cross section is yielding,
and not just individual regions.

Awell-studied phenomenon, called the Bauschinger effect, named
after German engineer Johann Bauschinger, states that after a mate-
rial plastically deforms in one direction, it will be easier to deform
in the opposite direction. As an example, tubular steel products are
mechanically tested in the hoop direction, and this curvature is often
flattened out before machining tensile samples. This can result in a
lower yield strength because the coupon has already been deformed.
The mechanism behind this effect is easy to understand with the
previous definition of plasticity. As the slip-planes are formed, there
exists a buildup of dislocations near barriers to movement, such as
carbides, precipitates, grain boundaries, etc. These buildups accumu-
late back stresses, resisting the direction of dislocation, in what is
known as cold-working or strain hardening. When the load direction
is reversed, these buildups and back stresses now assist the paths
of slip and dislocation, reducing the overall yield. Think of it like a
game of tug-of-war; the atoms resist slipping much like the teams
pulling on each end of the rope. If one team were to suddenly let go,
it would be very easy for the other team to “slip” the other direction.
This effect is extremely important for modeling the manufacturing
process as plastic histories can have a significant effect on the final
dimensions of produced parts.

There are several popular constitutive models that are used to
simulate plasticity in metals, and two of which that are used in
finite element analysis (FEA) are the Johnson-Cook (JC) model and
the Baumann-Chiesa-Johnson (BCJ) model. The Johnson-Cook model
is a plasticity model based on the von Mises criterion for tensile flow

m nderstanding the plastic behavior of steel plays a crucial role
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Figure 1: Schematic of a stress/strain plot.
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Figure 2: Stress/strain schematic showing reverse loading and the Bauschinger
effect.

stress, and the constitutive equation for the model is shown below:
(A+B n)(1 +Cl E')(1 (T_T” )m)

Ojc = € n—|(1—|(77——

/e €0 Tm - Tr
Simply put, the JC stress accounts for the effects of strain harden-
ing, strain rate, and temperature. Engineers use this type of equation
by first performing experiments to collect stress/strain data, then
adjust the constants A, B, C, n, and m to the best fit for their data.
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plastic parameters. To fit these parameters
from experimental stress-strain test data
for use in the Dante materials database, a
fitting tool called MecFit was developed.
MecFit is frequently used to assist analysts
in developing mechanical properties for
their own proprietary materials. The tool
includes fitting options for individual phas-
es, strain-rate, temperature range, and car-
bon content. In this example, MecFit is used
to simply plot stress/strain response given
some parameters from the DANTE material
database. Figure 3 shows a marked-up output
from MecFit, showing the plot of three ten-
sion and compression load reversals on the
right, and the model inputs, including the
BCJ input parameters, elastic properties, and
experimental data tabs on the left.

Initially the simulation starts at the origin
where a tensile load is applied, after the ini-
tial onset of yield, (about 1150 MPa) the mate-
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Figure 3: Output of the MecFit utility showing cyclic loading and the Bauschinger effect.

After parameters are solved for a particular material, the model can
be used for a wide variety of strain rates, temperatures, and strain
values to solve the plastic response. The beauty in the JC equation
is the relative simplicity and accuracy for a wide range of materials,
temperatures, and strain rates. The drawback is the strain hardening
effect has no direction and is purely isotropic. This means that it has
no way of tracking the yield in reversed loading as shown with the
Bauschinger effect (Figure 2). The JC model would simply yield at the
same stress value when the loading is reversed.

The BCJ model, in contrast, accounts for the kinematic and iso-
tropic hardening effects, in addition to the strain, strain rate, and
temperature dependance. The BCJ model uses dislocation-based
internal state variables to track the material’s history and uses a
minimum of 18 constants to fit the stress/strain response. While
the exact technical form of this model is beyond the scope of this
article, a more detailed representation can be found in reference
[1]. I would advise those interested to further investigate the appli-
cations of this fascinating model. One such use is in modeling the
complex effect of stress reversals occurring during heat treatment.
For instance, DANTE, a commercial heat-treatment simulation soft-
ware, uses a modified BCJ plasticity model which accounts for alloy
chemical and microstructural changes, adding up to a total of 27

W / Fa
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rial shows some strain-hardening before
I stopping at 1% strain (about 1400 MPa). The
sample is then loaded in compression until it
begins toyield at about-1000 MPa, about 400
MPa lower than the strain-hardened sample
in tension. Again, we see some strain harden-
ing before the strain is stopped at -1% (-1440
| MPa). The sample is finally loaded in ten-
| sion until 1% strain, where the initial yield
is about 1050 MPa. The Bauschinger effect
is clearly shown in the difference from the
strain-hardened yield and the onset of yield
when the load is reversed. Note: there must
be some strain hardening to see this effect as
the dislocations need to pile up to contribute
g to the load reversal.

Plastic deformation will always be an
important part of the manufacturing process,
which can be better understood these days
with the use of advanced methods such as FEA. While the Johnson-
Cook model is more simplistic than the Baumann-Chiesa-Johnson
model, both have been used to describe the general plasticity of met-
als. The added simplicity and reduced computational costs of the JC
model are good reasons for its popularity in FEA. However, the BC]
model offers a more physics-based approach, with its use of internal
state variables, allowing it to better capture material behavior such as
the Bauschinger effect. It may be a strain to understand these effects,
but don’t stress out. Constitutive models can help us to understand
and develop new and interesting processes. §

~4i’JEII MPa
‘f_ield Reduction
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Polymer quenchants are useful for reducing distortion and residual stress in quenched aluminum
components, while meeting mechanical property requirements and minimizing susceptibility to IGC.

Polymer quenchants and corrosion of aluminum

hen slow quenching 2024 aluminum, this alloy is susceptible
m to intergranular corrosion. Two common quenchants, water
and AMS 3025 PAG type quenchants, are compared.
INTRODUCTION
Heat treating aluminum requires attention to all process param-
eters to ensure that properties are achieved, without excess distor-
tion or susceptibility to corrosion. Polymer quenchants such as those
described by AMS 3025 [1] were developed to accomplish the goal of
achieving properties, reducing distortion and residual stresses, while
achieving similar corrosion susceptibility as those parts quenched in
water. The concentrations of Type I and Type Il quenchants, specified
by AMS 2770 2], used for quenching of aluminum, are based on the
“zero-delta” concept. In other words, properties of parts quenched
in AMS 3025 quenchants will have identical properties as those
quenched in water.

Schematically, the heat-treatment process is shown in Figure 1.
Of each of these processes, quenching is the most important step to
achieving mechanical properties, low residual stresses, and reducing
corrosion susceptibility.

As a partis quenched, the solute is held in supersaturation until
the part is cooled. Properly quenched, all the solutes will remain in
supersaturated solid solution until natural aging commences once
the part has cooled to room temperature. This requires a fast quench.
If the partis quenched at a rate less than the perfect rate, heteroge-
neous precipitation will occur, with equilibrium precipitates form-
ing at the grain boundaries. The rate at which precipitation occurs is
dependent on the degree of supersaturation, and the diffusion rate.
But the diffusion rate increases as a function of temperature. The
diffusion rate is greatest at elevated temperature. When either the
supersaturation or the diffusion rate is low, the precipitation rate is
low. At intermediate temperatures, the amount of supersaturation is
relatively high, as is the diffusion rate. Therefore, the heterogeneous
precipitation rate is the greatest at intermediate temperatures. The
amount of time spent in this critical temperature range is governed
by the quench rate.

The amount of precipitation occurring during quenching reduces
the amount of subsequent hardening possible. This is because as solute
is precipitated from solution during quenching, it is unavailable for any
further precipitation reactions. This results in lower tensile strength,
yield strength, ductility, and increased corrosion susceptibility.

Inaluminum alloy 2024, the inter-granular corrosion susceptibility
is driven by the presence of Al,Cu (6 ) and Al,CuMg equilibrium
precipitates at the grain boundaries. The region is surrounded by
a precipitate free zone (PFZ) that is essentially pure aluminum and
is depleted of solute. This is shown in Figure 2. The difference in
electrochemical corrosion potential between the grain boundary and
the PFZ creates a galvanic cell, and intergranular corrosion follows
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Figure 1: Schematic representation of the aluminum heat-treatment process.
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Figure 2: Corrosion mechanism of 2XXX series aluminum alloys (after [1]).

this path. Specifically, the copper rich precipitates and grain boundary
regions act as local cathodes, which drive anodic dissolution of the
precipitate-free zones.

PROCEDURE AND RESULTS

Sixteen 150 x 225 mm panels of 1.8 mm thick 2024 aluminum sheet,
consisting of four different heat lots, were solution heat treated at
493°C (935°F) and quenched in either water or 28% AMS 3025 Type I
PAG quenchant. Panels were then naturally aged to the -T4 temper
for 96 hours. Two panels from each heat lot were quenched in water,
and two panels from each heat lot were quenched in 28% AMS 3025
Type I PAG quenchant. The concentration of 28% is the maximum
percentage of AMS 3025 [2] permitted for this alloy and thickness
per AMS 2770 [3]. The panels were then corrosion tested per ASTM
G110 [4], except the immersion period was seven hours. Three 25 x
25 mm samples were sectioned from each panel and examined at
100X through 500X before and after etching with Keller’s Etch [5]. The
depth of intergranular corrosion was measured and compared to the
water quenched panels. The results are tabulated in Table 1.

A comparison of the depth of intergranular corrosion (Figure 3)
shows that the recommended maximum concentration for polymer
quenchant (28%) produced similar depths of penetration of inter-
granular corrosion as those that are water quenched. Further, there
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Figure 3: Histogram comparing the depth of intergranular corrosion of 2024-T4
aluminum, quenched in either water or 28% Aqua-Quench™ 260.
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Figure 4: Comparison of the depth of intergranular corrosion of 2024-T4 panels
quenched in different quenchants.

Table 1: Test results of intergranular corrosion penetration of 2024 aluminum
quenched in either water or 28% Aqua-Quench™ 260 and naturally aged to -T4
temper.

was less overall scatter in the results of the polymer quenched panels.
Twenty-four additional panels, eight from a single heat of 3.0 mm
sheet, eight from one heat of 5.0 mm sheet, and eight from a single
heat of 8.0 mm plate, were also solution heated-treated, quenched,
and naturally aged. Two panels of each thickness were quenched in
cold water. The balance of panels in each thickness was quenched in
three different concentrations of Aqua-Quench™ 260 (an AMS 3025
Type I quenchant). These concentrations were 15%, 28%, and 45%
respectively. Three 25 x 25 mm samples were sectioned from each
panel and examined at 100X through 500X before and after etching
with Keller’s Etch [5]. The depth of intergranular corrosion was mea-
sured and compared to the water-quenched panels. The results are
tabulated in Table 2. The resultant data is shown in Figure 4.

CONCLUSIONS
A series of panels of 2024 was heat-treated to the -T4 condition after
quenching in water and different concentrations of an AMS 3025
TypeIquenchant. In each case, with the exception of the 8 mm thick
plate, the depth of intergranular corrosion measured was equal to
or less for the polymer quenched panels than the water quenched
panels. At lower concentrations, for the 8 mm thick plate, the Type
I quenchant exhibited similar intergranular corrosion as the water
quenched panels.

The use of polymer quenchants is very useful to reducing distor-
tion and residual stress in quenched aluminum components while

Table 2: Measurements of the penetration of intergranular corrosion of
different thickness of 2024, quenched in water and different concentrations of
Aqua-Quench™ 260, followed by aging to the -T4 condition.

meeting mechanical property requirements and minimizing suscep-
tibility to intergranular corrosion. §
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Successful heat treating requires all hands on deck - and a well-thought-out
process that considers the needs of both production and quality.

The art of leading the heat-treat team

tunities and taking action toward getting the required task

done. But success can come down to whether the process is
appropriate for the team to even be able to succeed. Therefore, leaders
in engineering, quality, and production must be aware of the relation-
ship of the process and the operators.

For example, if a heat-treat oven is not calibrated, is it really reason-
able to expect an acceptable outcome after using it? There is a reason
why AMS2750 has guidelines for indicating frequencies of calibration.
It is to ensure the quality is upheld such that whatever product runs
through can meet the necessary requirements. But in the world of
manufacturing, there are always the opposing forces of production and
quality. Production wants to do things faster, sometimes at the expense
of quality. And quality would prefer to take their time, but can’t take
forever and find ways to be efficient in meeting the requirements.

Abraham Lincoln once said, “Give me six hours to chop down a
tree and I will spend the first four sharpening the ax.” Leadership
must view this similarly in the given process. Production wants to
get product out the door to make the shipments to the customer —
but if the “ax” is dull, it will take longer for the team to produce the
results. Putting your best employee on the job with a “dull ax” (or
unmaintained furnace) will just result in the process taking longer
and potentially creating nonconformances. Instead, taking the time
to do what is necessary to make all goals must be incorporated into
the process.

Sharpening the ax in terms of metallurgical considerations
involves reading up on literature papers and ASM handbooks on met-
allurgical phenomena to properly design heat-treat cycles. Sharpening
the ax even for production scheduling comes down to value stream
mapping and incorporating concepts such as lean manufacturing into
the process. Sharpening the ax in the case of furnace performance is
about doing the proper preventative maintenance programs on the
furnaces and following through on the correct calibration, system
accuracy tests (SATs), and temperature uniformity surveys (TUS).

Because AMS 2750 outlines these critical requirements as neces-
sary, without these being performed the furnace has a potential to
not run in accordance with customer requirements. Therefore, the
view of “taking time out of the process” for speed must be changed
to one of viewing this time as critical for making the process flow
smoothly. Hence, the leader must know when to “sharpen the ax.’
This is not always that simple to convey in the manufacturing envi-
ronment.

The first step is to clearly realize the goals or modify or even estab-
lish them. Without a goal, how does the person cutting the tree even
know where to swing the ax? Get clear on AMS2750 and attend the
PRI course. Read it multiple times and even attend the PRI conferences
hosted around the world to talk to others in the industry about the
requirements. ASM courses on heat treat are also great resources to

. eadership is about guiding the team toward the best oppor-
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learn about the metallurgical considerations for the “goals” of why
transforming the microstructure is favorable depending on the appli-
cation.

The second step must be about educating and conveying the impor-
tance of “why.” When the operators know that a sharp ax will result
in a faster process of cutting the tree, they will begin to realize that
a properly tuned and maintained furnace will produce more consis-
tent results when heat treating. When the instructions are written
in such a way that they are clear and meeting requirements, there
is less room for error in interpretation. When the process is sched-
uled and managed to set a cadence of a steady drum beat, the effort
can be more consistently maintained. Short bursts of the ax to cut
the tree may get you further into the cutting, but might tire out the
employee. Thus, having a steadier cadence of performance is better
for overall longevity.

“Why” atoms go to their respective crystallographic structures
based on equilibrium phase diagrams and time temperature trans-
formation curves is important to understand when troubleshooting.
If a furnace is out of calibration and goes to the wrong temperature
and a different phase is produced, the phase diagram will tell you. It is

“why” meeting requirements to AMS2750 to keep a furnace properly
working and consistent with its performance is important — because
if the instruments aren’t reading correctly, there could be potential
escapes of nonconforming product.

However, it has often been my experience over the years that
convincing the production team of the importance of quality-related
issues is much like convincing a race car driver that speed bumps for
safety are a help and not a hindrance. But the racer wants to get to
the finish line as quickly as possible, shaving off time anywhere they
can. The regular driver wants to get there safely and within the speed
limit. Production wants to hurry things along to satisfy the customer
in a desire to provide great service. Quality can seem to hold things up
in an attempt to maintain the necessary requirements — seemingly

“slowing” the process down from meeting the customer demand for
fast delivery. This isn’t a new concept and happens anywhere in a
manufacturing facility.

Instead of thinking of quality as the police and production as a
speeding driver, ask when it’s time to sharpen the ax and work smart-
er, not harder. It’s a win-win for production and quality as the tree
will get cut down more quickly and will still meet the requirements.
For companies to stay sharp in the industry, the time to prepare is
often more important than the actual time spent doing the work. $
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The TFTC sensor technigue can detect temperatures in a
unigue environment in many cases, and it has potential
for measuring cutting temperature.

By DONG MIN/KIM,/HEE JUNG/ KWAK, DONG YEOL SHIN, JINHO PARK, and JUN YOUNG/KIM

hin-film thermocouple (TFTC) technology is a novel mea-

surement method that produces a thermocouple sensor
T during the deposition process, even though it is a com-

plex surface, to obtain the surface temperature. TFTCis a
thin film sensor for measuring temperature by contact methods, con-
sisting of two different metals that can generate thermoelectric forces
named “Seebeck effects.” In the past decade, there have been many
attempts to measure the cutting temperature during machining pro-
cesses using TFTF sensors. However, research has not yet progressed
to optimize the sensor performance or fabrication process. This
article studies a preliminary technique for the fabrication of a TFTC
sensor on a cutting tool surface and optimizes the deposition condi-
tions, TFTC design, and sensor performance. Chromel and Alumel,
which are materials commonly used in K-type thermocouples, were
used for the thermal evaporation process. When the Chromel has a
nickel-to-chrome ratio of 9:1, low resistivity and minimal variation
with increasing temperature were observed. When the contact area
of the deposited electrode (+) and (-) poles increased, the resistivity
decreased, and the TFTC sensitivity improved. Data acquisition tests
using a DAQ system connected to the TFTC sensor show the lowest
resistivity in TFTC B and C types are able to measure temperature
data. Itis expected that the heat generated during the cutting process
can be detected using the TFTC sensor with B-type shape and Chromel
with a 9:1 nickel-to-chrome ratio.

1INTRODUCTION
The cutting temperature is a key factor in determining product qual-
ity and operation efficiency for machining processes. When a tool
contacts the workpiece for the depth of the cut, the result is high-
heat generation on the tool, chip, and workpiece. The generated heat
energy reaches a temperature of about 1,200°C, depending on the
processing conditions. The heat sources are in the frictional, shear,
and flank zones at the tool-chip interfaces. The frictional zone has the
highest cutting temperature among the heat sources. Frictional heat
leads to crater wear, which causes failure, such as tool fracture, short-
ened tool life, and low-surface integrity. For the reasons presented
above, manufacturer and engineer efforts have been made to control
cutting temperature generated during the machining process. Up
to recently, the cutting temperature has been investigated through
experimental measurements and simulation techniques.
Numerical simulation techniques are valuable for predicting
cutting temperatures. Tool wear rate can be calculated by the wear
model proposed by Usui et al. [1], which is dependent on the contact
stress and cutting temperature. Tiffe et al. [2] found optimal cutter
edge profiles to reduce tool temperature using the finite element
method (FEM) technique. The edge profiles had complex shapes, and
the results of their work were beneficial for analyzing the thermal
gradient and how it affects tool life. Childs et al. [3] investigated the
relationships between temperature, force, and chip geometry for a
wide range machining conditions of Ti-alloys using the FEM tech-

nique. Elevated temperature influenced the shear failure of Ti64 and
the critical strain. The simulated predicted temperature is valuable
data for analyzing the cutting mechanisms with changing material
properties and failures. Some industries have strict regulations on
surface quality; therefore, cutting result predictions are important.
Machining temperature is often the main factor that changes mate-
rial properties, such as microstructure. Imbrogno et al. [4] predicted
microstructural and microhardness depending on machining tem-
perature and its effect on surface integrity. As seen in the literature
discussed above, machining simulations are useful for assessing the
metal-cutting process by predicting cutting temperatures. However,
validation is necessary to ascertain the simulation and temperature
measurement during machining is required to compare simulated
and experimental results.

Many researchers have developed cutting temperature measure-
ment techniques for use during machining operations. These mea-
surement techniques are categorized as contact and non-contact
methods. The contact method is applicable in single-point metal
cutting processes, such as the turning process. A turning tool does
not rotate, unlike tools used in the multi-point metal cutting pro-
cess. Installing thermocouples onto the cutter is the most typical and
easy method for measuring the cutting temperature. Bagherzadeh
et al. [5] measured cutting temperature during the cryogenic turn-
ing process. The drilled hole of the insert using electrical discharge
machining (EDM) is close to the cutting edge. Although using a ther-
mocouple is a stable assessment method, it indirectly measures heat
generation from tool-chip interfaces that is transferred through the
insert body. Thermal imaging is also a good non-contact technique
for determining temperature distributions at tool-chip interfaces. An
infrared (IR) camera detects temperature through infrared radiation
(IR) during thermal imaging, which has gained significant attention
in the machining processes. The IR imagining technique has a con-
straint of measuring temperature due to cutting fluids [6]. Another
non-contact measurement technique involves the use of a two-color
fiber pyrometer. This method is analogous to a thermocouple and
identifies the data within the spot size (~500 pm). The pyrometer is
based on material radiation detection and a predefine term for the
emissivity is required [7]. Thermosensitive paints have shown relative
variances of temperature but have no way to determine the amount
ofvariation [6]. As indicated in published work, conventional thermal
measurement techniques have limitations in obtaining accurate tool-
chip interface temperature.

The thin-film thermocouple (TFTC) is a novel technology devel-
oped in recent decades and functions as a thermocouple sensor on
flat, curved, or any type of surface. Even their small thermal mass
allows for significantly faster response times compared to conven-
tional wire sensors [8,9]. Basti et al. [10] deposited TFTCs of Ni-(Ni-Cr)
on an alumina cutting tool and fabricated junctions to measure cut-
ting temperatures. TFTC sensor data is suitable for measuring tem-
perature and exhibits a corresponding trend in cutting force variance
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Thermocouple layer Protective layer References
Deposition Positive (+) Negative (-)
Process
MATERIAL DESIGN MATERIAL DESIGN DEPOSITION MATERIAL DESIGN
PROCESS
DC magnetron Ni Thick 0.5 pm Ni-Cr (80:20 Thickness: 0.5 DC magnetron TiN, TiAIN, or Thickness: 3 [10,11]
sputtering Widths 50-750 pm ratio in mass %) pm Width: sputtering TiAISiN pm
~50-750 pm
DC sputtering WC rhenium - WC rhenum - E-beam Al203 - [12-15]
(5%) (26%) evaporation
PECVD NiCr 200 nm NiSi 200 nm - SiNx Tum [16,17]
(90:10 ratio) (97:3 ratio)
RF sputtering Chromel 200 nm Alumel 200 nm RF sputtering  Al203 435 nm [18]
(90:10 ratio)
Sputtering Chromel 400 nm Alumel 400 nm PECVD SiNx 800 nm [19-21]
Table 1: Literature review summary.
[19,11]. Werschmoeller et al. [[12], [13], [14]] attfarnpted' fabrlcatlop c?f a Materials Properties
micro-arrayed TFTC sensor on a polycrystalline cubic boron nitride o
. . . Thermal Resistivity Seebeck
(PCBN) cutting tool. The advantage of a micro-arrayed TFTC is the . -
. . . conductivity (ohm m) coefficient
measurement of temperature maps by interpolation. A three-dimen- (W/m/K) (V/K)
sional (3D) map of the data is available instead of thermal imaging
. . Chromel 19 7.06e-7 21.7e-6
data. Li et al. [15] embedded micro-TFTC sensor arrays on a PCBN
cutter surface and recorded cutting temperatures. The micro-TFTC ~ Alumel 29.7 2.94e-7 17.3e-6

has an array design to measure multiple points in the temperature
field. TFTC sensors can be used to detect progressive wear. The flank
face of the tool is significant to the surface quality. Li et al. [16] and
He [17] devised TFTC development process on the flank face of a tool
for real-time monitoring of wear progression. The TFTC on the flank
face was manufactured in a similar process as that in [15]. The pre-
viously mentioned literature indicates the typical TFTC fabrication
method is deposition by a sputtering method. The deposited material
adheres to the surface. However, high pressures due to the cutting
forces damage TFTC sensors.

The strategy for protecting TFTC sensors from extreme friction and
temperature is a great challenge because of the damage imparted to
the thin-filmed sensor during cutting processes. Kesriklioglu et al. [18]
embedded a K-type thermocouple TFTC. In their study, an AITiN layer
coated the upper side on layers of Chromel and Alumel to protect the
TFTC sensor. Li et al. [19] suggested a micro-textured tool with a depos-
ited TFTC sensor. The texture of their proposed tool has a depth of about
100 pum via laser beam, while Alumel and Chromel were coated inside
the texture using plasma-enhanced chemical vapor deposition (PECVD).
Molybdenum disulfide filled in the grooves and acted as a lubricant
at the tool-chip interfaces to protect the fabricated TFTC sensors. The
micro-textured TFTC sensor exhibited significantly improved perfor-
mance during the machining process. This design improved the protec-
tion of the TFTC sensors under high-pressure and high-temperature
environments. However, the preparation process for the fabrication of
the grooved tool was inadequate because the complicated procedure
was high in cost and time consuming [19, 20, 21].

Table 1 provides a summary of published papers describing TFTC
techniques. In the literature, the material combination used for TFTC
fabrication was equal to compositions of C- or K-type thermocouples
generating electromotive force. The most-used deposition method for
the TFTC layer was sputtering. The coating methods used to create
the protective layer varied and included methods such as sputtering,
e-beam evaporation, and PECVD. Only a few studies have investigated
the TFTC fabrication process and design parameter studies for cir-
cuit dimensions have been presented only in [10,11]. There is still a
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Table 2: Thermal conductivity, resistivity, and Seebeck coefficient
values for Chromel and Alumel [27,28].

lack of knowledge about the effects of circuit design patterns, circuit
dimensions, and the ratio of implemented thermocouple materials.
The studies are necessary even if they should apply to the cutting-tool
surfaces. Still, the circuit design for applying it to the cutting tool
surfaces has yet to be discussed. Therefore, a new study is necessary to
fabricate an optimal TFTC sensor for measuring cutting temperature.

2 EXPERIMENTAL

2.1 FEM model for thermal-electric potential simulation

This section describes the simulation used to investigate the influence
of geometric parameters before fabricating thermoelectric sensors
used in machining. The simulation tool is a commercial program that
calculates the electromotive force through a thermoelectric module in
ANSYS. The boundary condition for the simulated model follows. There
are various methods for improving the Seebeck coefficient of mate-
rials. Techniques such as hydrazine treatment [22], ionic liquid post-
processing [23], alloying [24], control of material alignment [25], and
energy filtering through nanoparticle deposition [26] can be employed
to enhance the Seebeck coefficient. However, in this work, we focused
on creating sensors using commonly available materials from the mar-
ket without additional processing steps. Alumel and Chromel exhibit
a high Seebeck coefficient, enabling sensitive temperature measure-
ments with thermocouples. They also operate reliably in high-tempera-
ture environments. Additionally, their suitability for use across a wide
temperature range has earned them recognition as industry-standard
materials for thermocouples. Therefore, our research concentrated on
adjusting the sensor’s shape to favor heat conduction without synthesiz-
ing new materials through complex processes.

The deposited materials are Chromel and Alumel, which are used
in K-type thermocouples, and they were set to (+) and (-) poles, respec-
tively. The initial ambient temperature around the sensor was 25°C.
and the other parts in the simulation were set at 50°C. The simulation
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Figure 2: Simulated and experimental data currents for A-, B-, and C-type
TFTCs.

model calculated the currents while increasing the potential differ-
ence between the Chromel (+) and Alumel (-) electrodes from minus-5
to+5 V. The thermal conductivity, resistivity, and Seebeck coefficients
were referred from the literature [27,28], and the coefficient values
are represented in Table 2.

We simulated design types A, B, and C, which have 0.05 mm, 0.1 mm,
and 0.2 mm of Chromel-Alumel electrode overlap length, respectively.
Figure 1a and b show the circuit design used for the simulation. The
electro pad dimensions were a width of 2 mm and a length of 4 mm,
and the connection two-step lines were 3 mm and 4 mm, respectively.
The circuit design was determined by the interferences of the cutting
tool clamp and cutting tool surface. The circuit dimension used in this

& Tramal concuctivily | 207 [Wm K7

& Soeback cosll

simulation is the case study parameter in the
experiment.

Electro pad thermoelements were
meshed using hexa type in ANSYS. The min-
imum mesh size was set to 0.025 mm, and
the total number of nodes and elements in
the geometry were 104706 and 67787, respec-
tively. The contact element was surface-to-
surface contact at the interfaces of the elec-
tro pad. Thermal contact behavioris a closed
contact type; thermal conduction transfers
between two contacting surfaces. The con-
ductive heat-transfer equation is defined by
Equation 1 [29]:

g=TCC x (T, — T,),

005 mm 010 mm 20 mm
in Type & in Type B in Type C

Equation 1

where q is the heat flux per area, TCC is the
thermal contact conductance coefficient,
and T; and T, are the temperatures of the
contact points at target and contact surfaces,
respectively.

The electric contact property is imple-
mented with thermal-electric elements, and
the solid coupled field element modeled the
electric current conduction. The interface
definition is determined by equation (2) [29]:

Alumel

204 10" johm)|
SATEA WV K

J=ECC x (V, = V), Equation 2

where ] is the current density for the electric
potential degree of freedom (or the electric charge density), ECC is
the electric contact conductance for the electric potential degree of
freedom (or the electric contact capacitance per unit area), and V;
and V, are the voltages at the contact points on the target and contact
surfaces, respectively.

2.2 Fabrication and performance measurement methods

for a thin-film thermocouple (TFTC)

The thermal evaporation method was used to fabricate the K-type
TFTC, which included deposition of three materials: Alumel, Chromel,
and an insulator. Figure S1 shows the mask used in the experiment.
The hot and cold junction in the circuit makes orthogonal contact
with the Chromel and Alumel. Four types of junctions, referred to as
A, B, C,and D types, were used in this study. A, B, and Cjunction types
have contact areas of 50 pm x 50 pm, 100 pm x 100 pm, and 200 pm x
200 pm, respectively. The electro pad has a width of 2 mm, and this
dimension is sufficient to connect the electrode for the DAQ system.

The junction is thin and delicate, which can lead to cracks during
deposition. Therefore, we inserted a linked line in the middle of the
junction and electrode. Often, a junction crack will be generated
during the thermal evaporation process due to the thin linked line.
Therefore, first confirmed the influence of the linked line dimension.
The D-type junction has an electrode and junction without a step con-
nection line and a square with dimensions of 9 mm x 9 mm to cover
the contact and electrode junction. The insulator mask was designed
ina 9 mm x 9 mm square shape to cover all junctions.

The thermal deposition method melts the materials using a high
current applied to the boat. The initial vacuum pressure was 4.4e 6
Torr. First, we tried to deposit the Alumel material on the flat glass
surfaces. The current was ~130-142 A and the deposition rate was

0.03-0.04 nm/s. The boat had a tungsten carbide thickness of 0.5
mm. If the current was set at 100 A, the boat temperature began
to increase. Therefore, we set the current to 130 A, and the process
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was steady with a deposition rate of 0.03 nm/s.
The Chromel material was deposited with a
deposition rate of ~0.03-0.05 nm/s with a cur-
rent of ~134-155 A. The four types of junc-
tions had a deposited Alumel and Chromel
thickness of 100 nm, which was measured
using an atomic force microscope.

The TFTC will be to measure the tempera-
ture at the cutting interface of the tool-chip.
Resistivity measurements and scratch tests
were carried out to confirm the TFTC perfor- o : .

| —=&T
— 50T
— 100

05 <
150 °C

(LR

Currend (&)

005 =

Curment (&)

mance. Current-voltage (I-V) tests were used 5 4 3 2
to determine the resistivity of the TFTCs,
which presented circuit characteristics. The
[-V testing process is described as follows:
The deposited sample with the four types
of TFTC was held on a hot plate. Then, the

(a) 9:1and (b) 8:2.
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Figure 3: 1-V graph of a 1.5 mm x 1.5 mm junction TFTC device using Alumel and Chromel with Ni:Cr ratios of

IV test cathode and anode (Keithley 2400 in Temperature: Room 50 °C 100 °C 150 °C
Figure S2b) were connected to the Alumel Temperature
and Chromel electro pads. The input volt-  chromel with Ni:Crof 9:1[chm-cm] ~ 2.060e-3 2.158¢-3 2.060e-3 2.060e-3
age was swept from minus-5 to +5V, and the
. Chromel with Ni:Cr of 8:2 [ohm-cm] 3.440e-3 3.754e-3 2.919e-3 3.916e-3
current values were measured while the hot
plate temperature was increased from 50°C Lo . .
o . . Table 3: Calculated resistivity values of the 1.5 mm x 1.5 mm junction TFTC device.
to 150°C. The connection wires are used
in K-type Extension (OMEGA Engineering, a085 0.5
Model: EXPP-K-24S-100). — Typa A = Troe 8
A scratch test was performed after each e B el A
material was deposited in a 2.5 mm x 1.5 150°C 150°C
. QL0051 0005 -
mm area (thickness of 100 nm) on flat glass = T
substrates. The sample was scratched with % 50, / £ 0000 ]
a probe with strength increasing gradually, 5 5
from 0 to 14 mN (NST3 nano scratch tester LU05 0005
in Figure S2c).
D010 4 0,010 4
3. RESULTS AND DISCUSSION - I R . oot
4 4 4 2 4 0 v 2 3 4 5 5 4 3 2 4 0 1 2 3 a =&
3.1 FEM simulation comparison Wcitaoe (V)
with experimental data (b) Type B
Figure 2 shows the simulated data and exper- ams ams .
imental data for response currents of A-, B-, — fipe 0
and C-type junctions. The experimentally e b A
fabricated circuit has a thickness of about 75 - a0 160*C
nm. However, this circuit is very thin relative z z
to the area. Creating a simulation model at § oo g um-ﬂ_‘_’_rl_._/—/_'_’_'_/_.
areal scale requires making many meshes a 3
to improve the mesh quality. This causes an — v
increase in computational time and requires oo .
high computational resources. Reducing the
amount of mesh saves computatlopal time e
but reduces mesh quality. The quality of the Viollage (V) Voltage (V)
mesh plays a significant role in the accura- (c) Type C (d) Type D

cy and stability of numerical computation.
Saving computational time while increasing
the mesh quality, we used an arbitrary TFTC
thickness of approximately 50 pm.

The plot comparing experimental and simulated results in Figure
2 is represented with units of current per thickness (mA/nm). The
slope of the current per thickness changes; it increases by junction
type in the order of A, B, and C types. The C-type has the largest
contact area between the Chromel and Alumel electrodes. The recip-
rocal of the slope provides the resistance value, and resistance and
resistivity are proportional; large resistance means large resistivity
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Figure 4: 1-V graphs of TFTCs with a Chromel Ni:Cr ratio of 9:1 as a function of temperature. (a) Type A (b)
Type B (c) Type C (d) Type D.

[30]. This means that the C-type, which has the largest area, has the
smallest resistivity. When the contact area is small, the resistance
increases because the area in which electrons can move is limited
when a thermo-electromotive force is generated by the thermocouple.

In addition, we can determine the thermoelectric characteristics
of the thin-film through the measured resistance [31]. Since the per-
formance may be degraded if the resistance of the contact area is high,
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mask with a large area of 1.5 mm x 1.5 mm.
Figure S4 shows the measurement setup used
to observe the I-V performance as a function
of Chromel ratio (8:2 and 9:1) with increasing
temperature (by heating the hot plate).
Figure 3 shows the I-V graph according
to temperature as Chromel ratios of 8:2 and
9:1, presented in Figure 3a and b, respectively.
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The resistivity of each sample was calculated
to compare their electrical properties. The
resistivity (p) of a thin-film is defined by
Equation 3:
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J=ECC x (V, — V), Equation 3

where, p is a resistivity (ohm-cm), t is the
TFTC thickness, and I and V are the current
and voltage, respectively.

Table 3 presents the TFTC resistivity cal-
culated using Equation 3. Chromel with a
Ni:Crratio of 9:1 exhibits minimal sensitivity
dependence on temperature, while that at a
8:2 ratio shows a slight change. However, the
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resistivity variation with increasing tempera-
ture is low enough to be ignored. Therefore,
the TFTC can be composed of Chromel with
Ni:Cr ratios of either 9:1 or 8:2. (Cross Alumel).
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Figure 5: I-V graphs of TFTCs with a Chromel Ni:Cr ratio of 8:2 as a function of temperature. (a) Type A (b)

Type B (c) Type C (d) Type D.

the smaller the area, the larger the resistance and possible decrease
in thermocouple performance [32]. These results indicate that a large
electrode contact area has high sensitivity with respect to the TFTC
and the highest performance may be expected in type C.

The simulation model calculated the current density (A/mm?) on
the electrode gap area. The current density values of TFTC A, B, and
C types were, on average, 9.4e7 A/mm?2, 3.1e8 A/mm?2, and 3.3e8 A/
mm?, respectively (Figure S3). The A-type TFTC has the lowest value
of current density, which means its relative resistance is higher than
the other TFTC types. The A-type TFTC may exhibit low performance
compared to the other types. The B- and C-type TFTCs have current
density values of more than 3.0e8 A/mm?2; the relative resistance is
lower than the A-type TFTC. Therefore, this simulation model is a
useable model to approximate TFTC performance according to cir-
cuit design.

3.2 Principal TFTC analysis

3.2.1Influence of the chromel Ni to Cr ratio

The TFTC should exhibit stable performance at high tempera-
tures, such as those in the machining process. Even with exposure
to extreme cutting temperatures, a single electrode will typically
exhibit low sensitivity depending on increasing temperature. This
section discusses the resistivity as a function of ratio of nickel (Ni) to
chrome (Cr) in the Chromel used for TFTC fabrication.

The two types of raw Chromel materials available in the commer-
cial market have Ni and Cr ratios of 9:1 and 8:2, which consist of Ni-Cr
of 90%-10% and Ni-Cr of 80%-20%, respectively. Alumel has consist of
Ni-Al-Mn of 95%-2%-2%, respectively. These two types of Chromel were
deposited to experimentally determine the influence of the Ni:Cr
ratio. Alumel is only available in a single ratio in the market and is

3.2.2 Influence of TFTC design type

In this section, the influence of the TFTC
design type was analyzed to determine their performance. The TFTC
types (A, B, C, and D) were presented in Section 3. Chromel (9:1 Ni:Cr
ratio) and Alumel were deposited by the thermal deposition process.
The detailed process conditions are described in Section 3.

Figure 4 and Figure S5 show an I-V graph of Alumel and Chromel
deposited for A, B, C, and D types (Specified measured data shown in
Figure 4 (a to d), respectively). Figure 4 represent the I-V slope results for
each TFTC type. The resistivity of each TFTC type shows slight differ-
ences. These results suggest the [-V behavior and temperature have no
relationship in the same contact area. However, the slope of each TFTC
type with the same temperature value exhibits significant differences
among the TFTC types (Figure S5). The slope of the graph increases as
the junction area is increased, suggesting the resistivity of the TFTC
decreases as the junction area increases. In addition, types A and D
have calculated resistivity values that are almost the same. This means
the linked line has little effect on the electrical characteristics of TFTC
and is reasonable to design a three-stage structure for a TFTC that will
be applied to an actual tool. Figure 5 and Figure S6 show -V graphs of
TFTCs with Alumel and 8:2 Chromel that also confirmed the resistiv-
ity in the same area was almost the same with varying temperature.
When comparing the TFTC area at the same temperature, the resistiv-
ity decreased as the area increased. These results indicate the TFTC
Chromel Ni:Cr ratio has minimal influence on performance.

Table 4 shows the calculated resistivity results for each TFTC type.
The highest resistivity of 0.13 Q-cm was observed in the D-type TFTC.
This high resistivity means the flowing current is interrupted and leads
to reduced performance. Similar results are observed for the D-type
TFTC with Chromel Ni:Cr ratio of 8:2. The lowest calculated resistivity
values are ~0.017-0.018 and ~0.03-0.032 Q-cm, which correspond to
C-type TFTCs with Chromel Ni:Cr ratios of 9:1 and 8:2, respectively.
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This measurement data means that thermo-  chromel Ni:Cr Type  AtRoom At50°C  At100°C  At150°C

electromotive force easily is generated in the Ratio Temperature

Q-type design. In section 3.1, C-type demgn 911 A 0.096 0.094 0.095 0.097

is simulated to have low current density,

that means the thermoelectron is a relative B 0.037 0.038 0.038 0.038

easy flow than other designs. No significant o 0.017 0.017 0.018 0.018

change in resistivity is observed with chang- D 013 0128 013 013

ing temperature. Therefore, the C-type TFTC

may be suitable for measuring temperature 8:2 A 0.097 0.097 0.038 0.038

data during the machining process. B 0.048 0.048 0.049 0.049
C 0.032 0.03 0.03 0.029

3.2.3 Scratch test results for TFTC

adhesion D 0.100 0.100 0.100 0.099

For the deposited Alumel and Chromel t0  rapje 4: Calculated resistivity results for each TETC type.

function properly as sensors, it is important

they are well attached to the deposited glass 125 °C 150 °C 200

or tool. Therefore, a scratch test was con- TETC B-Type

ducted on a sample deposited on a flat glass 1804 TFTC C-Type

substrate to determine how much force the o

materials could withstand. Figure S7 shows E 160 -

an image of the damaged film and the pen- &) TFTC B-Type

etration depth. Figure S7- shows the thin @ 140 Slope=104 -

Alumel film peeled off at the 0.24-mm point E

when the applied force was about 6.7 mN. On & 120

the other hand, the Chromel thin-film was E TFTC C-Type

not wholly peeled off for both Chromel Ni:Cr = 100+ e

ratios of 9:1 and 8:2 (Figure S7). However, -

when looking at the measured image, dig : T T . T T

was confirmed to some extent. In addition, o e S

when comparing the penetration depth of Thermal Image Data (Celcius)

the two materials, Chromel with a Ni:Cr ratio (a) (b)

of 9:1 had a penetration depth of ~300.3 nm
while that with 8:2 ratio was ~289.3 nm. It
was confirmed the degree of peel off was
similar for the two Ni:Cr ratios. Therefore,
the Chromel adhesion is better than that
of Alumel for glass substrates, and there is
little difference in adhesion depending on
the Ni:Cr ratio of the Chromel.

8:2).

3.2.4 The EDS component analysis
Figure S8 shows the SEM images (NOVA
NanoSEM 230, FEI, USA) for the surfaces of
deposited Chromel/Alumel and their analy-
sis compositions by EDS. The SEM images of
the Alumel-Chromel film layer are cleared
without defects. The EDS data shows that
Alumel consists of a weight percent of 77.3%
of Ni, 16.2% of Mn, 2% of Al, and 4% of Si. The
standard Alumel compositions are 95% of Ni,
2% of Al, 2% of Mn, and 1% of Si. In Chromel,
the compositions of it are 75.3% of Ni and
24.7% of Cr. Chromel is also different from
standard composition Chromel (9:1, Ni-Cr). The compositions differ
from the standard due to the glass substrate, an insulation material,
but both deposited films are useful for measuring the temperature.
The acquired temperature is described in the next section.

9:1).

3.3 TFTC performance in acquiring temperature data
through data acquisition (DAQ)

In this section, experiments were conducted to obtain TFTC perfor-
mance. A DAQ system (WebDAQ 904, measurement computing., Inc)
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Figure 6: Comparison of (a) thermal imaging and (b) TFTC sensor data (with Chromel having a Ni:Cr ratio of
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Figure 7: Comparison of (a) thermal imaging and (b) TFTC sensor data (with Chromel having a Ni:Cr ratio of

was used to collect the TFTC temperature data while increasing the
reference temperature (hot plate temperature). The TFTC data was
compared with two types of data collected using an IR-thermal imag-
ing camera (A700sc, FLIR., Inc.) and a K-type thermocouple (Omega
Eng.). The IR camera has a 1.5-m minimum focus length, and its mea-
suring range is 67.8 mm in width and 50.8 mm in length. The DAQ
system saved the temperature data from the TFTC sensors. The hot
plate was used to control the temperature as it heated the back of the
TFTC sensors from 125 to 200°C. TFTC sensor data were compared



Chromel and Alumel,
which are materials
commonly used in K-type

thermocouples, were used
for the thermal evaporation

process.

with the IR-imaging data and K-type thermocouple data collected at
the same time.

Figure 6 presents the IR-thermal imaging data and a graph compar-
ing the thermal image data to the TFTF sensor data (with an 8:2 Ni:Cr
ratio Chromel electrode). The thermal image data is the average of
the red rectangular box indicated in the thermal image. Data could
not be obtained for the A and D-type TFTCs using the DAQ system.
This result is analogous to the trend observed in Table 4 and is due
to the small contact area between the (+) and (-) electrode leading
to increased resistivity of the TFTC sensor. Slopes of 1.04 and 0.98
were obtained for TFTC B and C types, respectively. Both B and C-type
TFTCs have slopes close to a value of one, and their sensitivity is capa-
ble of obtaining useable temperature data.

When using Chromel with a Ni:Cr ratio of 9:1 as the TFTC sen-
sor electrode, the DAQ system is able to get data from the A-type
TFTC (Figure 7). This Chromel (9:1 Ni:Cr ratio) has low resistivity, as
described in the previous section (Figure 3 and Table 3), and the elec-
tron flow moves more easily by the electromotive forces. The B and
C-type TFTCs have higher sensitivity with this Ni:Cr Chromel ratio.
This result is related to the low resistivity of the Chromel with a 9:1
Ni:Cr ratio. Therefore, it is necessary to use the 9:1 Ni:Cr ratio Chromel
to obtain electrodes with relatively low resistance and high sensitivity.
The high composition of nickel increases the electric forces, improves
the performances of the TFTC sensor. The type-B TFTC will be applied
to a cutting tool surface for measuring cutting temperatures.

4 SUMMARY AND CONCLUSIONS

The TFTC sensor technique can detect temperatures in a unique envi-
ronment in many cases, as determined by the literature review, and
has potential for measuring cutting temperature. Cutting tempera-
ture generation in machining is a significant factor for machining

process optimization. This article optimized
the TFTC fabrication process for use in the
machining field. A simulation model was
constructed, using a thermoelectric simula-
tion module in ANSYS to predict the current
in different TFTC types. As aresult of the sim-
ulation, the value of the current responded
to increased input voltage similar to that
observed in the experiment. This model
can be used to predict TFTC sensor perfor-
mance. TFTC sensor performance was tested
for a fundamental TFTC shape with different
Chromel raw material ratios (8:2 and 9:1 of
nickel and chrome). The TFTC sensor with
Chromel, having an 8:2 Ni:Cr ratio, exhibited
unstable sensitivity with increasing tempera-
ture, while the TFTC sensor with Chromel,
having a 9:1 Ni:Cr ratio, exhibited stable sen-
sitivity. A comparison of different TFTC types
was made to evaluate their performance. If
the electrode contact area of the TFTC sensor
is small, its sensitivity was low. The C-type
TFTC had the largest electrode contact area
and the highest sensitivity. However, no sen-
sitivity variation was observed in the TFTC
sensor with increasing temperature. TFTC
sensor resistivity was calculated using I-V
data; the C-type TFTC had the lowest resis-
tivity due to its largest electrode contact area.
When Chromel with a Ni:Cr ratio of 9:1 was
used, the resistivity was lower than that with
a Ni:Cr ratio of 8:2. The Alumel electrode exhibited lower scratch
strength compared to the Chromel electrode, and the Chromel Ni:Cr
ratio had no influence on scratch strength. The temperature data was
obtained using a DAQ system connected to the TFTC sensors. The
B-and C-type TFTCs with an 8:2 Ni:Cr ratio Chromel electrode could
sense temperature variation while the other TFTC sensors did not
operate under the same conditions. A-, B-, and C-type TFTCs with a
9:1 Ni:Crratio Chromel electrode were able to detect the temperature
data with the DAQ system. The highest sensitivity was observed for
the B-type TFTC with a 9:1 Ni:Cr ratio Chromel electrode.

In conclusion, a TFTC sensor for a DAQ system used during
machining operation should be constructed with a large electrode
contact area and a Chromel Ni:Cr ratio of 9:1 for high performance.
The TFTC sensor with optimized design and fabrication process deter-
mined by this study will be integrated on tool rake surfaces similar
to those illustrated in Figure S9. This sensor technology will be able
to measure the cutting temperature during machining using unique
materials (e.g., Inconel, titanium, carbon-fiber reinforced polymer, or
biomaterials, such as bone), and will be a useful technology to analyze
their cutting principles.
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An alternative vacuum heat-treatment cycle, considering all
the technical aspects of additive manufacturing, can be used

to save time and money.

By DEAN KOUPRIANOFF and WILLIE DU/ PREEZ

he unique microstructure of Ti6Al4V produced through

laser powder bed fusion (LPBF) displays high-tensile

strength with low elongation in the as-built state. To

obtain desired material properties that comply with
standards for Ti6Al4V products, further post-processing is needed.
Conventional practice prescribes that the required tensile properties
can be achieved with time-consuming post-processing heat treatment
of LPBF parts, most of which use air or water quenching that causes
surface modification, such as oxidation, when applied to Ti6Al4V. The
aim of this work was to develop an alternative heat-treatment process
that would retain the benefit of additive manufacturing (AM) but
reduce the related processing time and cost, while still complying
with the part property specifications. A new heat-treatment cycle was
hypothesized and tailored, resulting from a critical analysis of cur-
rent practice found in literature and practiced in the Centre for Rapid
Prototyping and Manufacturing (CRPM) of the Central University
of Technology, Free State, based on the need for a quick and cost-
effective cycle. By comparing the obtained material properties and
microstructure with those of other common heat treatments, the
cycle was found to be faster, lasting only four hours in total, and the
material properties were superior to those of existing cycles. A high
yield stress of 987 MPa was obtained while retaining a good elonga-
tion of 16 percent.

1INTRODUCTION

The additive manufacturing (AM) application market is growing con-
siderably for medical and aerospace applications [1]. Titanium alloys
such as Ti6Al4V are especially desired due to the established market,
biocompatibility, and high specific strength. Ti6Al4V is an alpha (hcp)
+ beta (bcc) alloy, which, depending on the processing, can deliver
Widmanstatten, equiaxed, and bimodal microstructures with vari-
ous microstructural parameters, all of which affect the mechanical
properties [2]. Martensite formation in Ti6Al4V is based on the forma-
tion of an alpha phase supersaturated with substitutional vanadium
during rapid cooling. Martensite decomposition generally follows a
path of depleting the supersaturated vanadium in the alpha phase
through precipitation of the beta phase along the grain boundaries
upon heating. The ultra-fine martensitic microstructures with colum-
nar prior-beta grains are unique to laser AM processes and differ for
each specific process and parameter set [3]. Therefore, considerable
research continues to qualify AM parts made from Ti6A14V for medi-
calimplants and aerospace components. How the AM processes influ-
ence the microstructure is an important factor being investigated.
More specifically, for certifying AM, many topical standards, includ-
ing post-processing, are lacking [4], [5], [6]. Aerospace requires good
tensile and fatigue properties. Ensuring the material complies with
these standards will allow acceptance and safe implementation in
safety-critical applications such as aircraft structural components.
Many different post-processing heat treatments have been investi-
gated to obtain the desired properties. Not only should these meet

the required standards but for implementation in industry, three
important factors related to laser powder bed fusion (LPBF) must be
considered: residual stress, the feasibility of removing surface con-
tamination resulting from thermal post-processing, and time.

Itis important to tailor the microstructure and resulting mechani-
cal properties of LPBF Ti6Al4V parts for specific industrial applica-
tions. Conventional heat treatment of Ti6Al4V does not apply for
LPBF Ti6Al4V because the microstructure of LPBF parts differs from
that of forged and cast Ti6Al4V. One of the important differences
is that as-built LPBF Ti6Al4V parts display a very fine martensitic
microstructure. This results from the kinetics during LPBF of Ti6A14V,
which differ from conventional forming processes [7]. Due to rapid
solidification, various effects arise — among these are the genera-
tion of martensitic microstructure, induction of residual stresses, and
formation of non-equilibrium phases [8], [9], [10]. The typical as-built
yield strength for Ti6Al4V is approximately 1,150 MPa with 6.5% elon-
gation [11]. The Ti6Al4V(ELI) specification for powder bed fusion pro-
cesses (ASTM F3001-14) specifies that the minimum tensile strength,
yield strength (YS) and elongation values for the thermally treated
condition are 825 MPa, 760 MPa, and 8%, respectively, for both the
horizontal-and vertical-build directions [12]. When comparing the as-
built (AB) values of the mechanical properties reported by the authors
mentioned above to the ASTM F3001-14 values, the AB exceeds the
strength requirement significantly but does not meet the ductility
requirement.

As-built LPBFTi6A14V parts usually consist of columnar prior-beta
grains filled with extremely fine acicular ¢’ martensite. The fine &’
martensite obtained during LPBF differs from conventional &’ mar-
tensite in the sense that the spacing is tight, with many dislocations
and twins obstructing dislocation movement and therefore reducing
ductility. Columnar prior-beta grain boundaries favor intergranular
failure, which decreases ductility along with the negative effects
of mechanical anisotropy and limited fatigue life. The cooling rate
strongly influences the prior-beta grain size and the morphology of
the a phase [13], [14].

Stress relieving to avoid distortion is a critical part of the LPBF
process. Residual stress and microstructure greatly influence the
fatigue properties and crack growth of titanium alloys. Van Zyl et
al. [15] measured residual stress near the top surface of LPBF Ti6A14V
as-built samples attached to the substrate. Residual stresses were ten-
sile and in the range of 200-800 MPa. A stress of 800 MPa is only 30
MPa below the typical YS of annealed Ti6Al4V(ELI). Distortion can
occur and cracks can initiate when removing the component from
the substrate on which it was produced without prior stress-relieving
heat treatment.

Therefore, stress relieving should be applied before removing the
parts from the substrate. The standards AMS 2801 and SAE H81200
provide guidance on stress relief. Ter Haar and Becker (2020) found
that, for stress-relieving temperatures above 560°C, 90% of the resid-
ual stress in LPBF parts was relieved and proposed a higher tempera-
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ture of 650°C to give the best ductility. These findings are similar to
those found for conventional Ti6Al4V stress-relieving temperatures
given by Donachie (2000), who proposed that titanium stress relieving
be done at temperatures between 480°C and 650°C for a time of one
to four hours, resulting in more than 70% of the residual stress being
relieved in the first hour. Ter Haar and Becker [16] also showed these
stress-relieving temperatures (427-610°C) with long holding times
could lead to the decomposition of martensite, but this resulted in
embrittlement of the material due to fine 8 phase precipitates formed
at /o’ grain boundaries.

The temperature at which SR occurs is not as critical as ensur-
ing uniform temperature distribution upon cooling, especially from
480°C to 351°C. Stress relieving can be omitted if high-temperature
annealing is carried out [2], [17].

To modify the LPBF microstructure,
high-temperature annealing is employed.
A well-known work by Vrancken et al. [7],
in which many different heat treatments
were investigated, found that no significant
grain growth occurred for temperatures
well below the beta transus. The fine ¢ and
p grain interfaces were found to limit grain
growth. Only at 850°C did noticeable grain
growth effects start to arise. When cooling
from 850°C, because of the large fraction
of o phase present, no significant change
in microstructure was seen with a change
in cooling rate. Contrary to conventional
Ti6Al4V manufacturing methods, for which
an increase in heat-treating temperature
decreases the elongation with an increase
in YS [2], with LPBF, the elongation values
increase with an increase in annealing tem-
perature at the expense of YS. Similarly, time

Name Ramprate Soaktemp Soaktime Cooling rate
(°c/n) (0 (h) (°c/n)
650-SR 200 650 3 Furnace
850-ANN 200 850 2 Furnace
895-ANN 200 895 2 Furnace
940-ANN 200 940 2 Furnace
650-SR&940-ANN 200 650,940 3,2 Furnace
940-ANNGQ 200 940
New-cycle Described below 2 Gas quench .

Table 1: Ti6AI4V heat treatment cycle times and temperatures.

» Cylindrical rods

_Workload
thermocouple

* Uncut cantilevers

= Substrate

spent below the beta transus had no signifi-
cant effect on the grain growth, or, rather,
no large grains were obtained, and the lami-
nar structure remained. Even after consider-
able time, the laths were still relatively small,
although they might have become less elon-
gated [18], [19].

For LPBF, Yadroitsev et al. [20] showed that
aglobular microstructure could be obtained
at higher temperatures and holding time. In

A TTEUTT o NN

Figure 1: Ti6Al4V substrate with unmachined tensile rods and cantilevers inside the vacuum chamber. A
typical machined tensile specimen is shown at the top right, and the cantilever specimen dimensions are at

their work, they obtained a globular micro-

the bottom.

Al \Y Fe 0 C N H
ASTM F 3001-14 5.5-6.5 3.5-4.5 <0.25 <0.13 <0.08 <0.05 <0.012
Current work 6.47 412 0.19 0.09 0.01 0.01 0.002

structure by heating to 50°C below the beta
transus, followed by a water quench. Ter
Haar and Becker [21] suggested the optimal
heat treatment for LPBF was a duplex anneal consisting of 910°C for
eight hours, followed by a water quench and thereafter 750°C for four
hours, followed by furnace cooling. Interestingly, they were able to
produce a bi-modal microstructure with ultimate tensile stress (UTS)
and elongation above 900 MPa and 15%, respectively. However, these
two above-mentioned heat treatments are not feasible solutions for
parts that cannot be machined or descaled because they also increase
the post-processing time.

Some more recent approaches were from Sabban et al. [22], who
obtained a globularized microstructure by cycling at between 975°C
and 875°C with slow cooling between the cycles. Another team [23]
was able to produce samples with quasi-equiaxed microstructures by
using rapid heat treatment above the beta transus. Here, the refine-
ment of prior-beta grain boundaries was reported for the first time.
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Table 2: Ti6AI4V(ELI) chemical composition and ASTM F 3001-14 requirements.

Baker et al. [24] proposed to the LPBF community that terminology
that accurately describes the heat treatment history was needed.
The term “high-temperature anneal” was proposed for fully lamel-
lar microstructure. This need for new nomenclature confirmed the
development and growth in the field of LPBF post-processing.

To avoid oxygen pick-up, heat treatments can be done in a vacuum.
The heat-treatment standard for Ti6Al4V LPBF (ASTM F3301-18a, 4:
“Thermal Post-Processing Requirements”) specifies that heat treat-
ments should be carried out according to the conventional standard:
AMS 2801 “Heat treatment of Titanium Alloy Parts” [25]. In AMS 2801,
it is specified that (Notes: 8.5) to avoid surface contamination, parts
should not be exposed to air above 204°C. In addition, AMS 2801
requires descaling for parts heated above 538°C in an environment
other than an inert atmosphere or vacuum. Consequently, due to the



* Horizontal cylinder

~Vertical cylinder

= Vertical Charpy bar

= Fractured Charpy specimen

« Horizontal Charpy bar

Figure 2: Charpy impact test specimen bars with a typical fractured specimen,
as well as tensile test specimen cylinders on the substrate in the furnace
chamber.
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Figure 3: Yield stress vs % elongation for each cycle.
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Figure 4: Engineering tensile properties of different heat treatments (stress on primary axis and elongation

on secondary axis).

nature of LPBF, which has the advantage of directly delivering the net
shape of a final part with complex geometry, conventional removal
of surface oxides is normally not a feasible solution. Therefore, many
of the suggested post-processes found in literature are not practical
solutions for industries such as aerospace. While AMS 2801 specifies
that stress relieving (SR) should consist of soaking at 593°C for two
hours and annealing at 704°C for two hours, both occur above the
temperature where descaling is required in the same standard. This
implies that for LPBF of Ti6Al4V, only inert or vacuum atmospheres
are suitable. Accordingly, AMS 2801 addresses this point by specify-
ing that parts with net dimensions shall not be heated above 538°Cin
air or non-inert atmosphere furnaces unless coated with a protective
coating, which is not always feasible with LPBF.

From the preceding discussion, vacuum heat treatment of tita-

nium alloys is evidently the best solution because it has the benefits
of not only removing contaminants from the atmosphere but also
dissociating surface oxides. The use of vacuum heat treatment is also
highly recommended by EOS to avoid the formation of alpha case on
the surface of the parts [26].

Among the authors, the most common heat treatment that deliv-
ers good YS and elongation values (ASTM F3001-14: minimum of 825
MPa and 8%, respectively) seems to be a single-cycle heat treatment at
850-950°C followed by furnace cooling (7], [26], [27], [28], [29].

Despite their general acceptance, these thermal treatment cycles
are still time-consuming and dependent on ramping rates, holding
time/temperature and the cooling method used. Changes in these
parameters result in different material properties; therefore, con-
siderable care must be taken when altering these cycles. Typically,
these heat-treatment cycles take more than nine hours to complete,
implying that at least one day or night is needed for the parts to be
thermally processed.

Therefore, the current study was undertaken to address the need

for an alternative heat-treatment cycle that

::;JE;: would reduce heat-treatment time and cost
BS0-ANN for the Centre for Rapid Prototyping and
+ BO5 AMNN Manufacturing (CRPM) clients while still
* D40-ANN achieving the required properties. Assuming
®ES0-SRAMIANN - that the 8 grain growth is dependent on dif:
» Q40-ANNGO . . .
< Now-cycle Ver fusion through its own grain boundary and
+ Neww-cyche Hor that no considerable diffusion takes place

below 750°C, a short time above this tem-
perature is needed for the supersaturated
elements to travel the length of the minor
axis required for martensite to decompose
into lamellar « + 8. This will retain the fine
microstructure but lead to increased ductil-
ity. Yang et al. [14] were the first to show the
development of the hierarchical structure of
LPBF «’ martensite (primary, secondary, ter-
nary and quartic) caused by the thermal his-
tory. The hierarchical structure of acicular

# o grains has an aspect ratio of between 10
. 5  and 20, with the minor axis of the primary
‘é «a’ and quartic ¢’ being ~1-3 pm and 10-20

“  nm, respectively [14], [21]. The thinnest «
martensite (quartic «’) is smaller than 20
nm; thus, a very short diffusion path is pres-
ent for the supersaturated atoms to travel
within the grain and form the § phase on its
grain boundary. Ti6Al4V has no significant
diffusion below 750°C, but at 940°C the dif
fusion rate is approximately 0.07 pm?fs and
0.05 pm?fs for aluminum and vanadium in j titanium, respectively
[30]. Even when considering the worst case, for large primary o’ of 1
pm width and assuming only bulk diffusion of vanadium, the atoms
at the grain center need to travel half the minor axis (0.5 pm). This
equates to a rough estimate of ~10 s to traverse this distance. It shows
the desired fine lamellar « +  morphology can be obtained in a very
short time.

This rough calculation is based on bulk diffusion rates and does
not consider factors such as the transient non-equilibrium chemical
composition, as the supersaturated bulk initially rearranges atoms
to precipitate in seed phases. At 882°C, the solubility of vanadium in
a-Ti is zero; therefore, rapid rearrangement of atoms and f§ precipita-
tion on the grain boundaries can be expected. Fine microstructural
features like vacancies, high dislocation, and twin density will sig-
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nificantly increase the diffusion rate due to grain boundary diffu-
sion. Although the diffusion calculation is a simplified analysis, it
shows that even for the slower bulk diffusion mechanism, only short
times are needed at this temperature for the transformation, and it
can be expected that the actual decomposition will be much faster.
These short times reduce grain growth, leading to desirable fine
microstructures as it increases material properties and can be par-
ticularly beneficial for fatigue and fracture mechanics. Additionally,
since the sections of AM parts are generally smaller than industrial
Ti6Al4V sections, there is no need for temperature soaking to ensure
temperature uniformity. Therefore, the authors propose the use of
a very short thermal treatment that would not only save time and
money for the clients of the CRPM but would produce exceptional
microstructural and material properties. This study compared these
properties to those obtained through some of the most common post-
heat treatments implemented in the AM industry.

2 METHODOLOGY

To compare the hypothesized cycle with conventional annealing
(ANN) cycles found in literature, the cycles shown in Table 1 were
investigated. Table 1 shows the heating
parameters for each investigated cycle,
hereafter referred to as 650-SR, 850-ANN,
895-ANN, 940-ANN, 650-SR&940-ANN, 940-
ANNGQ and New-cycle, respectively.

The New-cycle consisted of ramping to
600°C at 300 °C/h, then ramping to 940°C
at 637.5°C/h, followed by immediately ramp-
ing down to 600°C at 637.5°C/h. This was fol-
lowed by a furnace cool to 400°C. On reach-
ing 400°C, argon gas was introduced and kept
stationary until 300°C was reached, whereaf-
ter, the quick-cooling fan was turned on for
cooling to room temperature.

The vacuum heat treatment was car-
ried out using a T-M Vacuum Products Inc.
$S12/24-13MDX vacuum furnace operated
consistently at vacuum levels < 0.01 pm
Hg, which exceeds the recommended (AMS
2801B) level of 0.1 pm Hg. The vacuum
chamber with the platform on which the
Ti6Al4V(ELI) test specimens were loaded is
shown in Figure 1.

Test specimens of Ti6Al4V(ELI) were pro-
duced in an EOS M290 DMLS machine at stan-
dard EOS Ti6Al4V process parameters laser
power: 280W, scanning speed: 1,300m/s,
hatch distance: 150 pm and layer thick-
ness: 40 um from powder with the chemical
composition shown in Table 2. The equiva-
lent diameters (by volume) of the powder
particles were d10=31pum, d50=49um and
d90=75um.

For each of the above-mentioned cycles,
three cantilever specimens (dimensions
shown in the diagram in Figure 1) and three
vertical test specimen rods (aligned with the
Z-axis of the machine) were manufactured
and then heat treated. After each cycle, the T-shaped cantilevers
were cut from the baseplate and the deformation was measured to
compare the effectiveness of stress relief for each cycle. This mea-
surement indicated the magnitude of residual stress in the mate-
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Figure 5: SEM micrograph of a cross-section of an as-built specimen in the XY
plane.
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Figure 6: SEM micrographs of horizontal cross-sections (X-Y plane) showing the microstructures resulting
from the corresponding heat treatment cycles.

rial after removal: the cantilever deflection is caused by the stress,
which can deform the material after cutting the anchor points
from the substrate. The amount of strain was shown to be directly
proportional to the residual stress [31], [32], [33]. The cylindrical rods



Figure 7: SEM micrographs of New-cycle showing alpha twin fragmentation indicated by arrows (left) and

higher magnification of the square region (right).

1050 1100 1150 1200
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Figure 9: Microhardness vs UTS in the X-Y plane of the different cycles.

were machined according to ASTM E8 to produce tensile specimens
with a gauge length of 16 mm. For microstructural analysis, the
threaded ends of the tensile specimens were cut, polished, and
etched with Kroll’s reagent. A JEOL JSM-7800 F was used for scanning
electron microscopy (SEM) and backscattered electron (BSE) imag-
ing of the microstructure and fracture surfaces. The grain width of
the lathes in the microstructures was measured with Image]J soft-
ware. To compare the impact of microstructural features of the
different cycles, Vickers microhardness measurements were done
at 3N for 10s on representative specimens from each type of heat
treatment cycle.

Charpy impact testing was also done for the New-cycle, along
with more tensile tests, resulting in 12 vertical tensile specimens
from three different build orientations and treatments. Both the
Charpy impact and tensile testing were performed on test speci-
mens orientated in the vertical and horizontal building directions.
The impact specimens were 100 x 10x10 mm with machined v-notch-
es (see Figure 2). The 650-SR&940-ANN data was also obtained from
five specimens, implying that the tensile properties and standard
deviation data for the New-cycle and 650-SR&940-ANN were statisti-

cally more reliable.

3 RESULTS

None of the cantilevers used in the different
heat-treatment cycles showed any deflection,
confirming that all the cycles sufficiently
relieved residual stresses. Figure 3 shows
the yield stress versus the % elongation for
each cycle.

Figure 3 shows the New-cycle performed
well with 16.1% elongation and the highest
yield stress of all the HTA specimens. For
the 650-SR&940-ANN specimens, the addi-
tional stress-relieving cycle seemed to have
no impact on the final material properties,
which were very similar to those of the single
940-ANNGAQ. This is shown more clearly in
Figure 4, with the property values and stan-
dard deviations being similar for 940-ANN
and 650-SR&940-ANN.

For the different HTA cycles, both the YS
and UTS decrease with an increase in temper-
ature. A significant increase in elongation is
seen in the temperature range of 895-940°C,
while a drop in elongation is seen between
850°C and 895°C, which has the same tem-
perature range. This will be discussed in
more detail later. The elongation of the 650-
SR is the lowest because the alloy still has
a martensitic microstructure (see Figure 5, Figure 6). On the other
hand, the 650-SR specimens have the highest UTS, being 140 MPa
above that of the 850-ANN specimens. For the 940-ANNGQ, the gas
quench from the high temperature seemed to have had no impact
on the strength when compared to furnace cooling from the same
temperature. However, the 940-ANNGQ specimens did have slightly
lower average elongation than the 940-ANN specimens.

Figure 5 shows the well-known, as-built fine martensite structure
obtained by the LPBF process.

The corresponding microstructures of the other heat-treatment
cycles can be seen in Figure 6. The AB and 650-SR microstructures
are similar (Figure 5, Figure 6) in the sense that the fine needle-like
microstructure is retained.

For the 940-ANNGAQ cycle, the gas quench reintroduced high cool-
ing rates, and its microstructure in Figure 6 shows that the 940°C
anneal, followed by the higher cooling rate (gas quench), compared
to the 940-ANN with furnace cool, did exhibit the same size of laths,
but with sharper needle-like martensite shape.

For the New-cycle, some hierarchical «’ substructures were still
present, as shown in Figure 7. Here the smaller laths are clearly ori-
entated to the larger ones indicating that the shape of the starting
grain structure has been retained.

Figure 8 shows optical microscopy (OM) micrographs of cross-
sections of the 850-ANN and the New-cycle specimens, which both
display a fine @ +p microstructure, although the 850-ANN is coarser
due to the longer annealing time, which allowed the finer laths to
be dissolved into adjacent grains (also compare the SEM images of
850-ANN and New-cycle in Figure 6). This New-cycle microstructure
correlates with the EOS Titanium Ti64 Grade 23 material data sheet,
which specifies that for a heat treatment of “120 min (+30min) at
800°C (£10°C) measured from the part in vacuum (1.3 x 10 -1.3x
10" mbar) followed by cooling under vacuum” the microstructure
will consist of “fine alpha + beta (¢ +f) phase” [26].
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Heat treatment, which resulted in martensite decomposition
into a fine alpha +beta microstructure, was between 800°C and
850°C. This is consistent with other findings [34], [35], [36]. It con-
firms that the fine microstructure obtained during the New-cycle
was similar, although finer, than that of the other studies that used
heat treatments between 800°C and 850°C. The finer a+f structure
of the New-cycle promoted grain boundary
strengthening and, hence, led to a higher
yield stress than that of the 850-ANN. This
was confirmed by the increased microhard-
ness shown in Figure 9. The mean widths of
the « laths in the microstructures obtained
with the different heat treatments are given
in Table 3.

The LPBF microstructure of Ti6A14V(ELI)
seemed to follow a Hall-Petch relation-
ship in the sense that the fine martensitic
grain structures showed the highest UTS,
and as the size of the grains increased (as
seen in Figure 6), the UTS and hardness
decreased.

The microhardness trend seen in Figure
9 is similar to that reported by Malka-
Markovitz et al. (2016), who reported that
the hardness decreased as the marten-
site decomposed to « between the tempera-
tures of 650°C (SR) and 850°C, but then from
850°C upward, the hardness increased as
the a evolved into a bi-phasic a+f micro-
structure. Subsequently, a drop in hardness
follows again with an increase in tempera-
ture as observed between 895°C and 940°C,
which is due to the fine ¢ +p microstruc-
ture that coarsened, resulting in a drop in hardness.

BSE images of the cross-sections of the specimens that have
undergone the three annealing temperatures and the New-cycle
are shown in Figure 10. A clear difference can be seen in the width
and length of the laths resulting from the different cycles. The 940-
ANN developed very long laths, with one long one clearly visible in
the middle of the micrograph.

The microstructure in the XZ plane retains the columnar prior-
beta grain morphology after the New-cycle heat treatment, as shown
in Figure 11. The measured microhardness values were constant
across the cross-section of the threaded section of a tensile speci-
men, as shown in Figure 11.

The New-cycle specimens had good impact toughness, as shown
in Table 4. The lower impact toughness in the horizontal direction
can be attributed to the directionality of the prior-beta columns
leading to preferential crack propagation. It should be noted that,
although the horizontal property values were lower than the vertical
values for both the tensile and impact toughness, they exceeded the
requirements of the Aerospace Specification Material for annealed
Ti6Al4V(ELI) [37].

Fracture surfaces for both the vertical and horizontal impact
specimens were the same. The fracture surfaces were flat and very
smooth, with shear lips, as shown in Figure 12.

Similar to the grains’ size reduction seen in the micrographs
between the 940-ANN, 850-ANN and the New-cycle, the fractography
of the tensile specimens showed the dimple sizes decreasing with
temperature, as depicted in Figure 12. All specimens fractured in a
ductile mode, and the fracture surface of the New-cycle showed the
smallest dimples with a very uniform topography.
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850-ANN 895-ANN 940-ANN New-Cycle
A lath width (pm) mean 1.4 1.2 2.5 0.5

stdev 0.6 0.5 0.8 0.3

Table 3: Width of alpha laths for 940-ANN, 895-ANN, 850-ANN and New-
cycle.
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Figure 10: X-Y plane BSE images of 940-ANN, 895-ANN, 850-ANN and New-cycle (alpha = dark grey; beta

Figure 11: Vertical (XZ plane) cross-section and microhardness across the
threaded section of a New-cycle tensile specimen.

Impact toughness (J)

Horizontal Vertical

26.0+2.0 33.3+23

Table 4: V-notch impact toughness at 22°C of a specimen submitted to the
New-cycle heat treatment.

4 DISCUSSION

4.1 Material properties
For the New-cycle, the vertically orientated specimens performed
slightly better than the horizontally orientated ones, which had lower



elongation. This anisotropic nature of the tensile properties agrees
with other findings [26], [35], [38], [39].

The vertical tensile properties reported by EOS for HTA at 800 for
two hours are 980MPa, 1050MPa and 15% for YS; 5, UTS, and elonga-
tion, respectively [26]. When considering the tensile results of the
different heat treatments in Figure 4, the tensile properties resulting
from New-cycle compare or exceed those reported by EOS and others
[7],121], [23], [26]. The 850-ANN shows an even higher elongation value
with a slightly lower yield point, as shown in Figure 4. In general, all
cycles showed good elongation, with the AB being 7.7%; an attribut-
ing factor can be the short interlayer time. All specimens were not
built on one substrate but over multiple prints, i.e. for each different
heat treatment, only three vertical rods were manufactured on the
substrate. This results in a very short interlayer time, which has been
shown to increase elongation due to coarsening of the « laths [40].

Ter Haar and Becker [21] showed that a-grain fragmentation
during high-temperature annealing formed at twinning locations.
During the New-cycle, fragmentation of ¢ at twins occurred (see
Figure 7), which, considering that the New-cycle was only kept at

high temperatures for a brief time, confirmed that the fragmentation
occurred rapidly at high temperatures. Some of the smaller ternary
and quartic « had dissolved into the larger primary and secondary «
grains. These laths, when compared to the AB microstructure shown
in Figure 5, are larger and not as needle-like.

The grain structure of the New-cycle is considerably finer (sub-
micron) compared to the other cycles and shows compositional con-
trast (Figure 10), verifying that the short holding time is sufficient for
the supersaturated ¢’ to decompose into a fine ¢ +f phase. This agrees
with Cao et al. [19], who showed that above 900°C, a time shorter
than 0.5h was needed to decompose the martensite. The alpha lath
widths for 850-ANN and 895-ANN are very similar, explaining the
similarities in tensile stresses (Figure 4), but the 895-ANN has reduced
elongation as noted in the increase of hardness (Figure 9) when «
evolved into a bi-phasic ¢+ microstructure [36]. Figure 11 shows good
microstructural uniformity in the thick 12.5mm sections. Although
it is challenging to successfully build LPBF parts with large cross-
sections due to residual stress, it was decided to simulate the New-
cycle heat-treatment process to calculate the maximum temperature
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difference for a 100mm cube on the sub-
strate. In a SolidWorks 2020 thermal study,
the temperature vs. time profile was simu-
lated while assuming that, for the vacuum
heat treatment, the surface of the part was
equal to the temperature measured by the
thermocouples, and no conduction or convec-
tion occurred. For a simplified 100mm cube,
it was found that the maximum tempera-
ture difference would be ~40°C lower at the
core, i.e. a maximum temperature of 900°C.
However, this was not a concern, bearing in
mind that the lower temperature anneals
(895-ANN and 850-ANN) and 650-SR do give
good tensile properties. It was noted that the
microhardness measured on the cross-sec-
tions in the XZ plane was ~10 HV lower than
that obtained in the XY plane. The New-cycle
XY microhardness (329 HV) was below those
of AB and 650-SR specimens of 352 HV and
340 HV, respectively, indicating that micro-
structural changes had occurred.

The New-cycle showed good impact
toughness, with the values of the vertical
specimens being considerably higher than
other LPBF work in heat-treated conditions
[41], [42], [43], [44]. This is an exciting find-
ing and an area for further research, which
might hold promising benefits for fatigue
and fracture toughness.

Yonemura et al. [45], Cerda et al. [46] and
De Knijf et al. [47] showed that, for rapid heat-
ing of 0.1 % C steel, the high dislocation den-
sity and carbon concentration of the initial
ferrite was retained upon transformation to
austenite. Higher dislocation density increas-
es the work-hardening effect. Although the
New-cycle can possibly lead to retention of
the favorable high dislocation density and
greater strength, none of the cycles showed
any significant difference in the work-hard-
ening rate. A significant change in disloca-
tion density was found between AB and
heat-treated specimens built in a similar
EOS M280 machine at the CRPM by Muiruri
et al. [47]. They reported dislocation densi-
ties for the AB, SR (650 3h FC) and annealed
(800 2.5h FC) of 3.82x 101>, 1.02x10'% and
5.73x107 m?, respectively [48].

4.2 Practical considerations: cycle

The New-cycle consisted of slow ramping
to 600°C then more rapid heating to 940°C.
No hold was present upon reaching 940°C.
The initial ramp was slow to allow for stress
relief and prevention of deformation. After
the component had reached a temperature

Figure 12: Fracture surfaces of vertical V-notch impact specimen (left) and corresponding depth profile
(right).

Figure 13: SEM fractographs of vertical tensile specimens heat treated at 940-ANN, 850-ANN, and New-
cycle.
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Figure 14: Calculated scores for each cycle.

of 600°C after two hours, the slow ramp had also allowed for tem- tional contribution to this is the relatively small thicknesses of AM
perature uniformity and stress relief, which agrees with the canti- parts when compared to industrial parts. After the components had
levers having shown no visible deformation and with the findings  slowly reached temperatures of 600°C and above, the temperature dis-
of Ter Haar and Becker [16], who showed that above 610°C almost all  tribution was uniform, and the temperature-dependent yield stress
residual stress was relieved within the first five minutes. An addi- had been lowered so that subsequent rapid heating would not lead
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to distortion. The ramp down was controlled and slowed to allow for
more time in the temperature range where diffusion can occur (above
750°C) to ensure a more uniform temperature, irrespective of the
furnace load. This results in consistency across different-sized builds,
with consequent lower induced thermal stress and distortion. Since
no air or water cooling is introduced, no descaling or machining is
needed to remove oxides. To obtain better statistical reliability of the
tensile properties of specimens submitted to the New-cycle, multiple
LPBF builds were combined with multiple heat treatment cycles with
a total of 15 tensile specimens.

4.3 Practical considerations: time, cost, and performance
Although most of these heat-treatment cycles produced excellent
mechanical properties when compared to wrought Ti6Al4V (as found
in [2]) and are all above the requirements of ASTM F3001-14, from
a practical point of view, reduced cycle time and cost are of major
importance. Therefore, each cycle was scored based on a very simple
calculation: the maximum value of each property scored 10 points,
while the lowest scored zero points, and anything in between was
interpolated linearly between the maximum and minimum points.
The scores and actual times of the cycles are shown in Figure 13.

In this scoring system, the 650-SR cycle only just beat the New-
cycle and scored 0.2 more on average than the New-cycle, which is
in second place, with the 850-ANN cycle in third place. Although the
650-SR cycle is in the first place, its low elongation should be noted,
which is not clearly represented by this scoring system. Performing
only a stress-relieving heat treatment does not optimize the mechani-
cal properties for improved fatigue life performance. From a time-sav-
ing point of view, the New-cycle has a considerably lower cycle time
of only four hours, with the 940-ANNGQ close on its heels. However,
the latter has the disadvantage of creating larger grain structures
and considerably lower yield stress and UTS. Therefore, because of the
application of the New-cycle, parts for heat treatment can be received
and delivered in half'a working day, which has significant time- and
cost-saving advantages.

5 CONCLUSION

The purpose of this article was to show that an alternative vacuum
heat treatment cycle, considering all the technical aspects of AM, can
be used to save time and money. The New-cycle offers a significant
reduction in time (from 40 to 4h), making it cost-effective to maxi-
mize the advantages of AM by offering parts that need no further
descaling or machining. A yield stress of 987 MPa, higher than all
other conventional treatments, was obtained while still having an
elongation of 16%. This cycle delivered exceptional tensile and impact
properties and sufficiently decomposed the as-built martensite into
an a+f phase while retaining a very fine microstructure conducive
to improved fatigue properties. In this case, the saying “less is more”
rings true.
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Algas-5DI makes products and systems for the deployment
of clean fuels worldwide, as well as designing and
manufacturing LP-gas vaporizers, industrial process heating
burners, synthetic natural gas systems, and more.

By KENNETH/ CARTER, Thermal Processing editor

hat would you do if supply chain issues during a pan-
demic kept you from shipping your product because one
final, crucial part wasn’t available? If you're Algas-SDI,
then you make that crucial part yourself.

The natural gas replacement systems and vaporizers that Algas-
SDI had been producing for years use packaged burners to heat their
process, but COVID created an enormous supply chain constraint in
2021, according to Ad de Pijper, director of the combustion products
value stream division, at Algas-SDI.

“We could not get burners, so we had a lot of equipment sitting on
our shop floor — basically, everything was ready except there was a
hole in the product where a burner should go,” he said. “So, in 2021,
we decided to make our own burners. That’s
how we started our journey in the burner
industry. Once we started making burners
for ourselves, other people — since we’re very
close to many players in the industry — they
said, ‘Hey, you want to sell your burners to
us?’ And we said to ourselves, ‘Well, if there
isaneed, let’s start a business to fill this need,
so that’s what we did.” So, from a burner per-
spective, we’ve been at it about two and a half
years. But the company itself has more than
a 90-year background.”

MAJOR ACHIEVEMENT

To put that monumental business change
into focus, Algas-SDI went from deciding to
add a brand-new product to their catalog to
shipping it in eight months, according to de
Pijper.

“We literally had nothing,” he said. “We
had no designs; we had no supply chain; we
had no team to support the burner business.
We received our first order late 2021, and we
shipped 36 burners in April of the following
year. We went from nothing to shipping our first order for 36 burners
in eight months. To put that in perspective: Other companies that
are more established, some with more than 100 years of experience
building and selling burners, had a lead time of nine to 12 months.”

Part of Algas-SDI's journey back into the heat-treat industry
stemmed from the company’s desire for others in the sector to not
have to go through the same struggles where people couldn’t get
product or those products took an exorbitant amount of time to get,
according to de Pijper.

“We are very focused on short lead times and customer service, and
that’s really because of the pain that we felt ourselves,” he said. “We
were trying to get burners for our own equipment. The lead time was

too long, but we also would not get good customer service because
these other companies, they were struggling getting product out the
door. And again, because of our long history and experience with
Eclipse, which now, of course, is owned by Honeywell, it was a no-
brainer for us to also go into the heat-treat industry.”

DIRECT-FIRED BURNERS
Algas-SDI’s current focus is on direct-fired burners — with and with-
out integral blowers for combustion air — for medium- to high-tem-
perature processes, according to de Pijper.

“That’s what we offer,” he said. “The smallest burner we have has
a capacity of 150,000 BTU/hr. The largest standard burner we sell is

Algas-SDI's TRUXX CNG/RNG decompression unit for
pipeline injection with a heating system that includes
the Phoenix SH burner. (Courtesy: Algas-SDI)

7.5 million BTU/hr. Those are the products that we’re offering right
now, but our development team is working on a radiant tube fired
burner we plan to release later this year.”

‘SIMPLE AND EASY-TO-USFE’
Adding burners to its catalog is just one of the ways Algas-SDI strives
to take some of the complications out of how its customers run their
operations, according to de Pijper.

“Everything we do is about making products that are simple and
easy-to-use for our commercial, industrial, and utility customers,” he
said. “That’s driven by supplying high-quality products with depend-
able lead times. Not necessarily just short lead times, because some
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“We listen to customers and by doing that well, we evolve with
the industry. We're not trendsetters. We do not lead with the
latest technology, but to make sure we’re offering the right
product and service, we are customer focused.”

Algas-SDI's new facility is dedicated to its future growth and expansion. (Courtesy: Algas-SDI)

people don’t want it quickly. They just want to know that they get the
product when they need it.”

Being approachable to customers is a point that de Pijper is par-
ticularly proud to emphasize.

“We listen to customers and by doing that well, we evolve with the
industry,” he said. “We’re not trendsetters. We do not lead with the
latest technology, but to make sure we’re offering the right product
and service, we are customer focused. We do this by having a lot
of in-person interactions with our customers. One way to do that is
by providing training. We train end users; we train operators; we
train engineers. In-person training does two things: One, is it’ll help
improve brand loyalty, because our customers know us personally.
But it also allows us, by listening, to get customer feedback on our
products. This allows us to renew and improve our products continu-
ously and quickly. We’re just built that way.”

Listening to feedback is important because it pushes the company
to continuously improve its product in a meaningful way, according
to de Pijper.

“All feedback is a gift, good and bad, because it’s feedback that you
get that you can use to make the product better, so customers have a
better experience next time,” he said.

DEVELOPING CUSTOMER RELATIONSHIPS

Asking for feedback is also important when developing a new cus-
tomer relationship. It starts with the goal to make it as easy as pos-
sible for Algas-SDI’s customers to choose a product that works best
for them, according to de Pijper.

“Making things easier for our customers is our goal — even when
we quote,” he said. “Instead of asking a lot of questions, we listen to
the customer’s needs, and we say, ‘OK, we heard you. We think thisis
what you need, and these are the assumptions that we made.” We get
it right most of the time, but if we don’t, customers comment on the
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Algas-SDI's Simple Heat (SH) packaged burner can be configured for just about
any application. (Courtesy: Algas-SDI)

assumption, and we send them a new quote right away.”

“When we hire new people, I always say, ‘Just realize this: This
is a manufactured product, so stuffis not always going to work the
way you expect,” de Pijper said. “It could be a supplier issue. It could
be an assembly issue. It could even be that the customer is not using
the product the way we expected them to, but whatever happens, if
the customer has an issue, it will be our priority to solve the problem
and have them up and running as quickly as possible. That means
you’re asking questions that help you decide what the next action is
to help the customer. If we must replace the product, then replace the



product. We can do our investigations later, and that is when we are
going to learn from this situation and make our product even better,
but we cannot let that get in the way of having the customer get back
to run their process.”

SMALL CATALOG
Part of what makes the Algas-SDI Combustion Products team good at
what it does is because it keeps the catalog of products small, accord-
ing to de Pijper.
“We have a very small catalog, and we did that on purpose because
focus is critical when customers expect short response times.” he said.
“When I started my career in the combustion industry in the early *90s,
lead times for most products was four to six weeks, and personable
customer service was the norm. I want to go back to that time. I do
not want people to get used to long lead times. I don’t want people to
get used to customer service not picking up the phone. I want to go
back to that time because I truly believe that’s what customers and
end users want and need.” Algas-SDI’s Velocity Heat (VH) direct fired burners are perfect for medium- to
Although Algas-SDI has only recently been more directlyinvolved  high-temperature furnace applications. (Courtesy: Algas-SDI)
in the heat-treat industry, the company has been manufacturing prod-

ucts and systems to deploy clean fuels globally since 1932. immediately; it’ll be a transition.”

In thatvein, de Pijper said he expects the company will continue to And with that transition, the burners that use that gas will also
do this as the use of fuel gases for commercial, industrial, and utility = need to adapt as well, according to de Pijper.
applications changes. “When the molecule changes, the combustion properties change,

“Natural gas is not going away, at least not for the foreseeable  and so does the burner and fuel supply and control components.” he
future,” he said. “For now, Algas-SDIwill continue to supply our equip-  said. “My vision is that Algas-SDI will be the company that can provide
ment for fossil fuel applications, but there are obviously environmen-  the products to support this transition to renewable fuels.” §
tal concerns, so I expect that there will be a transition to renewable
and non-carbon-based fuels — likely renewable natural gas, propane,
ammonia, and hydrogen. This switch to new fuels cannot be done ~ MORE INFO algas-sdi.com
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Q&A /// INTERVIEW WITH AN INDUSTRY INSIDER

PowderMet2024, in Pittsburgh, Pennsylvania, June 16-19, will be a hub of tech-
nology transfer for professionals from every part of the powder metallurgy
and metal additive manufacturing industry. James P. Adams, executive direc-
tor and CEO of Metal Powder Industries Federation and APMI International,
recently discussed with Thermal Processing what attendees can expect from
this popular conference.

What about the Pittsburgh venue made it ideal for the 2024
show?

It has been 30 years since we last held our conference in the “Steel
City.” Pittsburgh is within driving distance to the majority of powder
metallurgy (PM) and metal additive manufacturing (AM) component
manufacturers, material suppliers, equipment manufacturers, and
service providers, allowing even more professionals access to this
premier event. The region is also a hub for carbide manufacturing.
As the hundreds of bridges connect the city, PowderMet and AMPM
will bridge together the industries as we come together under one
roof to advance the industry.

How will this year’s show differ from what attendees

experienced in Las Vegas last year?

For this year’s conference, we took the PowderMet and AMPM confer-
ences, put everything into a big box, shook it up, and made some great
changes to this year’s program.

The Design Experience general session has been opened to all con-
ference delegates, providing more visibility to these award-winning
parts. The objectives of the conferences are to explore materials advanc-
es, assist in the transfer of technology, and investigate new develop-
ments to continue growth. For the first time, daily tutorials focused
on press and sinter, metal injection molding (MIM), and metal additive
manufacturing will be offered to encourage cross training and intro-
duction of these exciting technologies. A Carbide Forum is offered for
delegates to explore and learn more about these niche materials.

We have implemented more ways to allow for networking and
collaboration among delegates through all areas of the confer-
ence, including our usual opening night reception, the PM Evening
Alehouse, and the Consolidation Celebration: “Take me out to the
ballgame.” For more details on the program, schedule, and sessions,
visit our website below.

If | were a first-time attendee, what should | expect from this
year’s show?

As a first-time attendee, you should expect to be surrounded by like-
minded individuals who share the common goal of continuing to
advance the PM and AM industries through education, networking,
and collaboration.
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JAMES P. ADAMS /// EXECUTIVE DIRECTOR/CED
/// METAL POWDER INDUSTRIES FEDERATION AND APMI INTERNATIONAL

“PowderMet and AMPM will bridge together the industries as
we come together under one roof to advance the industry.”

What subjects should | expect presenters to address?

The technical program was developed and organized by industry
experts. Professionals in both PM and AM joined forces to collabo-
rate and compile the individual sessions. With 200 presentations by
industry experts from around the world, topics will cover all aspects
of the technology. Additionally, conference proceedings will capture
the technology transfer for future reference.

Programming is aligned to provide an excellent experience for
first timers and seasoned attendees alike. Numerous networking
opportunities are intentionally designed for interaction with other
attendees, speakers, and exhibitors. For 2024, we have over 40 future
engineers with us courtesy of student conference grants from the
National Science Foundation (NSF), and Center for Powder Metallurgy
Technology (CPMT).

What kind of networking opportunities will be available for
attendees?

PowderMet provides networking at every corner. From the time you
arrive, you will meet with old friends and make new acquaintances
at the opening reception. Once the conference kicks off, there are a
plethora of opportunities to network and make those meaningful con-
nections. From the exhibit hall to the luncheons, to the Consolidation
Celebration and everything in between, the contacts you make will
become lifelong friends.

What about the conference will make it feel unique to the
Pittsburgh location?

Pittsburgh is such an amazing city, and we are excited to bring our
delegates back. We will be submerged in the culture of Pittsburgh
throughout the conference. You will get a taste of Pittsburgh through
our food and beverage events. We will get a true Pittsburgh experi-
ence during our Consolidation Celebration as we head to PNC Park
for a major league baseball game, where the group will cheer on the
Pittsburgh Pirates as they take on the Cincinnati Reds.

What are you personally looking forward to at this year’s show?
As always, I look forward to meeting face-to-face with the industry
and having the group together under one roof. The energy that you
can get from meeting with your colleagues and peers in the same
room is unmatched. I'm also very excited about some new elements
that we will be introducing into the conference this year that will
continue to build and harvest those networking opportunities and
engagement among delegates. §

MORE INFO PowderMet2024.0rg
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