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Setting our sights on 2021
appy New Year to all our readers in the heat-treat world, and, although New 
Year’s Day wasn’t a reset button, it did serve as a turning point into what we all 
hope will be a brighter future in 2021.

2020 may have been a terrible 48 months (That is how long the year lasted, right?), but 
Thermal Processing didn’t let that keep us from our mission of bringing the best heat-treat 
news and information directly to your mailbox, inbox, and browser.

Despite the pandemic, we’ve been looking forward to 2021, and you can see some of 
the results of our quarantine projects in this very issue.

Ceramics has become an integral part of the heat-treating world, and Thermal Processing 
is moving to address this sector of the industry throughout 2021 and beyond. Beginning 
with our January issue, I’m proud to introduce a brand-new column: Ceramics Works. The 
experts at CeraMaterials have graciously agreed to take on this duty and bring you this 
info-packed column that will rotate every other month with our Metal Urgency column.

Please let me know what you think. I’m sure CeraMaterials would love to hear your 
feedback.

Also, by the time you read this, Thermal Processing will have launched what I hope will 
be a useful and innovative tool to our website. It’s our Media page where you’ll be able to 
find out what dozens of heat-treat companies have been posting on their social media, 
as well as finding a list of helpful blogs, webinars, and podcasts that can direct you to 
some of the latest insights about thermal processing.

We’ve been developing this new website feature for months, and we’re excited about 
sharing this with you. If you have a blog, webinar, or podcast you would like to share 
with the heat-treating community, please let me know about it so it can be included. 
You’ll find easy access to this feature in the Nav Bar on the Thermal Processing home page.

Also, to get you primed for the new year, our first issue takes a look at cryogenics 
and vacuum heating. Our feature articles on these subjects are sure not to disappoint.

In addition to Ceramics Works, make sure you check out what the rest of our col-
umnists have cooked up for January as well. They are always sharing some fascinating 
information.

And since it is the first of the year, I will take this opportunity to remind all of you 
that I am always on the lookout for articles and other submissions. It’s a great way to 
share your expertise while shining a spotlight on you and your company at the same 
time. Hit me up if you have an article idea.

Take stock in the fact that we made it through 2020, so join me and my team as we 
look to make 2021 even better. It shouldn’t be too hard, right?

Happy New Year, and, as always, thanks for reading!

H

mailto:editor@thermalprocessing.com?subject=Referred by Thermal Processing
mailto:editor@thermalprocessing.com?subject=Referred by Thermal Processing


thermalprocessing.com  5

UPDATE /// HEAT TREATING INDUSTRY NEWS

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

Can-Eng fulfilling 
contracts for multiple 
furnaces 
Can-Eng Furnaces International LTD has 
been contracted to deliver a significant 
number of different furnace types to mul-
tiple unique customers in the United States 
and Canada for the heating and heat treat-
ment of both aluminum and steel closed 
die forgings. The furnace configurations 
either under construction in the company 
shops or in the early stages of commission-
ing include rotary hearth, chain conveyor, 
roller hearth, mesh belt and cast link belt. 
The current uptick in activity from the forg-
ing sector represents a major portion of the 
company’s order backlog. These furnaces 
will be delivered to Georgia, North Carolina, 
and Ontario and will be used in the produc-
tion of powertrain, suspension and steer-
ing/linkage components for the automotive 

sector. The demand for new state-of-the-art 
furnace equipment has been driven by both 
light weighting initiatives and a shortage of 
in-house heat treatment capacity. All con-
tracts will be in production by late Q1 2021. 

MORE INFO www.can-eng.com

TSX SmartBurner 
burns up 
to 100% hydrogen
Tenova, a leading company specialized in 
innovative solutions for the metals and 
mining industries, marks a new milestone 
in the decarbonization of steel production 
with its TSX SmartBurner for reheating fur-
naces now ready to be installed in industrial 
plants with potentially zero carbon dioxide 
emissions, working in a full range of hydro-
gen and natural gas mixtures. It is the first 
flameless burner of a megawatts family that 

has been tested with 100 percent of hydro-
gen successfully.

The long tradition of Tenova in flameless 
leading-edge combustion technology allows 
it to maintain NOx emissions well below the 
next future strictest limits — releasing less 
than 80 mg/Nm3 @ 5 percent of oxygen with 
furnace at 1,250°C — also working with 100 
percent hydrogen and maintaining an opti-
mal heat-transfer uniformity within the 
furnace. The quantity of hydrogen can be 
simply regulated through the burner control 
logic, allowing steel producers to adapt the 
fuel mixture to contingent needs without 
any mechanical intervention.

Tenova’s hydrogen flameless combus-
tion system is equipped with the novel 
smart burner monitoring system (SBMS), 
which permits it to monitor and optimize 
the burner’s performance, operation, and 
maintenance thanks to a network of embed-
ded sensors connected to the Tenova digital 
infrastructure, through secure connection 
protocols and intrinsic system reliability.

The data collected are post-processed 
locally on an edge computing unit and 
remotely on Tenova Cloud, to monitor the 
status of the burner and implement break-
through approaches to inspection, mainte-
nance, and tuning, also reducing safety risks 
related to on-site operations.

“This outstanding achievement paves the 
way to a significant reduction of the carbon 
footprint of hot rolling processes without 
compromising productivity, while leaving 
steel producers total flexibility to modify 
the percentage of hydrogen through a 
simple change in the control software set-
tings. This is not the only reason why we call 
our burners ‘smart.’ Thanks to our sensor 
system technology, we will be able to sup-
port our customers remotely to guarantee 
optimal performances for each burner,” said 
Antonio Catalano, Tenova EVP and head 
of digital transformation. “Moreover, the 
SmartBurner Industrial IoT platform repre-
sents the cornerstone of the next generation 
of industrial combustion systems. The most 

The furnace configurations either under construction in the company shops or in the early stages of 
commissioning include rotary hearth, chain conveyor, roller hearth, mesh belt and cast link belt. (Courtesy: 
Can-Eng Furnaces)

mailto:editor@thermalprocessing.com?subject=Referred by Thermal Processing
http://thermalprocessing.com
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cutting-edge, sustainable technology based 
on solid experience and extensive know-
how: This is what we offer to our customers.”

MORE INFO www.tenova.com

Carburizing furnace 
shipped to captive 
heat treater
Solar Manufacturing recently shipped a 
10-bar gas-quenching vacuum furnace to 
a captive heat treater in New England. The 
Model HFL-3836-10IQ-VC features high-pres-
sure gas quenching and vacuum carburizing. 
The furnace has a graphite insulated hot 
zone with a work area measuring 24” wide x 
24” high x 36” deep and a load weight capaci-
ty up to 2,000 pounds. It also has a maximum 
operating temperature of 2,400°F, tempera-
ture uniformity of ±10°F, and is AMS2750F 
compliant. The furnace is equipped with 
the state-of-the-art SolarVac® Polaris Control 
System with carburizing software.

“The research and development done with 
our sister company, Solar Atmospheres, on 
the alloy selection, carburizing, and recipe 
process development was instrumental to 
the sale of the furnace,” said Jason Davidson, 
Solar’s Northeast regional sales manager. 

“Our customer ultimately decided on Solar 
Manufacturing due to our dynamic relation-
ship with Solar Atmospheres, which provid-
ed an invaluable resource for the end user.”

MORE INFO www.solarmfg.com

Grieve now offers 
jumbo 500ºF 
walk-in batch oven 
Grieve No. 1019 is a 500ºF electrically heated 
walk-in batch oven from Grieve used for cur-
ing coatings onto large discs at the custom-
er’s facility. Workspace dimensions on this 
oven measure 18’ W x 18’ D x 10’ H. 260KW 
are installed in Incoloy-sheathed tubular 
elements to heat the oven chamber, while a 
total of 66,000 CFM generated by two 30-HP 
recirculating blowers provides combination 
airflow to the workload. 

This Grieve walk-in oven features 6-inch 
insulated walls, aluminized steel exterior 
and interior, 2-inch thick insulated flooring 
with built-in oven truck wheel guide tracks 
and motorized dampers on the intake and 
exhaust for accelerated cooling of the oven 
chamber. The oven was sectioned into four 
pieces for shipping convenience. 

All safety equipment required for han-
dling flammable solvents, including explo-

sion-venting door hardware, is provided on 
No. 1019. 

Controls on this jumbo walk-in oven 
include an SCR power controller. 

MORE INFO www.grievecorp.com

FDA allows 
dry heat for 
some mask reuse
The FDA announced it will allow the use of 
dry heat to lower the bioburden on masks 
used by healthcare workers treating COVID-
19 patients.

While not authorizing equipment made 
by a particular company, guidance released 
said healthcare providers may use dry heat 
to reprocess NIOSH-approved filtering face-
piece respirators, such as N95s, to enable 
their reuse by one person. Specifically, the 
agency recommended that:

» The system can ensure respirator expo-

Solar Manufacturing recently shipped a 10-bar gas-quenching vacuum furnace to a captive heat treater in 
New England. (Courtesy: Solar Manufacturing)

This Grieve walk-in oven features 6-inch insulated 
walls, aluminized steel exterior and interior and 2-inch 
thick insulated flooring. (Courtesy: Grieve)

http://www.tenova.com
http://www.solarmfg.com
http://www.grievecorp.com
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sure to consistent temperatures of 70°C 
(158°F) for 60 minutes or 75 °C (167°F) for 
30 minutes to guarantee sufficient biobur-
den reduction while maintaining respirator 
integrity.

» Chamber temperature can be moni-
tored closely and recorded throughout the 
cycle to confirm accurate and even distribu-
tion of heat.

» The system has highly controlled con-
vective heat transfer (e.g., laboratory oven, 
industrial convection oven) to avoid the risk 
of localized over-temperature.

» The system is not a household appliance 
(e.g., home ovens, pressure cookers, multi-
cookers) due to the lack of accuracy and pre-
cision in temperature control and the risks of 
cross-contamination from mixed use.

A study published online in April 2020 in 
the Journal of Hospital Infection showed that 
dry heat at both 60°C and 70°C for one hour 
could successfully kill six species of respi-
ratory bacteria and one fungi species, and 
inactivate the H1N1 indicator virus. After 

being heated at 70°C for one, two, and three 
hours, the N95 respirators and surgical face 
masks showed no changes in their shape 
and components, the authors noted. The 
filtering efficiency of bacterial aerosol for 
N95 respirators was 98 percent, 98 percent 
and 97 percent after being heated for one, 
two, and three hours, respectively — greater 
than the 95 percent efficiency required and 
similar to the value before being heated (99 
percent). The filtering efficiency for surgical 
face masks was 97 percent, 97 percent, and 
96 percent for one, two and three hours of 
heating, respectively, all of which were also 
similar to the value before being heated (97 
percent), the study found.

The use of dry heat to reduce bioburden 
is only intended to supplement existing sin-
gle-user reuse recommendations from the 
Centers for Disease Control and Prevention 
(CDC), such as storing a used N95 mask in a 
breathable paper bag for a minimum of five 
days between each use, according to the FDA.

Bioburden reduction systems can play an 

important role in the ongoing efforts to help 
address shortages of filtering facepiece respi-
rators, said Dr. Binita Ashar, director of the 
Division of Surgical Devices in FDA’s Center 
for Devices and Radiological Health.

“There exists sufficient evidence demon-
strating that there is a reduction of microbi-
al load on certain respirators when exposed 
to certain dry heat parameters,” Ashar said 
in a news release.

MORE INFO www.medicaldesignand  
outsourcing.com

Tenova EAF will be 
supplied to Valbruna 
in Canada
Tenova, a leading company specialized in 
innovative solutions for the metals and 
mining industries, was awarded a contract 
by Valbruna ASW Inc., for the supply of a 
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new EAF (Electric Arc Furnace). Valbruna 
ASW Inc. is a premier specialty steel-maker 
and the EAF will be installed at its facility 
located in Welland, Ontario (Canada).

The scope of the supply includes the lat-
est generation of the EAF unit, which will 
replace the existing one. Tenova will also 
provide the associated auxiliary equipment, 
the material handling system, including 
bins, batteries, hoppers, and conveyor belts, 
for the charging of the ladle and of the EAF 
and the complete automation system. The 
complete management of this plant will be 
fully automatized and integrated in the new 
the EAF process control system.

The new EAF will guarantee an increase 
in the plant’s hourly melt shop production 
rate and the effectiveness and reliability 
in the production of high-quality steel and 
stainless steel.

The new automation system brings sev-
eral advantages, which will enhance the 
level of efficiency of the plant. In particular, 
it guarantees the correct and effective execu-
tion of the working cycle in relation to the 
production of different steel grades. It also 
optimizes the working parameters and the 
storage of production data. In addition, the 
safety of the operators in the plant is signif-

icantly improved and the system complies 
with the most stringent safety standards.

The new EAF will be equipped with 
Tenova’s state-of-the-art electronic regula-
tion TDRH 4.0 (Tenova Digital Electronic 
Regulation) system. TDRH 4.0 can provide 
a significant reduction in the electrical 
consumption of the EAF itself and ensures 
excellent arc stability. This updated version 
has additional features mainly dedicated 
to self-diagnostic, faults identification and 
compensation, as well as auto-calibration 
(self-learning) and adjustment of the regu-
lation parameters. These functions aim to 
preserve the optimized electrodes regula-
tion performances over the time.

“Our long-lasting relationship with the 
Valbruna Group is witnessed by several 
projects in its plants in Italy (Vicenza and 
Bolzano), where we implemented some 
of our technologies to increase safety, sus-
tainability and production,” said Marco 
Longobardo, digital products manager in 
Tenova. “This is also the aim of this new 
project in Canada, where the plant will be 
a technological reference in North America 
for the production of stainless steel.”

MORE INFO www.tenova.com

PCI announces  
2021 directors, 
executive officers
The Powder Coating Institute (PCI) 
announced its 2021 board of directors and 
executive officers. They are:

» President: John Cole, president, Parker 
Ionics.

» Vice president: Chris Merritt, general 
manager, Gema USA, Inc.

» Secretary/treasurer: Shelley Verdun, 
business manager, Powder Coatings, PPG.

» Past president: Suresh Patel, sales direc-
tor — director, North America business devel-
opment, BASF/Chemetall US Inc.

In addition, serving on the board of direc-
tors for 2021 are: 

» Greg Dawson, zone manager, Nordson 
Corporation, 

» Rick Gehman, president, Keystone 
Koating LLC. 

» Marty Korecky, business special-
ist — business systems, AkzoNobel Powder 
Coatings. 

» John Sudges, sales manager, Midwest 
Finishing Systems Inc. 

» Tom Whalen, vice president sales & 
marketing, TCI Powder Coatings. 

» Paul West, director of marketing, Sun 
Polymers International, Inc. 

» Mike Withers, architectural segment 
leader, Axalta Coating Systems. 

PCI congratulated long-time member 
and recent PCI executive officer Sue Ivancic 
on her recent retirement from Nordson 
Corporation after 42 years with the company. 
Ivancic joined the PCI Board of Directors in 
2017 after serving as PCI’s education com-
mittee chair for several years. She brought 
decades of experience in the powder coat-
ing industry along with a fresh perspective 
to the board and moved into the officer 
rotation in 2019. Ivancic dedicated count-
less hours to PCI business, including her 
involvement when Nordson hosted the PCI 
workshops. 

Formed in 1981 as a non-profit organi-
zation, the Powder Coating Institute (PCI) 
represents the powder coating industry, 
promotes powder coating technology, and 
communicates the benefits of powder coat-
ing to manufacturers, consumers, and gov-
ernment. PCI works to advance the use of 

Tenova was awarded a contract by Valbruna ASW Inc., for the supply of a new EAF (electric arc furnace). 
(Courtesy: Tenova)

http://www.tenova.com
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powder coating as an economical, non-pol-
luting, and high-quality finish for industrial 
and consumer products. 

MORE INFO www.powdercoating.org

Northrop Grumman 
recognizes Solar 
Atmospheres
Northrop Grumman Defense Systems rec-
ognized Solar Atmospheres of Western 
PA (SAWPA) as a top-performing supplier 
in 2020 with the Outstanding Customer 
Service Award. As a global leader of mili-
tary and DoD critical hardware, Northrop 
Grumman Defense Systems offers security 
to customers across the globe through the 
operational excellence SAWPA provides to 
customers. Solar Atmospheres appreciates  
the recognition and looks forward to sup-
porting the future needs of this partnership 
with a mutual goal to keep all Americans 
safe.

MORE INFO www.solaratm.com

SCA adds more 
large furnace 
capacity to inventory
Solar Atmospheres of California (SCA) recent-
ly added additional large furnace capacity to 
their already extensive inventory of vacuum 
equipment. The furnace was specifically 
designed to process a variety of materials 

that require optimum performance during 
controlled heating, controlled cooling, vac-
uum processing, positive pressure process-
ing, and differential pressure processing. 
SCA works very closely with sister company 
Solar Manufacturing to design and fabricate 
equipment to provide repeatable mistake-
proof processing while meeting all prime 
requirements and AMS 2750.

Key equipment performance character-
istics include:

» 84-inch diameter x 144-inch long 
robust and energy efficient all graphite and 
CFC hot zone.

» Temperature uniformity ±10°F.
» Dual 35-inch diffusion pumping sys-

tems capable mid 10-6 Torr range.
» Maximum operating temperature of 

2,650°F.
» Maximum loading of 50,000 pounds.
»2-Bar high performance 800 HP cooling 

system (argon, nitrogen and helium).
» SolarVac Polaris® electrical control sys-

tem.

“We are very pleased to add the additional 
large furnace capacity. Each new furnace 
installation is built on a building block 
approach from the personal knowledge and 
experience accumulated by operating pre-
vious furnace models,” said SCA President 
Derek Dennis. “I really appreciate the abil-
ity to bounce different ‘out of the box’ ideas 
to our manufacturing team, who then 
takes those ideas and makes them a reality. 
Often, the team takes the ideas to another 
level before the final build plans go to the 
shop floor. It is this valuable collaboration 
between companies that allows Solar to lead 
the industry in material processing and fur-
nace manufacturing. The new furnace will 
bolster SCA’s position as a leader in the heat-
treat industry on the West Coast, and pro-
vide our valuable customers with the very 
best quality, on-time delivery and repeatable 
value-added service, coupled with the best 
customer service in the industry.”

MORE INFO www.solaratm.com

From left, Mike Johnson, director of sales; Wes 
Hoffman, FSO; and Bob Hill, president. (Courtesy: 
Solar Atmospheres)

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

http://www.powdercoating.org
http://www.solaratm.com
http://www.solaratm.com
http://thermalprocessing.com
mailto:sales@daltonelectric.com?subject=Referred by Thermal Processing
http://www.daltonelectric.com


10  JANUARY 2021

UPDATE /// HEAT TREATING INDUSTRY NEWS

SVT provides DoD 
with vacuum oil 
quenching furnace 
A division of the U.S. Department of Defense 
uses a vacuum furnace with low-pressure 

carburizing from Seco/Warwick Group to 
bolster its capability to ensure supply chain 
reliability.

 A unique vacuum heat-treating furnace 
from Seco/Vacuum (SVT), a Seco/Warwick 
Group company, with integral oil quench 
will also be equipped with high-pressure gas 
quench as well as low-pressure carburizing 

capabilities, a “Swiss Army Knife” version of 
a heat-treating furnace.

As a critical supplier of aerospace com-
ponents to the U.S. Department of Defense, 
this new vacuum oil quenching furnace 
will be able to handle any of the functions 
of the department’s existing heat-treatment 
furnaces, either in a redundant role or to 
provide additional capacity. Also, the addi-
tion of low-pressure carburizing (LPC) and 
high-pressure gas quenching (HPGQ) is new 
to this location. Aerospace-related process 
applications conducted at this facility, for 
which the new furnace will be equipped, 
include steel hardening, surface engineer-
ing, vacuum annealing, nickel alloy process-
ing, and titanium heat treatment.

“Assuring redundancy in heating needs 
of this location was critical,” said Piotr 
Zawistowski, managing director of Seco/
Vacuum. “Seco/Vacuum has demonstrated 
competence and experience in delivering 
customized solutions. As well, vacuum oil 
quenching was a critical process need and 
LPC, combined with HPGQ, allows materials 
engineers with new options.”

The order is the result of two years of 
effort. While this is not SVT’s first order for 
DOD, it is one of the most advanced engi-
neering projects to date.

Defense customer specializes in the 
repair and maintenance of aerospace com-
ponents. The furnace not only performs 
vacuum oil quenching, but it also offers the 
ability to gas quench at 15 bar with nitrogen 
and 6 bar with argon and heat with diffusion 
pump vacuum levels.

“Any commercial or in-house heat-treat 
shop looking for a partner to design and 
deliver an advanced and unique custom 
solution could gain significant benefit by 

As a critical supplier of aerospace components to 
the U.S. Department of Defense, this new vacuum 
oil quenching furnace will be able to handle any of 
the functions of the department’s existing heat-
treatment furnaces. (Courtesy: Seco/Vacuum)

POWERFUL
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Blown Automation and Control
• Touch Screen Capability
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Powerful, Economical, and Adaptable
Let Conrad Kacsik show you how a customized SCADA system can positively impact the 
performance at your company. Our process starts with an engineering evaluation of your 
current controls and data acquisition system, then we’ll make recommendations that will 
enable you to achieve your goals and optimize performance.

Contact us today to help you  
with your SCADA system solution.

ECONOMICAL
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your SCADA System.

• Open Architecture
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collaborating with us,” said Maciej Korecki, 
VP, vacuum business segment at Seco/
Warwick. “We not only provide six unique, 
time-tested vacuum furnace technologies 
in use around the globe, we are very com-
fortable with our ability to innovate to solve 
special applications.”

MORE INFO www.secowarwick.com

Babcock orders 
PEMA shipbuilding 
automation lines 
Babcock International Group, the aerospace 
and defense company, has placed an order 
for an extensive set of PEMA welding and pro-
duction lines for shipbuilding at its Rosyth 
site in Scotland. In total, the order includes 
three lines — PEMA Thin plate panel line, 
PEMA Micro panel line, and PEMA T-beam 
fabrication line.

Each PEMA production line is based 
on modern shipbuilding technology that 
enables Babcock to raise its level of automa-
tion. PEMA Thin plate panel line is equipped 
with the latest technologies, such as plate 
edge milling and robotic welding, which 
enable high-quality production of various 
panel types. PEMA T-beam fabrication line 
is designed to make straight T-beams with-
out any additional straightening processes.

PEMA Micro panel line consists of a cus-
tomized solution that first assembles the pro-
files before they are welded with a compact 
Vision robotics solution. The main benefit of 
the line is that it automatizes micro panel 
production, but also other small- to medium-
sized constructions. The control of the robot-
ic system is based on PEMA WeldControl 200 
software, which enables easy weld path cre-
ation and robot programming.

The advanced shipbuilding automation 
lines are customized according to Babcock’s 
production needs to efficiently weld deck 
panels and bulkheads. For Babcock, the 
lines bring increased capability in welding 
and handling, the improved manufacturing 
quality of ship structures, and streamlined 
production processes while requiring less 
manual work. The lines will initially be 
used for the Type 31 general purpose frig-
ate program being built and assembled at 
its Rosyth facility. 

Pemamek’s turn-key delivery also 
includes installation and commissioning, 
testing, training, production support, and 
recommended spare parts. A comprehensive 
preventive maintenance agreement package 
is also included in the scope of supply.

  Pemamek Ltd, founded in 1970, is a 
global welding and production automation 

leader. With the extensive 50-year experi-
ence in welding and production automa-
tion, Pemamek is dedicated to helping heavy 
fabrication industries, such as shipbuilding, 
wind energy, and power generation industry, 
to raise the level of productivity. 

 MORE INFO www.pemamek.com

Heat on Demand!
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INDUSTRIAL HEATING 
EQUIPMENT ASSOCIATION

IHEA educates the industry in person, online

Looking ahead … Register now!
Fundamentals of Industrial Process Heating
Winter Online Course
January 25–March 7, 2021

IHEA’s Fundamentals of Industrial Process Heating Online Learning 
Course has been a successful source of high-level learning to those 
in the industrial heat processing industry for more than 10 years. 

Registration for the 2021 winter course is now open and, for the past 
few years, the course has sold out, so early registration is encouraged. 
Scheduled to begin January 25, the six-week class will run through 
March 7. The flexible online format and interactive forums with 
other students, along with scheduled office hours with the instruc-
tor, are just a few of the benefits of this program.

The course is ideal for students to learn in a virtual format while 
at home or in the office. It is affordable and allows students to go at 
their own pace. The course offers indispensable tools to industrial 

process heating operators and users of all types of industrial heating 
equipment. Throughout the in-depth online course, students learn 
safe, efficient operation of industrial heating equipment, how to 
reduce energy consumption, and ways to improve the bottom-line. 
The course content provides an excellent overview of the essential 
areas used throughout the industry. 

The curriculum includes the basics of heat transfer, fuels and com-
bustion, energy use, furnace design, refractories, automatic control, 
and atmospheres as applied to industrial process heating. Weekly 
coursework, quizzes, and a final exam project are administered to 
guide students on their progress and evaluate their knowledge of 
the material. For a complete listing of the topics covered, visit www.
ihea.org/event/FundamentalsWinter21. 

This online course is a terrific value for IHEA members and non-
members alike, considering no travel expenses are involved and 
there is no time out of the office.

A former online student said, “Because of balancing an extremely 
busy workload and family life, I am not able to be on a regular sched-
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INDUSTRIAL HEATING EQUIPMENT ASSOCIATION
P.O. Box 679 I Independence, KY 41051

859-356-1575 I www.ihea.org

ule or take time in the evening to travel to a class. The advantage for 
me is that I can check in when time permits and still stay current on 
all activities. The course information is directly related to my work, 
and I found it to be very beneficial.”

Registration for the Fundamentals course is open now through 
January 18, 2021, at www.ihea.org/event/FundamentalsWinter21. 
Cost for IHEA members is $750 or one member voucher, and cost 
for non-members is $925, which includes an electronic course hand-
book, course instruction, quizzes and projects, class forums, and the 
opportunity to contact the instructor throughout the course. Printed 
materials are available for an additional fee.

SUCCESSFUL VIRTUAL SEMINARS
This year, the Industrial Heating Equipment Association (IHEA) 
offered its Fall Seminars through a virtual platform. With the assis-
tance of speakers from member companies, they conducted the 
Combustion Seminar and Safety Standards and Codes Seminar for 
three days each in mid-November. The seminar agendas were pared 
down to offer sessions that would fit best in a virtual training format. 
Speakers revised their presentations and adapted to the virtual pro-
gram almost seamlessly. IHEA offered each seminar over a three-day 
period during consecutive weeks to allow attendees the option to 
register for both seminars, and it was a great success. 

Both seminars had more than 30 attendees, and speakers were 
available online to field questions after the presentations. The overall 
feedback for the seminars was terrific. Although everyone agrees 
we would rather hold in-person events, the comments reflect great 
appreciation for the virtual training. IHEA is happy to continue to 
provide educational support to the industry, no matter how it’s deliv-
ered.

INFRARED HEATS UP ALABAMA
The Infrared Equipment Division of IHEA (IRED) partnered with the 
Chemical Coaters Association International for a successful (and 
safe) event at the Alabama Power Company in October. Masked up 
and socially distant, attendees spent a day and a half with industry 
experts learning everything from pretreatment and powder materi-
als to curing processes and testing equipment for powder coating. 
Attendees enjoyed the live demonstrations and time in the lab, pow-

der coating and curing a part up close and personal. Instructors were 
on hand throughout the seminar to guide attendees and answer 
questions. It was great to have in-person training again.

Overall ratings for the seminar were excellent.
Attendee comments included:
»“All speakers were very knowledgeable. Covered a wide variety 

of topics and made very good connections — that was one of the most 
helpful parts of the seminar.”

»“Great range of topics. Speakers were very personable and infor-
mative.”

»“Very detailed speakers, very useful information for all levels. I 
will be returning to the next one with more members of our team.”

JANUARY 25–MARCH 7
Fundamentals of Industrial Process Heating
6-week online course beginning January 25, 2021

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. All concepts are derived mathematically with 
limited use of “rules of thumb.”

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

IHEA 2021 CALENDAR OF EVENTS

The Infrared Equipment Division of IHEA (IRED) partnered with the Chemical Coaters 
Association International for a successful (and safe) event at the Alabama Power 
Company in October. 

Due to the coronavirus pandemic, the Industrial Heating Equipment Association 
(IHEA) offered its Fall Seminars through a virtual platform in 2020.

http://www.ihea.org/events
http://www.ihea.org
http://thermalprocessing.com
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CERAMICS WORKS ///
JERRY WEINSTEIN, PH.D.

MAT ERIAL S SCIENCE ENGINEER  ///  CER AMAT ERIAL S

eramics are traditionally described as inorganic, nonme-
tallic solids that are prepared from powdered raw materi-
als and fabricated into products through the application 

of heat. Advanced ceramics represent an “advancement” over this 
traditional definition, with compositions ranging over oxides, 
nitrides, silicides, carbides, and combinations thereof. Key charac-
teristic properties of advanced ceramics are hardness, strength, low 
electrical conductivity, and brittleness, although all properties can 
be tailored to meet specific niche properties through composition 
and processing. New materials or new combinations of existing 
materials have been designed that exhibit surprising variations on 
the properties traditionally ascribed to ceramics. As a result, there 
are now ceramic products that are as tough 
and electrically conductive as some met-
als. Ceramics cover a wide array of chemis-
tries and applications where temperature, 
strength, precision, and thermal resistance 
are key to operational success and safety. 

Advanced ceramic materials are used 
throughout thermal processing for many 
applications. The major types of advanced 
ceramics used in thermal processing will 
be reviewed by general chemistry and touch 
upon some of the applications within ther-
mal processing.

Aluminas (aluminum oxide, Al2O3) are 
the most commonly used technical ceram-
ics due to their generally useful properties 
and good price/performance ratio and are 
suitable for most industry applications (See 
Table 1). Alumina, or aluminum oxide, is a 
hard, dense material with good strength and 
corrosion and erosion resistance, along with 
high electrical volume resistivity as well as 
low loss characteristics at high frequencies. 
The higher purity results in higher mechani-
cal properties but higher costs. Alumina sees 
application from aerospace to medical, from 
bearings to analytical instrumentation, from electrical standoffs to 
semiconductor processing. In addition, these materials lend them-
selves well to be hermetically sealed to metals through metallizing 
and brazing methods, often used in the electrical feedthrough for 
vacuum and controlled atmosphere furnaces. 

Standard shapes include plates, rods, tubes, and vessels. Alumina 
is used for many applications including kiln furniture and fixturing, 
wear-resistant plates, feedthrough tubes, support rods, and grind-
ing media. Alumina crucibles are also used in the melting of high-
temperature alloys as crucibles and pouring cups, although more 

limited due to poor thermal shock capability of alumina.
Zirconia (ZrO2) is a very hard and durable material with low 

thermal conductivity, electrical conductivity, and high strength 
(See Table 2). With certain densification additives, the material has 
a higher resistance to corrosion and melting point than alumina. 
Zirconia is used in oxygen sensors, feedthrough tubes, kiln furniture, 
grinding media, dental teeth, as well as other technical applications. 

These are several of the most popular grades of zirconia:
» Magnesia Partially Stabilized Zirconia (MgO-ZrO2) is mostly 

used for higher temperature applications, as it is stabilized against 
phase transformations at elevated temperatures. Often used for fur-
nace and hot high-pressure fixturing. 

»Yttria Partially Stabilized Zirconia (Y-ZrO2) is a much fine-
grained microstructure predominantly “transformation toughened” 
tetragonal phase resulting in relatively high strength and toughness 
(crack resistance), along with good corrosion and wear resistance 
when used at temperatures below 500°C.  The hipped (high isostatic 
press) material has better mechanical properties and higher cost.

»Alumina Toughened Zirconia (ZTA) provides about 25 percent 
greater strength than alumina at a lower cost than stabilized zir-
conias, with higher toughness, hardness, and wear resistance than 
alumina. It is good for high temperature applications. 

Ceramics cover a variety of chemistries and applications where  
temperature, strength, precision, and thermal resistance are key.

Tailoring advanced ceramics to meet niche properties 
C

Table 1: Alumina properties. (Charts courtesy: CeraMaterials)
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Silicon carbide materials (SiC) have very high hardness and rigidity 
with low density and some electrical conductivity, valuable in appli-
cations that require a combination of light weight and mechanical 
strength, even at high temperatures (See Table 3). Silicon carbide is 
used as a support and shelving material in high-temperature air kilns 
as well as used for heating elements for firing ceramics, glass fusing, 

or glass casting. SiC also makes the best body 
armor, as well as having wide use in semi-
conductor processing. SiC also has excellent 
erosion resistance and is used to line slurry 
handling equipment and mechanical seals. 

There are several types of silicon carbide 
used in thermal processing. The more popu-
lar ones include:

Nitride bonded silicon carbide is formed 
near net shape with a hard, thick surface 
skin that is strong, has excellent thermal 
shock characteristics and wear resistance. 
Thermal processing applications include:

» Kiln furniture, pusher plates, and muf-
fle liners.

» Liners for cyclone and hydrocyclone 
applications.

» Liners for pipe, immersion heater tubes, 
“pig” tube liners, and spool linings.

» Vortex finders, spray nozzles, thimbles, 
and dip tubes.

» Dust collector components.
Reaction Bonded Silicon Carbide has 

some residual silicon metal which limits 
its temperature of use, but it has excellent 
wear, impact, and chemical resistance. The 

strength of RBSC is almost 50 percent greater than that of most 
nitride bonded silicon carbides and can be densified near net shape 
into a variety of shapes, including cone and sleeve shapes, as well as 
more complex engineered pieces designed for equipment involved 
in the handling and processing of raw materials. Applications of 
this SiC include:

Ceramic nozzles, commonly used in the casting of molten steel in continuous casters. (Courtesy: CeraMaterials)

Table 2: Zirconia properties.

http://thermalprocessing.com
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» Micronizers (for powder processing).
» Liners for cyclone and hydrocyclones.
» Boiler tube ferrules.
» Kiln furniture, pusher plates, muffle 

liners, plates, saggers, and setters.
» Spray and sand blast nozzles.
Recrystallized Silicon Carbide has been 

designed for a multitude of low mass kiln 
furniture applications including: 

» Plates, saggers, boats, setters, muffle 
liners, kiln furniture.

» Burner nozzles, pilot, and flare tops.
» Structural furnace components.
Sintered Silicon Carbide is distinguished 

by exceptionally high strength that stays 
nearly constant up to very high tempera-
tures (approximately 1,600°C) with no deg-
radation over time. The material displays 
an extremely high corrosion resistance in 
acidic and basic media and is maintained 
up to very high temperatures. Properties 
are outstanding among high-temperature 
ceramics, complemented by high thermal 
shock resistance, high thermal conductivity, 
high resistance to wear, and hardness close 
to that of a diamond. Ideal for extremely 
demanding applications including:

» Mechanical seals, bearing bushes, and 
valve seats and components.

» High-temperature burner nozzles.
» Kiln furniture for very high application 

temperatures.
» High end liners for cyclones, hydrocy-

lones, and slurry pumps.
» Note that other carbides commercially 

available include:
» Boron Carbide (B4C), which is used as sand blast nozzles and 

body armor.
» Tungsten carbide (WC), which sees applications in cutting and 

grinding tooling and fixturing.
Silicon nitrides (Si3N4) are distinguished by their high-temperature 

strength, demonstrating an exceptional combination of mechanical 
and thermal properties (See Table 4). One particular advantage of sili-
con nitride is its high strength-to-weight ratio, which compares favor-
ably even with metallic nickel-based “superalloys.” Silicon nitrides 
are used in severe-service environments requiring a combination 
of extreme flexural strength and toughness. Applications include:

» Gas injection, riser tubes, and immersion heaters in metal cast-
ing.

» Thermocouple protection tubes.
» Liners for valves, mechanical seals, and components.
» Grinding media and roller bearings.
Cordierite (2MgO·2Al2O3·5SiO2) ceramics have low thermal expan-

sion, providing excellent thermal shock resistance, but a more lim-
ited temperature of use range (~1,200°C max) (See Table 5). 

» Plates, saggers, boats, setters, and kiln furniture in air furnaces.
» Heating element holders and insulators.
» Hot gas filters, candle filters, and recuperators.

Table 3: Silicon Carbide, Boron Carbide, and Tungsten Carbide properties.

Table 4: Silicon Nitride properties.

Cordierite Honeycomb, commonly used as molten 
metal casting filters and air filter substrates 
for automotive catalytic converters. (Courtesy: 
CeraMaterials)
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» Burner nozzles, pilot and flare tips.
» Reactor vessel linings, bubble caps, and 

tuyeres.
Refractories, while not considered 

advanced ceramics, should receive mention 
here as they represent the highest volume 
use of ceramics in the heat-treat industry. 
Refractories are non-metallic materials 
having those chemical and physical prop-
erties that make them applicable for struc-
tures, or as components of systems, that 
are exposed to environments above 1,000°F 
(538°C) made up of all the materials previ-
ously mentioned as fillers or components 
of the mix. Refractory materials are used 
in furnaces, kilns, incinerators, power gen-
erators, and reactors.  Refractories are also 
used to make crucibles, cores, and molds 
for casting glass and metals. The iron and 
steel industry and metal casting sectors use 
approximately 70 percent of all refractories 
produced. 

ABOUT THE AUTHOR
CeraMaterials’ Materials Science Engineer Jerry Weinstein has a Ph.D. in ceramic engineering from Rutgers University with more than 30 years’ experience, 
46 U.S. patents, and numerous publications and presentations. He has extensive experience working and consulting in fields such as advanced ceramics, 
graphite composites, heat treating, armor, aerospace, turbine engines, electronics, nano-composites, erosion/corrosion and whitewares. Jerry also consults 
outside projects through CeraGraphiSolutions.

Table 5: Cordierite properties.

 

www.cryosystems.com | (915)351-8500  

All-in-One Precision Control 

CryoFurnace 
Enhance aerospace component’s strength and     

durability and ensure it can withstand the harsh 
environments using heat treatment. 

-Multiple Tempers in 1 Cycle  

-Thermal Cycling to +1200°F 

-Deep Cryo. to -300°F 

-99% Uptime 

-1 DATA Report 
 
 
 

Vacuum
Valves
WITH

Optional Protective 
Ring and Water-
Cooled Flanges  
& Gates

• Gate and poppet 
style vacuum valves 
in aluminum or 
stainless steel. 

• ANSI, ISO, DIN or 
special fl anges. 
Roughing & guage 
ports anywhere to fit 
your system.

• Water cooling on 
flanges or gate is 
available.

• Protective ring 
available for dusty 
applications.

Vacuum Research Corp.   •  100 Chapel Harbor Drive, #4 
Pittsburgh, PA 15238 USA  •  www.vacuumresearch.com 
800-426-9340  •  email: VRC@vacuumresearch.com
©2020 Vacuum Research Corp.

• ANSI Ports 2 to 32-inch

• ISO & DIN Ports to 
   800mm

• Leak Tight to 10-10 scc/ 
   sec

• Air or Motor Actuators

• Solid works models and  
   prices available for all  
   sizes and flange styles

http://www.vacuumresearch.com
mailto:vrc@vacuumresearch.com?subject=Referred by Thermal Processing
http://www.cryosystems.com
http://thermalprocessing.com


18  JANUARY 2021

HOT SEAT ///
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fter quenching, depending on the quenchant used, distor-
tion of parts can occur. This is particularly true for water-
quenched parts. Parts must be straightened. This is often 

much easier in the as-quenched condition before aging. However, 
there are certain things that must be understood to achieve straight 
parts. In this article, we will discuss a little about distortion in alumi-
num alloys, and how racking influences distortion. Secondly, we will 
discuss refrigeration of parts before they are straightened. Finally, we 
will discuss the act of straightening or forming in the as-quenched 
condition, and how properties are influenced.

RACKING OF PARTS
Of all the possible “defects” occurring during the heat treatment of 
aluminum, distortion during quenching is the most common. It is 
probably responsible for most of the non-value-added work (straight-
ening) and costs associated with aluminum heat-treating.

Distortion during quenching is caused by differential cooling, 
and differential thermal strains developed during quenching. These 
thermal strains could be developed center-to-surface, or surface-to-
surface. This differential cooling can be caused by large quench rates, 
so that the center is cooled much slower than the surface (non-New-
tonian cooling) or by non-uniform heat transfer across the surface 
of the part.

Aluminum is more prone to quenching distortion than steel. This 
is because solution heat-treating temperatures are so close to the 
liquidus temperature. Aluminum exhibits less strength and greater 
plasticity than steel at the solution heat-treating temperature (or 
austenitizing temperature for steel). Much higher quench rates are 
necessary in aluminum to prevent premature heterogeneous precipi-
tation occurring during quenching, and to maintain supersaturation 
of the solute. 

In steel, there is a coupled phase transformation of austenite to 
martensite. This causes a 3 percent volume change during quench-
ing. There is no coupled phase transformation in aluminum that 
can cause cracking or distortion. However, the coefficient of lin-
ear expansion of aluminum is approximately twice that of steel 
(2.38x10-5 mm/mm for aluminum compared to 1.12x10-5 mm/mm 
for steel). This causes much greater changes in length or volume 
as a function of temperature and increases the probability that 
distortion will occur.

Racking of the parts is critical. The parts should be fully sup-
ported, with the loads spread out over a large area, since the creep 
strength of aluminum is poor. The effect of this is illustrated in 
Figure 1. Parts should be wired loosely to prevent the parts from hit-
ting each other during solution heat treatment. If wired too tightly, 
the wire could cut the parts. The use of pure aluminum wire mini-
mizes this problem. Parts are often tied to steel racks for support. 

If the parts are tied to the steel support too rigidly, the alumi-

num will grow at a much greater amount than the steel during 
heating. Upon cooling, the aluminum will contract more than the 
steel. Allowing movement of the aluminum by loosely attaching the 
parts to the rack will allow movement of the aluminum and reduce 
distortion. 

Because of the poor strength of the heat-treated aluminum 
parts, distortion of the parts can occur as they enter the quenchant. 
Generally, parts should enter the quenchant aerodynamically to 
avoid distortion to the part before it even enters the quenchant. 
It should enter the quenchant smoothly — it should not “slap” the 
quenchant. 

Racking a part so that it enters the quenchant smoothly also offers 
the benefit that it is more likely to have uniform heat transfer across 
the part. Distortion is more likely to occur because of horizontal 
changes in heat transfer than by vertical differences in heat transfer.

REFRIGERATION TO DELAY NATURAL AGING
Before natural aging occurs after solution treating and quenching, 
the ductility approaches that of the annealed condition. This allows 

A discussion of proper racking, delaying onset of natural aging,  
and the effect of forming or straightening on the final aged part.

Heat treatment of aluminum IV: Handling distortion
A

Figure 1:  Improperly supported aluminum forging resulting in gross distortion 
of flanges.

Table 1: Typical time and temperature limits for refrigerated parts stored in the 
as-quenched condition.

Alloy Maximum delay Maximum storage time for retention
 time after 
 quenching
2014 
2024  15 minutes 1 day 30 days 90 days 
2219
6061 
7075 30 minutes 7 days 30 days 90 days

–12° C (10° F) max –18° C (0° F) max –23° C (–10° F) max
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forming of parts or straightening to correct warpage and distortion 
resulting from solution heat treating and quenching. Forming can 
be most readily accomplished immediately after quenching, but 
workload may not allow working to be completed before natural 
aging makes the parts difficult or impossible to form. In this case, it 
is common practice to refrigerate the parts quickly after quenching 
to sub-zero temperatures. Precipitation is temperature dependent, 
so it is possible to retard, or even prevent, natural aging by cooling 
the metal to low temperatures immediately after quenching. Typical 
time limits for alloys stored in the as-quenched condition are shown 
in Table 1 [1].

STRETCHING OR FORMING AFTER QUENCHING
Immediately after quenching, AQ Temper alloys are nearly as ductile 
as the “O” or annealed condition. Because of this, as-quenched alloys 
are often formed after quenching, but before artificial aging.

The effects of cold working on toughness after precipitation hard-

ening are directly opposite for 2XXX and 7XXX alloys. Cold working 
after quenching improves the combination of strength and tough-
ness in 2024 [2] and decreases the combination of strength and tough-
ness in the overaged tempers. This is attributed to the precipitation of 
a fine distribution of S´ on dislocations. However, in 7050, cold work-
ing after quenching has the opposite effect [3]. This is attributed to 
the nucleation and preferential growth of coarse h́  on dislocations. 
This decreases the strength, without improving the toughness. This 
is shown in Figure 2.

Stretching of plate materials is generally performed to relieve 
the stresses induced from quenching. The amount of stretch varies 
but is generally in the range of 1 to 5 percent. Because the stretch 
plastically deforms the plate, many dislocations are introduced into 
the material. This plastic deformation causes the elastic stresses 
resulting from quenching to be redistributed into a less deleteri-
ous amount. Applying about 1-3 percent plastic deformation on the 
part generally causes this mechanical stress redistribution. This is 
accomplished by stretching of extrusion and plate, or by compres-
sion striking forgings. To designate the amount of stretch, additional 
digits are assigned after the basic temper designation. These are illus-
trated in Table 2. [4]

Forming of parts can serve two purposes — either to put the part 
into the proper geometry, or to correct distortion. Brake forming is 
often used to put sheet stock into simple shapes prior to aging. Hydro-
forming is nearly always performed when the part is either in the 
annealed condition or the as-quenched condition. Straightening of 
parts is usually performed in the as-quenched condition. The part 
is checked against a die, and the part is then straightened by either 
hammering or by bending the part to fit the die. This is a very time-
consuming process that is avoided with the use of polymer quen-
chants.

CONCLUSION
In this short article, we discussed the causes of distortion in alumi-
num and the importance of proper racking methods. We also dis-
cussed the use of refrigeration to delay the onset of natural aging, so 
that straightening can be accomplished while the parts are in the soft 
as-quenched conditions. Finally, we discussed the effect of forming or 
straightening on the properties of the final aged part. 

In the next article, we will talk about the mechanisms of natural 
and artificial aging. Should you have any questions regarding this 
article, or suggestions for additional articles, please contact the edi-
tor or myself. 
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Figure 2: Schematic illustration of the effects of cold work after quenching on 
the strength of 2XXX and 7XXX alloys.

Table 2: Additional digits used to designate stretch for wrought aluminum 
alloys.

Additional  Stress  Amount
Digits for              Wrought Product Type  Relief of
T Tempers   Process Stretch

T_51X Plate Stretching 1-3%
T_51X Rolled or cold finished rod and bar Stretching 1-3%
T_51X Die or ring forgings and rolled rings Stretching 1-5%
T_510X Extruded rod, bar, profiles, and tube Stretching 1-3%
T_510X Drawn tube Stretching 0.5-3%
T_511X Extruded rod, bar, profiles, and tube Stretching 1-3%
T_511X Drawn tube Stretching 0.5-3%
T_52X All products Stretching 1-5%
T_54X Die forgings Restriking –
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 think it is safe to assume that the majority of Thermal 
Processing readers have, in some capacity and at some point 
in their career, been exposed to Nadcap in either one or 

multiple commodities. Throughout my consulting career, I’ve had 
discussions regarding many aspects of the Nadcap organization as 
well as its process. These conversations can at times, turn negative. In 
this article I would like to present an argument in support of Nadcap.

HISTORY
Before explaining my argument, I feel it’s appropriate to give some 
background on Nadcap’s (formerly NADCAP) formation as well as 
its current mission.

It was identified in a conference in 1985 that redundant prime 
process audits conducted on process suppliers could be greatly 
reduced if they could find a way to consolidate the efforts. In 
1990, SAE launched PRI as a separate nonprofit (501(c)(6) organiza-
tion to govern Nadcap. In the beginning, Nadcap had conducted 
five NDT audits by the end of 1990. By 1994, Welding, Heat Treat, 
Materials Testing Laboratories, Chemical Processing, and Coatings 
were added as commodities. In 2002, Nadcap launched its busi-
ness support software, eAuditNet. Now, Nadcap is spread through 
the Americas, Europe, and Asia and includes Transportation and 
Power Generation, Medical Devices, Nuclear (2011), as well as the 
institution of the MedAccred program (2014). Nadcap is based in 
Pittsburgh, Pennsylvania, but also has a European and Asia office 
as well. Alongside Nadcap, PRI has branched out in areas such as 
eQuaLified and eQuaLearn (I am a contracted Lead eQuaLearn 
Instructor). Nadcap has grown into an industry standard that, as 
far as I can see, isn’t going anywhere. 

THE CON ARGUMENT
Arguments I hear against Nadcap are, as an example, “it is a monopo-
ly.” I understand that the word “monopoly” is either associated with 
a competitive business monopolizing a market or simply the board 
game (maybe we’ll see a Nadcap version soon). It is true, PRI/Nadcap 
is a monopoly, but remember, the intention was to centralize require-
ments and accreditation to achieve consistency in processing and 
quality systems, not to create a new product for American consump-
tion that will become competitive in the market. There is no other 
way to accomplish this aside from establishing a monopoly. This 
seems logical to me. It would be like having multiple direct manag-
ers. You would receive conflicting requirements from each manager, 
causing any meager amount of consistency to disappear, and in the 
end, it would detrimentally affect your performance. We need to 
achieve quality through consistency and centralized requirements. 
Nadcap has achieved that. 

Another argument against Nadcap is that suppliers who are 
receiving their Nadcap accreditation for the first time are doomed 

to fail. An article written by Christopher Paris, published September 
7, 2018, states:

“First, just get it into your head that no matter how bulletproof 
you think your special process is, and even after you’ve conducted 
the mandatory self-audit beforehand, the Nadcap auditor is going 
to fail you on the first try. It’s so prevalent, I am convinced it’s hard-
baked into some internal PRI procedure. The auditor will always 
find something wrong that requires a one-day follow up audit. Just 
be prepared for that; check your ego, and let them do it. Consider it 
a cost of doing business, and it won’t be that expensive anyway. But 
you are not going to pass your audit on the first try. Consultants 
who tell you otherwise either don’t have actual experience in this, 
or are just lying.” [1]

I realize this may seem as though it is an extreme example, but in 
conversations I have in which the other person is speaking negatively, 
this idea comes up often. Nadcap’s operating procedures are pub-
lic. Any Nadcap approved supplier or even someone who has gained 
access to eAudit.net and is not a supplier (yes, you can do this) can 
easily read the Nadcap operating procedures as they apply to both 
PRI staff and Nadcap auditors. In no procedure does it give a fail-first 
mandate to auditors. Even if there was a secret mandate that was 
unwritten, for the sake of the auditor’s reputation and integrity, I 
don’t know a single auditor who would follow such a secret mandate. 

On another note, stating that you will, no matter how well you 
prepare, fail your first audit is just not the case. I have worked with 

Attend a PA Nadcap conference to learn how PRI governs the 
program. Read on to deepen your understanding of the benefits. 

An argument in support of Nadcap
I

Nadcap’s operating procedures are public. Any 
Nadcap approved supplier or even someone 
who has gained access to eAudit.net and is 
not a supplier (yes, you can do this) can easily 
read the Nadcap operating procedures as they 
apply to both PRI staff and Nadcap auditors.
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countless potential suppliers, both commercial and captive (in-
house) processors, who have gained Nadcap accreditation on the 
first try (even in heat treat). Of course, I am sure there are some 
who are simply not well prepared, but this should not be seen as a 
reflection of Nadcap or PRI; this is due to the potential supplier not 
being prepared in one way or another. 

This same theory can translate to the notion that, no matter how 
well you prepare, you will receive a finding because the auditor “has 
to find something.” Again, this is not the case. I’ve been through 
audits and received zero findings (again, yes, in heat treat). The irony 
behind this is that, a year later when performing an internal audit, 
I found two items that were missed that would have constituted 
two minor findings on the initial audit. Auditors are humans, too. 

A PERSONAL POSITION
PRI and Nadcap, as well as the eQuaLearn team, have designed sys-
tems which allow both primes and suppliers to have input on the 
checklist requirements as well as handbooks. When I try and imag-
ine performing this task, I can’t see any easy route. Organizing prime 
requirements and industry standard requirements all the while fil-
tering “experts’” opinions out of the mix … it must have been a task 
that seemed to have no light at the end of the tunnel. 

If you have ever been to the annual PA Nadcap conference you 
will gain, at the very least, a small amount of respect for how PRI 
governs the Nadcap program. Anyone in the room has an opportu-
nity to voice their concerns and questions and they are addressed, 
if not immediately in that setting, they are documented and 
addressed at a later time. PRI staff engineers are also available via 
email to answer questions, which they do often. Their emails can 

be found on the contacts tab at the top right-hand side of the eaudit.
net page.

SUMMARY
PRI manages a monster that is ever-changing and growing. This is a 
tough task. It’s very easy to voice armchair opinions, but ask yourself 
this: Is it PRI that does not govern Nadcap well, or is it suppliers who 
are simply not prepared for their audits? PRI may have areas they 
could improve on, but all organizations do. Areas where suppliers 
feel PRI could improve should be voiced in the annual meeting.

I commend PRI for its governance of Nadcap. The institution of 
eQuaLearn is also a step forward as you can enroll in courses, spon-
sored by PRI, with content that is reviewed by PRI staff engineers; I 
can’t think of anything further PRI could have done to help suppliers 
navigate the gauntlet.  
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Vacuum drying is a low-pressure operation 
used to remove moisture from a substance. 
(Courtesy: BriskHeat Corporation)
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Heat and vacuum can be used together to process materials 
that could not otherwise be accomplished.
By EDYE S. BUCHANAN

pplying electrical heat to materials under vacuum can 
be an important manufacturing process to ensure 
product quality when drying, high-purity processing or 
other vacuum heating is required. The use of vacuum 

promotes off-gassing and reduces the boiling point of trapped liquids. 
Unfortunately, vacuum alone may cause liquid evacuating from the 
material or part to freeze. What remains are ice particles, which are 
not easily evacuated from the system. 

Using heat and vacuum in tandem provides improved results com-
pared to either process used separately. Applying heat with vacuum 
prevents ice formation and decreases the heat needed to sufficiently 
remove moisture and volatile compounds from parts. Three common 
applications using heat/vacuum combination include: vacuum dry-
ing, vacuum bakeout, and vacuum heating for metal processing. To 
regulate heat applied in any vacuum application, a PID temperature 
controller is required to more accurately control the heating process.  

VACUUM DRYING
Vacuum drying is a low-pressure operation used to remove moisture 
from a substance. This is used when higher temperatures may result 
in hazardous situations or potential damage to the product. The 
boiling point of liquids is reduced when subjected to vacuum pres-
sure. A combination of vacuum and heat is used to reach the vapor 
pressure of water. This causes the water to boil into a gaseous state. 
For example, at atmospheric pressure 760 mm Hg (14.7 psi), water 
boils at 100°C (212°F). Under a vacuum of 150 mm Hg (2.89 psi), water 
boils at 60°C (140°F). The vacuum system, including pipe headed 
with individual cloth jackets (Figure 1), evacuates the gases from the 
chamber, preventing it from condensing and rewetting the product 
while cooling. Products processed with vacuum drying include:

» Pulp and paper products.
» Pharmaceuticals.
» Power or granulated minerals.
» Food products.
» Plastic parts.
» Resin parts.
Vacuum drying in a vessel requires a heating system designed with 

sufficient wattage and insulation to increase the temperature from 
ambient to that required for off-gassing. Not only does vacuum drying 
remove trace amounts of moisture, but it allows batch processing to 
be done, taking less time compared to conventional drying methods. 

HIGH AND ULTRA-HIGH VACUUM BAKEOUT
High or ultra-high vacuum applications as well as other applica-
tions using high-purity parts necessitate a vacuum bakeout process. 
During manufacturing, many components will be left with some 
type of unwanted residue. This can be moisture in compounds, cut-
ting oils, solvents, dust, or corrosion. Conventional cleaning methods 
should be used to remove contaminants. Vacuum bakeout elevates 
the surface cleaning efficiency by eliminating microscopic particles. 
It is a necessary process in which failure to remove the impurities 
will contaminate the product or spoil the vacuum. While water vapor 

absorbed from the atmosphere is the most common contaminant, oil 
particles from pumps and dust accumulated during assembly must 
be removed. Without careful handling, fingerprints left on surfaces 
can also be problematic.  

How can even microscopic particles ruin a vacuum? As heat and 
vacuum are applied to the part, particles are extracted from the sur-
face and move within the vacuum chamber.  This movement creates 
pressure that works against the vacuum.  Successive flushing of the 
chamber evacuates loose particles with vacuum pressures of <10-10 
mbar. Figure 2 shows a custom cloth heating jacket with temperature 
controller designed for a vacuum chamber.

Applications requiring high-purity vacuum bakeout include:
» Particle acceleration (particles at 99.99 percent the speed of 

light).

A

Figure 1: Heated piping reduces the risk of condensate in vacuum systems. 

http://thermalprocessing.com
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» High-energy physics.
» Radiation therapy.
» Surface coating.
» Deposition and etch (semiconductor manufacturing).
» Gas delivery.
» Mass spectrometry.
The process engineer has three things to consider when designing 

a vacuum bakeout system:
1. Bakeout temperature.
2. Temperature distribution.
3. Time at temperature.
Ideal bakeouts may require temperatures of 300 to 400°C (572 

to 752°F), which is too high for extruded silicone rubber tapes. 
Fiberglass insulating tapes and high-temperature insulators can be 
used. At temperatures above 300°C (572°F), yarn on the tape may 
become brittle and, once removed, cannot be reused. During vacuum 
bakeout, temperature distribution is more critical versus a drying 
application. Cold spots on the surface of objects being baked may not 
expel impurities, resulting in a poor vacuum. Temperature unifor-
mity can be achieved by using a heated cloth jacket. Heating tapes, 
shown green in the photo, are sewn into cloth jackets providing 
heat to surfaces that might be difficult by other solutions (Figure 3).

VACUUM HEATING FOR METAL PROCESSING
Vacuum heating can be performed by placing products or vessels 
within a vacuum oven fabricated from stainless steel with open-
ings for inserting items to be processed and for the vacuum system. 
Ovens can be small chambers as the one using band heaters to anneal 
graphite electrodes (Figure 4) large cylindrical shapes that fit over 
coils of steel. Openings should be designed to prevent outside air 
infiltration when the oven is closed. Non-destructive testing and 
inspections must be used to ensure there are no leaks in the system.

Heating tapes may be an option and should be wrapped carefully 
around the chamber to contact as much surface area as possible. 
Silicone surface heaters can be used for application temperatures 
of 204 to 232°C (400 to 450°F). These can include insulating foam 
up to 2.54 mm (1”) thick with pressure sensitive adhesive for instal-

lation. For higher temperature applications up to 593°C (1,100°F), 
cloth heating blankets are available. After securing heaters around 
the chamber, insulation should be applied sufficient to maintain a 
touch-self temperature, typically 48 to 60°C (120 to 140°F). A durable 
cover may need to be placed over the insulation to preserve the integ-
rity of the material.

Vacuum heating can be used in many metal-processing applica-
tions.  Processing under vacuum reduces the possibility of impurities 
during the melting and casting of alloys. Purity is also very impor-
tant in the manufacturing of powered metals used for 3D printing. 
Carburization, a process adding carbon atoms to the top layers of 
steel for surface hardening, is typically performed at 900 to 950°C 
(1,652 to 1,742°F). It can also be performed at temperatures below 
600°C (1,112°F) when under vacuum. Other heat treatments such as 
tempering and annealing allow for heating to lower temperatures 
and cooling of metals without the risk of impurities or oxygen.

CUSTOMIZED HEATING AND INSULATING OPTIONS
Heat can be applied using silicone or fiberglass heaters and require 

Figure 2: Multi-zone heating blanket. (Courtesy: BriskHeat Corporation)

Figure 3: Heated tape integrated into an insulated cloth jacket. (Courtesy: BriskHeat Corporation)
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separate insulation. Custom silicone blankets may be available with 
special contours or cutouts to provide better temperature uniformity 
than what may be available from off-the-shelf solutions.

Cloth insulating jackets are the best way to prevent heat loss and 
reduce cold spots. These are manufactured with durable material 
covers. Fiber insulating blanket, typically available in rolls, is not 
recommended as these are often not capable of being wrapped suf-
ficiently tight enough to promote temperature uniformity. Fiber 
insulation incorporates binders in its construction that release 
fumes when heated, are in general less durable, and any loose fibers 
produced during installation create a safety hazard if proper PPE 
is not used. 

Cloth heating jackets are designed similarly to insulating jackets. 
Resistance wires are sewn to the interior liner, covering more surface 
area than tapes and providing superior temperature uniformity. The 
wires are covered with an insulating fiber and retained by a top cloth 
cover. SamoxTM cloth can be incorporated into the liner, meeting 
Class 100 environments with exposure temperatures up to 593°C 
(1,100°F). Fiber insulation between the wires and the outer cover 
provides a safe and cool-touch surface meeting the SEMI S2 standard. 
BriskHeat is one of several companies that provides insulators and 
heating jackets to fit a variety of valves and pumps sold by popular 
high vacuum component manufacturers.

TEMPERATURE CONTROL
A variety of temperature controllers is available for use with heat-
ing tapes and cloth heating jackets. The more critical the tempera-
ture and complex the system, the more important the choice. Most 
vacuum systems use a central monitoring system (CMS) to control 
the heat and vacuum. Control of each individual heater provides 
for the best temperature uniformity, and cloth jackets can be pur-
chased with integrated control modules and sensors. Controllers can 
use PID (proportional-integral-derivative) or on/off control. PID has 
a feedback loop that can continuously modulate the heating circuit 
as opposed to the current to the heater being either on or off. 

CONCLUSION
Heat and vacuum can be used together to process materials that 
could not otherwise be accomplished. Vacuum drying can be com-
pleted at lower temperatures and in less time, which reduces cost. 
High and ultra-high vacuum removes even the most microscopic 
impurities from surfaces when applications require high purity for 
consistent results. As new metal alloys are developed and metal-
lurgical processes required to enhance properties, vacuum heating 
provides repeatable product quality. No matter what the application, 
insulation and temperature controllers should be appropriate for the 
heaters selected. There are a variety of off-the-shelf solutions avail-
able; however, custom designed heaters and insulators can provide 
superior performance. A qualified heating company can be consulted 
for application support. 
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Figure 4: Band heaters around a ceramic kiln used for annealing graphite rods. 
(Courtesy: BriskHeat Corporation)

http://thermalprocessing.com


26  JANUARY 2021

CAN SUB-ZERO 
TREATMENT
AT MINUS-75°C BRING ANY 
BENEFITS TO TOOL 
MANUFACTURING?



thermalprocessing.com  27

This paper focuses on an in-depth description of the 
results obtained with the sub-zero treatments  
of Vanadis 6 steel at a temperature of minus-75°C.
By MARTIN KUSÝ, LÝDIA RÍZEKOVÁ-TRNKOVÁ, JOZEF KRAJČOVIČ, IVO DLOUHÝ, and PETER JURČI 

anadis 6 ledeburitic tool steel was subjected to sub-zero 
treatment at minus-75°C for different durations and for 
different subsequent tempering regimes. The impact of 
these treatments on the microstructure, hardness varia-

tions, and toughness characteristics of the steel was investigated. 
The obtained results infer that the retained austenite amount was 
reduced to one fourth by sub-zero treatment (SZT), and the popula-
tion density of add-on carbides was increased by a factor of three to 
seven, depending on the duration of SZT. Tempering always reduced 
the population density of these particles. A hardness increased by 30 
to 60 HV10 was recorded after sub-zero treatment, but tempering to 
the secondary hardness peak induced much more significant hard-
ness decrease than what was established in conventionally quenched 
steel. The flexural strength was not negatively influenced by sub-
zero treatment at minus-75°C while the fracture toughness tests gave 
worse values of this quantity, except the case of steel tempered to the 
secondary hardness peak. 

1 INTRODUCTION
In conventional heat treatment of tools made of high-alloyed Cr and 
Cr–V ledeburitic steels, the material is gradually heated to the aus-
tenitizing temperature (recommended by the steel manufacturers), 
held there for prescribed time, and cooled down rapidly to room tem-
perature. Afterwards, the steels should be subjected to tempering 
immediately to prevent the retained austenite stabilization and to 
induce transformations leading to the achievement of final proper-
ties of tools or components.

Ledeburitic steels are commonly used as tool materials for cold-
work applications. In order to generate high abrasive wear resistance, 
they contain a high amount of carbide phases embedded in a metal-
lic matrix. On the other hand, these carbides, together with high 
overall steel hardness, deteriorate the material resistance against 
crack initiation/propagation, expressed by the fracture toughness KIC. 
Also, the flexural strength of ledeburitic steels, which is often also 
taken as a measure of resistance against crack initiation for brittle 
materials, manifests relatively low values. Moreover, conventionally 
produced ledeburitic steels are cast and afterwards hot formed. As a 
consequence, they contain band-like carbides, thus they suffer from 
anisotropy of key mechanical properties [1].

Sub-zero treatment is defined as a supplementary process to con-
ventional heat treatment. Unlike conventional heat treatment (CHT), 
it is a process where the tools or components are immersed into a suit-
able cryo-processing medium, stored there for a pre-determined time 
(usually in 10s of hours), and re-heated to room temperature. Research 
works conducted on the application of this kind of treatment have 
shown that sub-zero treatments provide extra benefits to the tooling 
industry such as increased hardness [2,3], better wear performance 
[3,4], and improved dimensional stability of products [5].

According to recent studies, the following crucial microstructural 
changes are responsible for these benefits:

1. Considerably reduced retained austenite (gR) amount [2,6-9].
2. Refinement of the martensite along with an enhanced number 

of crystal defects such as dislocations and twins inside martensitic 
domains [7,9,10].

3. Enhancement of number and population density of small globu-
lar carbides (SGCs) [2,3,7,8,11,12].

4. Acceleration of the precipitation rate of nano-sized transient 
carbides [11-15].

However, the impact of sub-zero treatments on the toughness 
characteristics (fracture toughness, flexural strength, and impact 
toughness) is controversial as Table 1 illustrates.

The question of an optimal regime of sub-zero treatments is still 
under debate. In the “pioneer age” of this technique, it was believed 
within the professional community that the benefits of sub-zero treat-
ments are based only on the reduction of retained austenite amount. 
Therefore, the temperatures of about minus-75°C were widely used 
in laboratory and industrial practice. Lower temperatures were not 
accepted for the treatments since their use often led to premature 
failure of tools due to thermal shocks associated with the use of very 
low temperatures. Treatment at the boiling temperature of liquid 
nitrogen (minus-196°C) was introduced into industrial practice much 
later, when the devices enabled could carry out well controlled cool-
ing down to such low temperature.

Other sub-zero treatment temperatures were suggested only by a 
very limited number of researchers. Reitz and Pendray and Gavriljuk 
et al., for instance, suggested the temperature of minus-140°C [24,25]. 
Recent studies dealing with thorough analysis of microstructure 
and toughness of the Vanadis 6 steel treated in this way gave very 
promising results [22,26]. Alternatively, there were attempts and/or 
suggestions with the use of the temperature of boiling helium (minus-
269°C) [13,27]. However, the treatment temperature of minus-75°C 
also deserves attention since one can expect the phenomena being 
responsible for earlier mentioned ameliorations in properties would 
proceed faster at minus-75°C than at lower temperatures. Also, practi-
cal experiences indicated the extent of “extra” wear performance (or 
other property), which can be gained by the use of SZT at minus-96°C 
(as compared with treatments at minus-75°C) depends on the mate-
rial chemistry. For instance, the wear performance of AISI D2 steel 
was improved by a factor of 2.59 by the treatment in liquid nitrogen 
(as compared with treatment at minus-75°C), while only an improve-
ment by a factor of 1.39 was recorded for CPM 10-V steel (steel with 
high vanadium content) [24].

This paper is thus focused to an in-depth description of the 
results obtained with the sub-zero treatments of Vanadis 6 steel 
at the temperature of minus-75°C, and to their careful discussion. 
Microstructural changes are presented, and they are related to the 
hardness, flexural strength, and fracture toughness of examined 
steel. The obtained results are also compared to what was obtained 
by treatments at temperatures minus-140, minus-196, and minus-
269°C, respectively.

V
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2 EXPERIMENTAL
The powder metallurgy (PM) tool steel, Vanadis 6, with nominal com-
position (in wt%) 2.1 C, 1 Si, 0.4 Mn, 6.8 Cr, 1.5 Mo, 5.4 V, and Fe as a bal-
ance was selected for the examinations. Due to the PM technique used 
for steel manufacturing, the material is free of macro-segregations 
and also of carbide bands and manifests high degree of isotropy. This 
makes it possible to disregard the orientation in sample manufactur-
ing. The initial microstructure was soft-annealed with a hardness of 
272 HV10.

The specimens were machined to a net-shape and subjected to the 
heat-treatment schedules. Conventional heat treatment consisted of 
gradual heating up to the austenitizing temperature of 1,050°C, hold-
ing at that temperature for 30 minutes to enable the dissolution of 
carbides and austenite homogenization, which was followed by room 
temperature quenching by using cold nitrogen gas. Then, one set of 
specimens was separated and subjected instantly to tempering treat-
ments. The other specimens were moved to a cryogenic system and 
subjected to sub-zero treatments at the temperature of minus-75°C 
and for different durations prior to tempering.

In sub-zero treatments, room-temperature quenched specimens 
were cooled down to minus-75°C, at a controlled cooling rate of 
1°C/min, stored at the lowest temperature for predetermined dura-
tion (4, 10, 17, 24, or 48 hours), and re-heated by a heating rate of 
1°C/min to room temperature.  Immediately after the specimens 
reached room temperature, they were moved to the tempering fur-
nace where they were tempered in an atmosphere of pure technical 

nitrogen. Tempering consisted of two cycles (2 + 2 hours), at tempera-
tures in the range 170-530°C. However, the tempering temperature 
of 600°C was added to the experiments with flexural strength in 
order to verify the behavior of this mechanical quantity at tempering 
temperature located beyond the secondary hardness peak.

A NETZSCH DIL 402 C dilatometer (Netzsch, Selb, Germany) was 
used within the temperature range of 20 down to minus-150°C in 
order to estimate the martensite finish temperature of the Vanadis 
6 steel austenitized at given austenitizing conditions.

The specimens for microstructural examinations were prepared 
using standard metallographic grinding by a set of abrasive papers 
(with a grit of 180, 320, 600, and 1,200) and polishing (by using the 9, 
3, and 1 µm diamond suspensions). Then, the specimens were etched 
with Villella-Bain reagent (5 ml hydrochloric acid, 1 g picric acid in 
100 ml of ethanol) for 10 seconds. For the material microstructure 
examinations, a JEOL JSM 7600 F scanning electron microscope (SEM, 
Jeol Ltd., Tokyo, Japan), operating at a 15 kV acceleration voltage was 
used. Microstructural examinations were coupled with energy disper-
sive spectrometry (EDS) by using an EDS detector (Oxford Instruments, 
plc., High Wycombe, UK). SEM micrographs were acquired in a com-
bined 50:50 detection of secondary electrons and backscattered 
electrons (BE). The reason was that the material contains eutectic 
carbides (ECs), secondary carbides (SCs), and small globular carbides 
after application of the earlier mentioned heat-treatment schedules. 
It has been proven recently that the ECs are represented by vanadi-
um-rich (more than 50 wt%V) MC particles, while the SCs are the 

Steel  Treatment  Quantity  Description  Reference

AISI D2 –70, –100, –130, and Impact toughness Considerable reduction, extent of reduction [16] 
 –196 C, tempering at 200 C  depends on both the austenitizing temperature 
   (better toughness is achieved at lower 
   austenitizing temperature) and SZT 
   temperature (–70 C produces the lowest values)

AISI D2 –196 C/16 h, tempering Impact toughness Considerable reduction, degree of reduction is [17] 
 at 170 or 450 C  much higher than the improvement of hardness

AISI D2  –196 C/20 h  Impact toughness Reduction after low-temperature tempering [18] 
   but improvement after tempering to the 
   secondary hardness

AISI D2 –196 C/36 h, –75 C/5 min Fracture toughness Significant reduction after SZT at either –75 or [19] 
 –125 C/5 min,  –125 C, moderate reduction after SZT at –196 C 
 tempering at 210 C  

Vanadis 6 –196 C/4 or 10 h, –90 Flexural strength, Marginal effect on flexural strength but slightly [20] 
 C/4 h, tempering twice fracture toughness positive effect on fracture toughness 
 at 530 C

Vanadis 6 –196 C/17 h, tempering Flexural strength, • Marginal effect on flexural strength in [21] 
 170–530 C fracture toughness low-temperature. 
 

   • Tempering range, improvement in normal 
   secondary hardening temperature range. 
 

   • Worsening of fracture toughness except 
   tempering to the secondary hardness.

Vanadis 6 –140 C/17 h, tempering Flexural strength, • Slight improvement of flexural strength at low [22] 
 at 170–530 C fracture toughness tempering temperatures but almost no effect 
   after tempering at 450 C and above. 
 

   • Improvement of fracture toughness after high 
   temperature tempering but slight deterioration 
   after tempering within the 170–450 C range

AISI D3 –196 C/12, 24 or 36 h, Impact toughness Significant reduction, the reduction is more [23] 
 tempering at 150 C  pronounced with increasing the duration of SZT

Table 1: Toughness and fracture toughness of differently sub-zero treated ledeburitic steels — an overview of the obtained results to date.
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M7C3 particles (with a high percentage of chromium), and that SGCs 
were determined to be alloyed cementite [7]. This made it possible 
to clearly differentiate between the ECs on the one side and the SCs 
(and the SGCs) on the other side by strong differences in BE yield. 
Unfortunately, this categorization fails in differentiation between 
SCs and SGCs as their BE yield is very similar. Therefore, the classifi-
cation based on the particle size was adopted to distinguish the ECs 
and the SGCs; the carbides finer than 0.5 µm were considered as the 
SGCs while the coarser ones as SCs.

Determination of population density of carbide particles (catego-
rized as above-described) was carried out on 25 randomly acquired 
SEM micrographs for each specimen. Standard magnification for 
acquisition of SEM images was 3,000×. For better identification of 
SGCs, additional SEM micrographs at a magnification of 7,500× 
were recorded because some of these particles had a size well below 
100 nm. The acquisition of SEM images was coupled with EDS map-
ping of chromium and vanadium in order to clearly differentiate 
between the carbides, as mentioned earlier. The mean values and the 
standard deviations of the obtained data were calculated.

The phase constitution of differently heat-treated specimens was 
determined by using X-ray diffraction (XRD, Philips Analytical B.V., 
Almelo, The Netherlands) technique. A Phillips PW 1710 diffractom-
eter with filtered CoKa characteristic radiation was used for this 
purpose. The diffracted radiation was registered within a two-theta 
angle range of 30-127 degrees. The retained austenite amounts were 
determined following the appropriate ASTM E975-13 standard [28], 
taking the characteristic peaks of both the martensite (á ) and the 
austenite (g), namely (200)á , (200)g, (211)á , and (220)g into the con-
sideration. As reported recently [2,7], however, these peaks are often 
superimposed by the characteristic peaks of carbides, which might 
influence the accuracy of the obtained results negatively. Therefore, 
the analyses were coupled with Rietveld refinement of the obtained 
X-ray spectra before computing the retained austenite amounts.

Hardness of differently heat-treated specimens was measured by 
using a Vickers indentation technique at a load of 98.1 N (HV 10) fol-
lowing the appropriate Czech standard [29]. A ZWICK 3212 hardness 
tester (Zwick-Roell, Ulm, Germany) was used. The distance between 
two adjacent indents was kept minimum 5 mm, and the dwell time 
used for each indent was 15 seconds; 10 measurements were done for 
each specimen. Then, both the mean values and standard deviations 
of measured values were calculated.

10 by 10 by 100 mm bar specimens were used for flexural strength 
determination. Prior to measurements, the specimens were polished 
to a final surface roughness, Ra, between 0.05 and 0.07 µm. This step is 

very important to obtain reliable results because it is known that the 
surface finish plays an important role in this type of measurement, 
and differences in surface finish (in microns of Ra) can influence the 
obtained flexural strength values within the range of hundreds MPa 
[30]. An Instron 8862 test device (Instron, Norwood, MA, USA) was 
used. Specimens were tested in a three-point bending configuration 
at a loading rate of 1 mm/min, until the moment of fracture. The 
distance between loading roller supports was 80 mm. The flexural 
strength R was calculated according Equation 1 (following the appro-
priate Czech standard [31]) 

where F represents fracture force (maximum load on the load–deflec-
tion trace), L is distance of roller supports in three-point bending, b is 
the specimen thickness, and h is the specimen height (dimension in 
the direction of the acting load). In addition, the total work of fracture, 
Wof, and the plastic part of the work of fracture, Wpl, were evaluated 
from the corresponding area below the measured load-deflection 
(load displacement) curve.

Reliable evaluation of fracture toughness of materials by plane 
strain fracture toughness requires prior fatigue pre-cracking of the 
specimens in order to achieve a sharp and reproducible crack tip 
geometry for testing. Therefore, pre-cracked specimens with 10 by 10 
by 55 mm dimensions were used for fracture toughness determina-
tion in the current work. Pre-cracking the samples was carried out 
after the heat treatment. A resonance frequency machine Cracktronic 
8024 (Russenberger Prüfmaschinen AG, Neuhausen am Rheinfall, 
Switzerland) was used for this purpose, and the specimens were load-
ed in four-point bending configuration. The crack development was 
monitored on both sides of the sample using a digital long-distance 
microscope. Both the pre-crack preparation and the testing were car-
ried out at room temperature following the ISO 12137 standard [32]. 
In testing, the specimens were loaded in three-point bending with a 
roller span of 40 mm and at a loading rate of 0.1 mm/min. An Instron 
8862 machine (Instron, Norwood, MA, USA) was used. Specimen 
deflection was measured by means of an inductive transducer inte-
grated directly into the loading axis. Five samples were tested for each 
investigated heat-treatment (SZT, tempering) condition.

Fracture surfaces were analyzed by using the scanning electron 
microscope JEOL JSM 7600 F. SEM micrographs were acquired in 
the secondary electron detection regime at different magnifica-
tions enabling a study of the micro-morphology of fracture surfaces. 
Particular attention has been paid to the role of carbide particles in 
the fracture propagation.

3 RESULTS AND DISCUSSION
The change in the length of the Vanadis 6 specimen after quenching 
from 1,050°C down to 20°C and immediate moving to the dilatometer, 
where the material was cooled down from 20°C to minus-110°C is 
presented in Figure 1.

The onset at the relative length curve is located at minus-45.8°C. 
The inflection at the linear expansion coefficient curve is at minus-
43.1°C. From these two values it can be summarized that the critical 
Mf temperature of the Vanadis 6 steel lies at approximately minus-
45°C, it is thus higher than the selected sub-zero treatment tempera-
ture.

SEM micrographs in Figure 2 show the microstructure of Vanadis 6 
steel in the conventionally heat-treated state (a), and after subsequent 
SZT at minus-75°C for different durations (b-f). The matrix and dif-
ferent carbide particles are the main microstructural constituents 
of the steel, irrespectively to the heat-treatment schedule used. The 

Figure 1: Dilatometry of Vanadis 6 steel after austenitizing at 1,050°C for 30 
minutes, quenching to 20°C, and cooling from 20°C down to minus-110°C with a 
cooling rate of 10 K min-1.

Equation 1
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matrix is mainly martensitic, with a certain amount of retained aus-
tenite. The retained austenite is in-between the martensitic laths as 
SEM micrograph in Figure 2a illustrates. The carbide particles are 
the eutectic carbides, the secondary carbides, and small globular 
carbides. The number and population density of both the ECs and 
the SCs are nearly constant within the range of the heat-treatment 
schedules used. Alternatively, the number and population density of 
SGCs change with the duration of SZT; they increase substantially 
up to the 10-hour duration of SZT in Figure 2b and 2c where the 
maximum population density of 233 × 103 mm-2 was achieved (Table 
2), and then decrease, Figure 2d-f.

It is shown in Table 2 and in Figure 3 that tempering treatment 
always induces a reduction of population density of SGCs, despite 
that their population density remains two- to three-fold higher than 
what is produced by conventional heat treatment. Finally, it should 
be mentioned that SZT does not modify the amounts and popula-
tion densities of ECs and SCs in Vanadis 6 steel as reported recently 
[7,12]. The reason is that these carbides are stable up to much higher 
temperatures and thus neither the SZTs nor the tempering modify 
their quantitative characteristics.

A series of high-magnification SEM micrographs in Figure 4 
depicts the microstructural alterations of sub-zero treated (at minus-
75°C) steel with increasing the tempering temperature. The as-sub-
zero treated material microstructure contains the matrix formed by 
the martensite and retained austenite and eutectic, secondary, and 
small globular carbides, Figure 4a. Tempering treatment modifies the 
material microstructure as follows: The matrix manifests more pro-
nounced sensitivity to the etching agent, Figure 4b-e. This is reflected 
by extensive roughening of the originally smooth metallographic 
surface, and thus by lowered distinctness of originally clearly visible 
matrix microstructural features (martensite laths, retained austen-
ite, grain boundaries, etc.) obtained by austenitizing, quenching, and 
sub-zero treatments, compare with Figure 4a. Mentioned changes can 
be ascribed to extensive precipitation of nano-sized carbides. These 
carbide particles become visible after tempering at 450 or 530°C, as 
tiny elongated formations in Figure 4d and 4e. At the same time, the 
retained austenite disappears from the microstructure because it was 
decomposed into either “secondary” martensite or bainite during  the 
cool down from the tempering temperature. Last but not the least, it 
should be noticed the population density of both the ECs and the SCs 
are nearly unaffected by tempering while the population density of 
SGCs decreases with tempering treatment, compare Figure 4a with 
micrographs in Figure 4b-e and see also Table 2. It should be noted 
that similar microstructural development was detected also for the 
steel after SZT at minus-75°C for other (shorter or longer) durations.

The dependence of the retained austenite amount on the temper-
ing temperature for specimens after sub-zero treatment at minus-
75°C for 17 hours is in Table 3. The amount of gR was 7.6 ± 0.4 vol% in 
the prior-to-tempering state. Tempering at low temperatures reduces 
the gR amount only moderately. In contrast, tempering at higher tem-
peratures results in either the significant reduction (450°C) or in the 
almost complete removal of the retained austenite.

The gR amount in CHT specimens was about 20 vol% as reported 
recently [7,12]. The obtained results imply the SZT at minus-75°C 
reduces the gR amount to approximately one third as compared with 
the room temperature quenching. At the same time, however, it is 
worth noting that treatments at minus-140 or minus-196°C act more 
effectively in reduction of retained austenite; the gR amounts were 
determined 4.3 and 2.1 vol% for steel that was SZT at minus-140 and 
minus-196°C, respectively [7,12,26].

The prior-to-tempering hardness for conventionally (room tem-
perature) quenched Vanadis 6 steel was 875 ± 16 HV10 in Figure 5. The 

Figure 2: SEM micrographs showing the microstructure of no-tempered steel 
after conventional heat treatment (a), and after SZT at minus-75°C for 4 h (b), 
10 h (c), 17 h (d), 24 h (e), and for 48 h (f).

Table 2: Determined values of population density of small globular carbides for 
differently sub-zero treated and tempered specimens.

Figure 3: Population density of small globular carbides for differently sub-zero 
treated (at minus-75°C) and tempered specimens.

Duration              Tempering Temperature [C]
of SZT [h]                  No.                  170                   330                  450                 530

CHT  38.7  33.5  35.3  47.6  37.4

4  171.6  119.4  116.1  107.9  95.4

10  233.2  125.6  97.0  84.5  73.5

17  136.9  121.9  101.7  103.0  93.3

24  121.8  104.6  84.8  73.7  69.2

48  119.8  115.6  115.4  106.0  79.5
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hardness values of the steel after sub-zero treatment at minus-75°C for 
4, 17, and 48 hours were 908 ± 30, 930 ± 10, and 925 ± 6 HV10, respec-
tively. Thus, the obtained results imply the hardness of the Vanadis 6 
steel is higher due to the sub-zero treatments at minus-75°C, and that 
the hardness improvement reaches the maximum for the material 
treated for the duration of 17 hours. On the other hand, the hardness 
improvement is less significant than what was obtained by the treat-
ment at lower SZT temperatures, e.g. at minus-140 or minus-196°C, 
where values exceeding 950 HV10 were obtained [12,22].

The hardness of conventionally quenched steel was 803, 768, 752, 
and 754 HV 10 after tempering at temperatures of 170, 330, 450, and 
530°C, respectively. In other words, the hardness of conventionally 
heat-treated steel first decreases with increasing tempering tempera-
ture, and then it is preserved, almost constantly (at a level of 750 HV 
10), when tempered at temperatures normally used for secondary 
hardening. In contrast, the steel after application of sub-zero treat-
ments manifested higher hardness values, and this tendency was 
maintained up to the tempering temperature of 450°C. The most sig-
nificant hardness improvement was recorded for the steel treated for 
17 hours. For the specimens tempered at 530°C, however, the hardness 
of sub-zero treated steel was lower than what was obtained by CHT.

These results are in line with those obtained by investigations of 
tempering response of the steel after SZT at minus-196°C [12,20,21]. 
On the other hand, a strong variance between the tempering respons-
es of the steel treated at minus-75°C and the steel treated at minus-
140°C is evidenced. For the latter SZT temperature, it has been report-
ed recently that hardness of the material was improved significantly 
within the whole range of tempering regimes used [22].

The flexural strength values obtained by three-point bend tests 
of samples having the microstructures according to Figure 4 are 
shown in Figure 6. It can be seen that the mean values of the flexural 
strength range between 3,300 and 3,700 MPa. The ranges of statisti-
cal uncertainty (at a probability level of 5 percent) overlap noticeably, 
suggesting the tempering has only a marginal effect on the flexural 
strength of SZT steel.

The work of fracture values of the steel tempered at 170, 330, and 
450°C lie within the range of statistical uncertainty in Figure 6, sug-
gesting low-temperature tempering does not influence this character-
istic significantly. On the other hand, the work of fracture increases 
when the steel is tempered at temperature 530°C and above. This can 
be associated with hardness decrease (as indicated in Figure 6), and 
thus with more extensive (compared to what occur during testing 
of specimens tempered at lower temperatures) plastic deformation 
of the matrix.

It is also well visible that the Wof values follow closely the values 
of flexural strength, but only up to the tempering temperature of 
530◦C (peak of secondary hardness). For the specimens tempered at 
600°C, however, this relationship is no more valid. At this place, it 
should be noted the Vanadis 6 steel belongs to the group of brittle 
steels when tempered at temperatures up to the secondary hardness 
peak; in these cases, the obtained values of flexural strength are an 
indirect measure of its toughness. On the other hand, the flexural 
strength loses the characteristic of toughness when the hardness of 
the steel decreases. This is the case of “overtempering” of the steel, 
i.e., when the steel is tempered at temperatures beyond the secondary 
hardness peak, for instance, at 600°C.

Figure 7 is a compilation of SEM micrographs showing fracture 
surfaces of flexural strength specimens that were sub-zero treated 
at minus-75°C for 17 hours and subsequently tempered at different 
temperatures. With respect to the surface morphology, the fracture 
surfaces can be divided into two groups. The fracture surfaces of the 
first group of specimens appear relatively flat with only very limited 

Table 3: Retained austenite amount (in vol%) in Vanadis 6 steel after quenching 
followed by sub-zero treatment at minus-75°C for 17 h, no-tempered and 
tempered at different temperatures.

Figure 5: Hardness versus tempering temperature plots for conventionally 
heat-treated specimens and for specimens after sub-zero treatments at minus-
75°C for different durations.

Tempering No-
Temperature  Tempered  170  330  450  530
[°C]
Retained     Not 
austenite   7.6±0.4 5.5±0.1  4.6±0.2 2.5±0.1 measurable 
amount [vol%]

Figure 4: High-magnification 
SEM micrographs showing the 
microstructure of SZT steel (for 17 
h) in the state after SZT (a), and 
after subsequent tempering at 
170°C (b), 330°C (c), 450°C (d), and 
530°C (e).
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roughness caused by a strong difference between the fracture behav-
ior of the matrix and carbides, Figure 7a-c. In contrast, the fracture 
surfaces (second group) of the specimens tempered at 530 and 600°C 
(the latter one in particular) manifest much more pronounced indica-
tions of plastic deformation of the matrix, Figure 7d,e. Here it should 
be noted the steel hardness decreased (and the plasticity expectedly 
increased) with increasing the tempering temperature in Figure 6. 
This correlates well with the earlier-mentioned morphology of frac-
ture surfaces. In other words, the fracture surfaces appear relatively 
flat and shiny when the steel has higher hardness, but their topog-
raphy increases with a hardness decrease (i.e., with increasing the 
tempering temperature).

Detailed SEM fractographs in Figure 8 clearly delineate the dif-
ferences between the fracture surfaces obtained by testing of speci-
mens tempered at 170 and 600°C. A relatively flat morphology of the 
fracture surface with only very limited plastic deformation of the 
matrix is visible in Figure 8a. The presence of micro-plastic defor-
mation is only visible at the sites where decohesion at the matrix/
carbide interface took place during the crack propagation. The sites 
with local micro-plastic deformation are mainly in close vicinity to 
smaller carbides, which act as decohesion sites at the earlier-men-
tioned interfaces. These carbides are denoted as decohesive carbides 
(DCs). Other carbide particles (the coarser ones in most cases) are 
cleaved, and they are denoted as “cleaved carbides, CCs.” In contrast 
to the fracture surface shown in Figure 8a, the fracture of the speci-
men tempered at 600°C manifests much more pronounced plastic 
deformation shown in Figure 8b. However, the role of particular car-
bides in the crack propagation is maintained and is almost the same 
as shown in Figure 8a.

The obtained flexural strength values for differently sub-zero 
treated and tempered specimens are summarized in Figure 9. It is 
shown that the treatment at minus-75°C gave rather higher flexural 
strength than the conventional heat treatment. This is somewhat sur-
prising at first glance, since one would expect a decrease in flexural 
strength rather than a slight increase due to the application of SZT.

To explain this, it should be noted that Vanadis 6 steel contains 
20.2, 7.6, 4.8, 2.1, and 6.3 vol % of retained austenite after CHT, SZT 
at minus-75°C, SZT at minus-140°C, SZT at minus-196°C, and SZT at 
minus-269°C, respectively (all the SZTs were carried out for a 17-hour 
duration) [12,26]. Retained austenite is considered a soft microstruc-
tural feature, and one can expect its beneficial effect on toughness 
(and flexural strength). This may, for instance, partly explain the 
better flexural strength of the conventionally heat-treated mate-
rial, as well as the material SZT at either minus-140 or minus-269°C, 
than was obtained by SZT at minus-196°C. However, this does not 
bring an answer to the improvement of flexural strength by SZT at 
minus-75°C, compared to CHT steel. As mentioned earlier, sub-zero 
treatment at minus-75◦C produces a much higher population den-
sity of small globular carbides than CHT, which in turn leads to the 
formation of an increased number of matrix/carbide interfaces. The 
population density of small globular carbides decreases with temper-
ing, despite remaining much higher than what can be obtained by 
CHT. In the steel samples with a higher population density of carbides, 
the crack propagation is probably more associated with micro-plastic 
deformation of a matrix (as Figure 8 clearly demonstrates); hence, 
an enhanced carbide count is an important factor responsible for 
improvements of flexural strength.

Finally, a few words should be written to the fact that the treat-
ments at either minus-140 or minus-269°C lead to nearly equal or 
slightly better flexural strength than what is obtained in the pres-
ent study. It has been reported recently that the treatment at minus-
140°C for 17 hours results in the retained austenite amount of about 

Figure 6: Flexural strength and work of fracture obtained by flexural three-
point bend test for steel with application of SZT at minus-75°C for 17 h, and 
subsequent tempering.

Figure 8: Detailed SEM micrographs of the fracture surfaces of sub-zero 
treated specimens after flexural strength testing, (a) tempered at 170°C and (b) 
tempered at 600°C.

Figure 7: Representative SEM 
micrographs of the fracture 
surfaces of sub-zero treated 
specimens after flexural strength 
testing, (a) tempered at 170°C, (b) 
tempered at 330°C, (c) tempered at 
450°C, (d) tempered at 530°C, and 
(e) tempered at 600°C.
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4.3 vol% [22]. The latest measurements fixed the gR amount to 6.3 vol% 
in the Vanadis 6 steel treated in liquid helium. This is two times (for 
minus-140°C SZT) or three times (for minus-269°C) more than what 
was obtained by SZT at minus-196°C, but only of approximately 60% 
or 85% in comparison with the values reported here for SZT at minus-
75°C. One can thus expect rather opposite tendency with respect to 
the changes of flexural strength; however, the treatment at minus-
140°C (for instance) produces the greatest population density of SGCs, 
which more than fully compensates the toughness loss resulting from 
the reduction of retained austenite.

The relation between fracture toughness and hardness as a func-
tion of tempering temperature is seen in Figure 10. The fracture 
toughness values were 13.76 ± 0.61, 17.60 ± 0.75, 16.40 ± 0.32, 15.35 ± 
0.32, and 17.04 ± 0.15 MPa × m1/2 for specimens prior-to-tempering, 
tempered at 170, 330, 450, and 530°C, respectively. The lowest KIC 
values were determined for prior-to-tempering specimens, which 
had the highest hardness. This is logical because the hardness is the 
key factor that influences the fracture toughness, and it is gener-
ally accepted that metals with high hardness usually manifest low 
fracture toughness level and vice versa [20,33]. However, the values 
of KIC and hardness obtained by testing of tempered specimens do 
not obey this rule. It is, for instance, shown that the fracture tough-
ness is high for the steel tempered at 170°C despite its high hardness. 
Further, the KIC decreases along with the hardness when the temper-

ing temperature is increased to either 330 or 450°C. An increase in 
KIC was recorded only for the steel tempered at 530°C, but at a lower 
hardness value.

The analysis of fracture surfaces provides a more comprehensive 
insight into the variations of fracture toughness with tempering. 
Figure 11 is a compilation of representative SEM micrographs of the 
fractured KIC specimens that were SZT at minus-75°C and no-tem-
pered or tempered at different temperatures. The fracture surfaces 
of all the specimen-manifest symptoms that are typical for hard and 
brittle steels; they appear flat, shiny, and relatively smooth. However, 
more thorough investigation reveals differences on the topography 
of fractured surfaces. The surface of no-tempered specimen (Figure 
11a) manifests much finer topography compared with the fractured 
surfaces of other specimens (Figure 11b-e). This can be attributed to 
the differences in fracture toughness-no-tempered specimens that 
have the lowest KIC values, and tempering leads to moderate increase 
in this characteristic.

Detailed SEM micrographs in Figure 12 were acquired from the 
specimen that was not tempered after sub-zero treatment. The image 
in Figure 12a assists in seeing the fracture surface manifests typical 
morphology for hard steel. It contains a great number of micro-voids 
and holes, which correspond to the extraction of SGCs (in particular) 
from the fracture surface during the crack propagation. The forma-
tion of micro-voids is associated with local plastic deformation of the 
matrix. However, the capability of the matrix to be deformed plasti-
cally is very limited as seen in Figure 12b. There is a great number 
of sites with cleavage fracture mechanism apparent in the matrix as 
Figure 12c illustrates. The micrograph in Figure 12b also depicts the 
difference in behavior of carbides during the crack propagation. Some 
carbide particles (mainly the coarsest ones) were cleaved while others 
assisted the decohesion mechanism of the crack propagation. This is 
similar to what was discovered for the flexural strength specimens 
in Figure 8.

The role of particular carbides in the fracture propagation can be 
assessed with the help of recent investigations. It has been published 

Figure 9: Comparison of the obtained flexural strength values for differently 
sub-zero treated and tempered specimens made of the Vanadis 6 steel.

Figure 10: Fracture toughness versus hardness of the Vanadis 6 steel after SZT 
at minus-75°C for 17 h, and subsequent tempering.

Figure 11: Representative SEM 
micrographs of the fracture 
surfaces of sub-zero treated 
specimens after fracture toughness 
testing, (a) no-tempered, (b) 
tempered at 170°C, (c) tempered at 
330°C, (d) tempered at 450°C, and 
(e) tempered at 530°C.
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recently that the coarsest particles belong mostly to the group of sec-
ondary carbides and that their nature is hexagonal M7C3 [7,11,12,22]. 
The finer particles are either eutectic carbides (MC-carbides with cubic 
crystallographic structure) or small globular carbides (cementite 
M3C) [7]. Casellas et al. clearly demonstrated that lower symmetry of 
the hexagonal crystalline lattice (as compared with cubic MC phase) 
results in low fracture toughness of M7C3, and correspondingly in 
large scatter of its values (0.5-4.5 MPa × m1/2) [34]. Moreover, Fukaura 
et al. [35] proved the size of the carbides plays an important role in 
their fracture propagation manner, namely that coarser particles 
are much more amenable to the cleavage than the finer carbides. In 
Vanadis 6 steel, the mean spherical diameter of the M7C3 particles 
is of around 2.5–2.8 µm while the MC carbides have size within the 
range 1.6–1.9 µm [26]. The size of small globular carbides, SGCs, is 
much smaller, below 0.5 µm. These facts assist to delineate the role 
of different carbides in fracture propagation as Figure 12 illustrates. 
Larger size and crystallographic anisotropy of M7C3 make this carbide 
more brittle than the MC (or M3C), despite that the hardness of M7C3 
is lower than that of MC [34]. This is why the most part of cleaved 
carbides are the SCs (M7C3) while a dominant number of ECs (and 
almost all the SGCs) is unaffected by the crack propagation, thus, 
assisting decohesion at the matrix/carbide interfaces.

The second series of detailed SEM micrographs, Figure 13, depicts 
the details of fracture propagation in the specimen that was sub-
zero treated and subsequently tempered at 530°C. It is worth noting 
the fractured surfaces of specimens tempered at other temperatures 
did not differ significantly from that in Figure 13. Compared to the 
fracture surface of the prior-to-tempering specimen in Figure 12, the 
fracture surface of the tempered one contains much greater area frac-
tion of micro-plastically deformed matrix seen in Figure 13a. Further, 
there are cleaved carbides (CCs) and decohesive carbides present.

The high-resolution SEM micrograph in Figure 13b shows details 
of cleaved secondary carbides (CCs) and decohesive eutectic carbide 
particles (ECs), suggesting the role of particular carbides in the frac-
ture propagation is very similar to the case of the prior-to tempering 
specimen, see Figure 12. In other words, the difference in fracture 
toughness (13.76 ± 0.61 MPa × m1/2 for the prior-to tempering steel 
versus 17.04 ± 0.15 MPa × m1/2 for the steel tempered at 530°C) does 
not play a significant role in the fracture propagation mode of carbide 
particles. In contrast, mentioned difference in fracture toughness 
values is reflected in the matrix behavior. As Figure 13c illustrates, 
the fracture propagation on the matrix is associated with micro-
plastic deformation, and the cleavage takes only a minor role. The 
differences in the fracture toughness, and correspondingly in the 
morphology of fracture surfaces of differently tempered specimens, 
can be explained considering the material microstructure. Table 3 
shows the examined steel contains 7.6 ± 0.4 vol% of retained austenite 
in the prior-to-tempering state. The retained austenite is relatively 
soft, thus prone to plastic deformation. For instance, Putatunda [33] 
reported the retained austenite has a beneficial effect on the fracture 
toughness of high-carbon steels. However, the Vanadis 6 steel also 
contains a high amount of hard and brittle “pre-aged” martensite 
in the prior-to-tempering state. (It is worth noting aging of the mar-
tensite in sub-zero-treated high-carbon steels was many times experi-
mentally proved, e.g. [14,15,26,36].) This makes the steel brittle. Berns 
and Broeckmann [1], Das et al. [19], and Ptačinová et al. [21] found 
the crack has a strong tendency to follow the interfaces between 
matrix and carbides when propagates during testing of ledeburitic 
steels. As a result, a micro-plastic deformation of the matrix occurs, 
which slightly improves the fracture toughness. Nevertheless, ben-
eficial effects of retained austenite and increased population density 
of carbides cannot compensate the high brittleness of pre-aged mar-

tensite, hence, the material manifests very low fracture toughness as 
a consequence. Finally, it should be underlined that this finding is 
in line with the obtained results on the same steel but processed at 
different SZT temperatures as Figure 14 illustrates. Finally, it should 
be underlined that this finding is in line with the obtained results 
by the KIC testing of the same steel that was processed at other SZT 
temperatures as Figure 14 illustrates.

Tempering reduces the material hardness seen in Figure 5, and one 

Figure 12: SEM images showing details of fracture propagation in sub-zero 
treated and no-tempered fracture toughness specimen,  (a) detailed image 
showing the crack propagation in the matrix     and the three main carbides 
including their role in fracture propagation, (CCs — cleaved carbides, DCs — 
decohesive carbides, PLD — plastic deformation in the matrix, CL — cleaved 
matrix), (b) high-magnification image showing cleaved M7C3 (CCs, secondary 
carbide), and decohesive particles that belong to eutectic carbides (DCs, 
eutectic carbides) and small globular carbides, and (c) high-magnification 
image showing cleaved matrix region (CM) and small dimples resulting from 
the extraction of small globular carbides.

Figure 13: SEM images showing details of fracture propagation in sub-zero 
treated and subsequently tempered (at 530°C) fracture toughness specimen, 
(a) detailed image showing the crack propagation in the matrix and the three 
main carbides including their role in fracture propagation, (CCs — cleaved 
carbides, DCs — decohesive carbides, PLD — plastic deformation in the matrix), 
(b) high-magnification image showing cleaved M7C3 (CCs, secondary carbide), 
and decohesive particles that belong to eutectic carbides (DCs, eutectic 
carbides), and (c) high-magnification image showing micro-plastic deformation 
of the matrix (MPD) and small dimples resulting from the extraction of small 
globular carbides.
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can thus expect an increase of fracture toughness. Increased fracture 
toughness was really recorded for sub-zero treated and subsequently 
tempered steel specimen seen in Figure 10. The clarification of this 
issue is relatively complex: On one hand, the amount of soft retained 
austenite is either moderately reduced (for the steel tempered at 170 
or 330°C) or this phase is almost completely removed (after applica-
tion of higher tempering temperatures), seen in Table 3. Also, temper-
ing reduces the population density of small globular carbides, seen in 
Table 2 and in Figure 3. On the other hand, the martensite undergoes 
significant softening, which makes it more amenable to deform plas-
tically. The resulting fracture toughness values are then a result of 
competition between the mentioned three phenomena. The increase 
of KIC values can be mainly ascribed to the martensite softening, as 
this phase is the major one in the material. Increase in fracture tough-
ness is reflected in more pronounced topography of fractured surfaces 
(and in more visible dimples on fracture surfaces at the same time). 
Compare Figure 11a with Figure 11b-e or Figure 12 with Figure 13.

A very interesting comparison of the current results with those 
obtained by testing of CHT steel and the steel that was subjected to 
SZT at minus-140, minus-196, or minus-269°C is provided in Figure 
14. It is shown that the SZT at minus-140°C gave the best results that 
are fully comparable with conventionally heat-treated steel but at a 
significantly increased hardness as reported in [22]. Treatments at 
either the temperatures of boiling nitrogen or helium resulted rather 
in lower fracture toughness values.

A reliable explanation of the variations in fracture toughness is a 
very complex issue. In brief, the resulting fracture toughness value 
of ledeburitic tool steels is always a result of competition between 
three effects: 1) retained austenite amount, which undoubtedly acts 
in favor of higher KIC, 2) state of the martensite (KIC decrease), and 
3) population density of small globular carbides (increase of KIC) [22]. 
CHT steel contains about 20 vol% of the retained austenite in the 
prior-to-tempering state, and the retained austenite amount is nearly 
constant up to the tempering temperature of 500°C [12]. Even though 
the population density of SGCs is very low in CHT steel (as compared 
with the steel after SZTs), it is more than satisfactorily compensated 
by the retained austenite amount. Application of SZTs reduces the 
retained austenite amount considerably (with the minimum value 
for SZT at minus-196°C) and increases the population density of SGCs 
(with the maximum for the SZT at minus-140°C). The results in Figure 
14 imply the reduction of retained austenite is almost fully compen-
sated by a much higher population density of SGCs for the steel after 
SZT at minus-140°C, while other SZTs do not lead to a high enough 
population density of carbides needed to compensate the impact of 

reduced retained austenite amount on the resulting KIC value.
Finally, it should be noted these considerations do not take into 

account the state of the martensite. In the state after CHT (and prior-
to-tempering), the martensite was found to be “pre-aged,” but it did 
not contain any carbide precipitates [7]. In contrast, the martensite 
after SZTs contained nano-sized, coherent transient carbides ([12,26]. 
However, it is hard or practically impossible to provide an exact 
assessment of the difference between impacts of these two martens-
ite states on the fracture toughness of the steel since it also contains 
the retained austenite and several carbide types. The situation is very 
similar in the case of tempered steel Vanadis 6 because tempering 
leads to acceleration of precipitation rate at low-tempering tempera-
tures but rather to delayed precipitation at high temperatures (around 
500°C) [11,12,26]. But, an exact quantification of precipitates is almost 
impossible.

4 CONCLUSIONS
The impact of sub-zero treatment at the temperature of minus-75°C 
and subsequent tempering on the microstructure, hardness, flexural 
strength and fracture toughness was investigated. The main obtained 
results can be summarized as follows:
�The population density of small globular carbides is increased 

by the application of SZT at minus-75°C by the factor from the range 
2.5 and seven.
�Retained austenite amount is reduced by this kind of treatment 

to an approximately one third as compared with conventional room 
temperature quenching.
�The bulk hardness of the steel is increased by SZT at minus-75°C, 

by 30-60 HV10. Improved steel hardness is maintained up to the tem-
pering temperature of 450°C while tempering at 530°C leads to more 
significant hardness reduction than what is obtained by conventional 
heat treatment.
�The flexural strength of SZT steel ranges between 3,300 and 

3,700 MPa. The level of tempering temperature has only a little impact 
in the flexural strength.
�The fracture toughness of sub-zero treated no-tempered steel is 

very low. However, it increases with the tempering application, and 
reaches relatively high values of around 17 MPa × m1/2 after temper-
ing to the secondary hardness peak.
� In summary, the application of SZT at minus-75°C may bring 

some benefits into heat treatment of tool steels. However, the 
obtained microstructures and values of mechanical properties are 
lower as compared, for instance, with those obtained by treatment 
at minus-140°C.
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Engineered geometry increases strength, decreases  
stretch, and withstands thermal cycling.
By DEL WILLIAMS

hether for automotive, aerospace, or heavy equipment, 
manufacturers using heat treatment — which can reach 
temperatures up to 2,400°F and vary from a few seconds 
to 60-plus hours — need conveyor belting that can with-

stand the rigors of the process. However, traditional round balance 
weave wire belting has changed little in 100 years and often requires 
annual replacement, causing costly production downtime.

Heat treating is essential to improve the properties, performance, 
and durability of metals such as steel, iron, aluminum alloys, cop-
per, nickel, magnesium, and titanium. This can involve conveying to 
hardening, brazing, and soldering, as well as to sintering furnaces, 
carburizing furnaces, atmosphere tempering furnaces, and heat 
processing in annealing and quenching furnaces. Parts treated can 
range from bearings, gears, axles, fasteners, camshafts, and crank-
shafts to saws, axes, and cutting tools.

PROLONGING BELT LIFE
Heat treat-grade balance weave belts — made 
of temperature-resistant stainless steel or 
other heat-resistant alloys suitable to be 
run on a conveyor with friction drive — can 
cost thousands of dollars, depending on the 
dimensions and quality. So, even though 
wear and premature replacement seems 
inevitable, such wire belting should not be 
considered a low-cost consumable. While 
many manufacturers using heat treating 
consider periodic replacement of wire belt-
ing simply a cost of doing business, today, 
innovative alternatives have been developed 
that can significantly prolong its life and 
drive down operational cost.

Although heat-resistant wire belting is 
available, repeated thermal cycling between 
heating, soaking, and cooling while carrying 
substantial loads can continually weaken its 
structure until it fails. The greater and more 
frequent the temperature fluctuations in 
heat treatment steps, the shorter the wire belt’s usable life becomes.

In addition, on conveyor belts, belt stretch accelerated by heat 
and dynamic loading forces on the belt is typically the main cause 
of breakage and failure. 

Fortunately, industry innovation in the form of engineered, 
“shaped” wire belting has minimized these challenges. The design 
vastly prolongs usable life with increased strength and decreased 
stretch, which dramatically curtails replacement costs and produc-
tion downtime. 

This approach can also help to extend the longevity of wire belt-
ing used with increasingly popular powder metal parts, particularly 
sintered parts that may be heat treated to enhance strength, hard-
ness, and other properties. In such cases, powder metal serves as a 
feed stock that can be processed into a net-shape without machining.

RESOLVING THE CORE ISSUES
Although conventional round wire belt has been the industry stan-
dard for generations, the geometry of the wire itself contributes to 
the problem. 

Traditional round wire belt and even top-flattened wire belting 
is prone to belt stretch and premature replacement, particularly 
under high heat treatment temperatures. In testing, typical round 
and top flattened conveyor wire belt have been observed to stretch 
approximately 7 percent. 

Even though many producers of conveyor wire belting simply 
import semi-finished product and finish it domestically, at least one 
U.S.-based manufacturer has gone to the root of the problem. 

“Shaped” wire is designed to provide more strength in wire belt 
of a given diameter that can better withstand high heat processing 

W

Heat treat-grade balance weave belts can cost thousands of dollars, depending on the dimensions and 
quality. (Courtesy: Lumsden)

The innovative design is significantly 
extending the usable life of wire-belt 
conveyors used in a variety of heat-
treat processes. This ranges from 
hardening, brazing, and soldering to 
sintering, carburizing, and atmosphere 
tempering furnaces.
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conditions. This significantly prolongs its 
usable life up to eight times or more.

As an example, one engineered wire 
belt, called Sidewinder by Lancaster, 
Pennsylvania-based Lumsden Belting, a 
manufacturer of metal conveyor belts for 
industrial heat treatment, compresses and 
expands wire so it is taller than it is wide 
with flat sides. 

To begin with, the patented side flattened 
wire’s “I-beam” design provides three times 
greater structural support for heat-treated 
parts compared to standard round wire. 
The added height of the wire also provides 
a longer wear life without needing heavier 
wire. Together, the design limits belt stretch 
to only 1 to 2 percent. This minimizes the 
potential for damaged belt. Minimal belt 
stretch also helps the conveyor belt to track 
straighter, improving production through-
put with less required maintenance.

INNOVATIVE DESIGN
The innovative design is significantly extending the usable life of 
wire-belt conveyors used in a variety of heat-treat processes. This 
ranges from hardening, brazing, and soldering to sintering, carburiz-
ing, and atmosphere tempering furnaces.

It is also prolonging wire-belt conveyor life in secondary powder-
metal processes used to improve hardness and other mechanical 
properties. In this vein, it could be used in a mesh belt sintering fur-
nace, where compacted parts are placed in a controlled atmosphere 
and heated. It could also be used in processes such as quench and 
temper, case carburizing, and induction hardening.

When heat treatment is used for hardening, followed by rapid 
cooling submerged in a medium such as oil, brine, or water, the 
shaped wire belt also enhances the open area for the same gauge 
wire. This reduces residue build up and eases cleaning while mini-
mizing drag. 

Although the cost of the shaped wire belt is slightly more than tra-
ditional round wire, for manufacturers relying on heat treatment, the 
gains in lifespan and production uptime can provide a speedy ROI. 

ABOUT THE AUTHOR
Del Williams is a technical writer based in Torrance, California. For more 
information, go to www.lumsdencorp.com. 

Many manufacturers using heat treating consider periodic replacement of wire belting simply a cost of doing business. (Courtesy: Lumsden)

Wire belting should not be considered a low-cost consumable. (Courtesy: Lumsden)
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A cart bottom furnace, model H15. It is used 
for component brazing in the aviation sector. 
(Courtesy: TAV VACUUM FURNACES)
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TAV VACUUM FURNACES designs and manufactures  
top-quality vacuum furnaces for a wide range 
of industries and applications worldwide.
By KENNETH CARTER, Thermal Processing editor

AV VACUUM FURNACES is an Italian company founded 
in 1984 by Giuseppi Tonini and a group of entrepreneurs 
active in the field of heat treatment. The strong entrepre-
neurial spirit, engineering skills, and hard work has led 

TAV VACUUM FURNACES to be one of the players in the production 
of high-quality vacuum furnaces.

“Our company has an established presence in the European market 
and, in the past decades, we were grown our presence in Chinese, 
North American, and Asia Pacific market,” said Guido Locatelli, gen-
eral manager of TAV VACUUM FURNACES. “Throughout the years, we 
have developed a deep understanding of customer’s needs and how 
to best cater to them with quality service.” 

TAV’s vacuum furnaces are used in a 
wide range of heat treatments for different 
materials such as steels, alloys, superalloys, 
advanced ceramic, for hardening, solubiliza-
tion, annealing, brazing, and sintering. They 
are mainly applied in the following sectors: 
production of heat exchangers, aviation/
aerospace, automotive, IGT (industrial gas 
turbine), additive manufacturing, commer-
cial heat treatment, and the component sin-
tering industry (medical, precision mechan-
ics, optics, fashion).

“Flexibility, technology, and quality are 
the core values of our company,” Locatelli 
said.

FLEXIBILITY
The company’s customers recognize TAV 
VACUUM FURNACES as a proven and reli-
able solution provider in vacuum technology, 
according to Locatelli.

“Our extensive vacuum furnace line is 
proof of our flexibility,” he said.

TAV VACUUM FURNACES designs and manufactures vacuum fur-
naces with different configurations, range of temperatures, and work-
ing pressure. Horizontal vacuum furnaces with a hinged door, hori-
zontal vacuum furnaces with a cart bottom door, and vertical vacuum 
furnaces with a top or bottom load are all part of of TAV’s portfolio. 

The company’s furnaces can work in a wide range of temperatures 
up to 2,800°C, and with pressure from the Ultra High Vacuum, it can 
be used in nuclear and research laboratories up to 150 bars for hot 
isostatic pressure applications.  

“All our products could be highly customized in order to meet 
customer needs and achieve the best integration in their production 
plants and processes,” Locatelli said.

TECHNOLOGY
Through its large team of experienced mechanical and automation 

engineers and supported by the most advanced software and instru-
mentation, TAV VACUUM FURNACES provides timely and qualified 
solutions to its customers, according to Locatelli.

“TAV VACUUM FURNACES has heavily invested in our R&D depart-
ment in the last two years,” he said. “Through collaboration with 
universities and research centers, our R&D department is imple-
menting and validating new processes and technologies that will 
be implemented  in our products.”

The department is focused on following and supporting its cus-
tomers from the beginning, according to Locatelli. Customers can 
benefit from a close and strong collaboration. Heat treatment, for 

sample, metallurgical analyses, and hardness tests can be performed 
in TAV’s R&D department to help customers proof, fine-tune, and 
validate their processes.

QUALITY 
“TAV is strongly committed to quality in his widest meaning,” 
Locatelli said. “A big effort was spent in the past years in developing 
a very strong quality department.” 

TAV’s quality department supervises all activities from the acqui-
sition of materials to the fine-tuning of its products with a view to 
a global quality concept. 

“All our furnaces are fully tested in our company by quality team 
engineers before they’re accepted and delivered to our customers,” 
Locatelli said. “The quality department supervises all commissioning 
and testing at the customer’s premises in order to guarantee the best 

T

A vapor-phase aluminizing furnace, model TPA 72-78. (Courtesy: TAV VACUUM FURNACES)

http://thermalprocessing.com
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results and performances.”
TAV’s structure is so strongly committed to quality that the ser-

vice department is under the umbrella of quality, too, according to 
Locatelli. Service and after sales job are performed through a net-
work of companies: FURNACARE Inc. for the North American market 
and TAVENGINEERING for the rest of the world.

“Service and manufacturing require different attitudes,” Locatelli 

said. “Service jobs must be fast and effective while manufacturing 
requires stringent planning and a deep understanding of the prob-
lems.” 

LOOKING TO THE FUTURE
As the heat-treat industry has evolved, TAV VACUUM FURNACES has 
continued to evolve with it. 

The continued growth of the industry has TAV looking to the 
future at how established technology can be used with new innova-

tions already making waves. One of those, according to Locatelli, is 
additive manufacturing.

“There are some new processes that are coming with additive man-
ufacturing, like binder jetting, that will for sure grow the market in 
the future,” he said. “There will be a lot of requests and demand for 
furnaces for that kind of process. Most of the parts obtain with AM 
process needs to be heat treated, especially with binder jetting. This 

technology will move the AM parts to large 
volume production, whereas laser sintering 
now is focused on smaller volumes.”

Locatelli said TAV plans to keep a sharp 
eye on the future as it looks to keep growing.

A vacuum furnace is the safer and more 
environmentally friendly heat-treatment 
process, and Locatelli expects this market 
will continue to grow.

“The increased attention to environmen-
tal and safety issues will lead to a greater 
demand for vacuum furnaces in the future,” 
he said. “Producers of vacuum furnaces are 
constantly looking for better performance of 
their products in order to replace the use of 
traditional heat treatments such as quench-
ing in oil or salt baths.”

Using environmentally sustainable 
equipment is an important mission for 

TAV in that many industries, including automotive, are looking to 
manufacture parts without any potentially hazardous implications, 
according to Locatelli.

“The vacuum heat-treatment process is surely a sustainable tech-
nology,” he said. “And TAV is working to develop high-performance 
furnaces to replace traditional heat treatment.” 

MORE INFO www.tav-vacuumfurnaces.com

The laboratory at TAV VACUUM FURNACES’ R&D department. (Courtesy: TAV VACUUM FURNACES)

A semi-continuous furnace, model TBHA 45-180-365. It is used for aluminum brazing of components in the aviation sector. (Courtesy: TAV VACUUM FURNACES)

http://www.tav-vacuumfurnances.com
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A vertical bottom load furnace, model 
TPVH - SE 230-300 all metal. It is used to 
treat turbines blades in the aviation sector. 
(Courtesy: TAV VACUUM FURNACES)
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Q& A /// INTERVIEW WITH AN INDUSTRY INSIDER

Tell us about the new Bodycote Elgin, 
Illinois, facility. When did it become fully 
operational?
We are very pleased to announce that our 
brand-new Elgin facility, Illinois, located 
northwest of Chicago, is now fully operation-
al and supporting customer requirements. 
We started the upgrade and installation of 
the new facility in early 2020 with the vision 
to create a state-of-the-art facility to serve 
the Upper Midwest region. The site opened 
in early December 2020.

What was the reason for building the new upgraded facility?
The facility is designed as a replacement for an aging facility in 
Melrose Park, Illinois. As we evolve and incorporate the latest 
technologies into our processes, we also consider each of our facili-
ties capabilities to deliver maximum value for our customers. We 
announced earlier last year that we would replace the Melrose Park 
facility and invest in a plant that will provide all of the benefits of a 
fully engineered and coordinated model for safety, quality, and cost.

We are committed to ensuring we are able to meet our custom-
ers’ demands in the years ahead. The location reflects Bodycote’s 

commitment to serving the Midwest man-
ufacturing supply chains and allows us to 
shape the future of both our company and 
the industries we serve.

What types of services are available at 
the facility?
Bodycote continues to provide gas-carbu-
rizing, stress-relieving, and vacuum hard-
ening as previously offered at the Melrose 
Park location. The new facility also provides 
additional solutions including nitriding, 
Corr-I-Dur, nitro-carburizing, and low-pres-

sure carburizing (LPC). As the Elgin facility is designed specifically 
to our specification, we can limit process variation and provide cost 
advantages to our customers.

What kind of customer requirements has the facility accounted 
for?
Bodycote upgraded our capabilities with the Elgin operations to 
ensure delivery of the best possible efficiency and geographical net-
work to serve customers from the agricultural, mining, construction, 
automotive, and various other manufacturing supply chains in the 
region. A key driver to expanding our customer partnerships includes 
supporting growth into new technologies, using more efficient 
equipment, and supporting developing markets. This Elgin facility is 
capable of gaining certification for a full spectrum of market-support 
requirements, including aerospace and more.

How will this facility better serve the Midwest?
Bodycote Elgin will better serve the Midwest region with improved 
customer service and additional technology offerings such as nitrid-
ing, Corr-I-Dur, nitrocarburizing and low-pressure carburizing (LPC) 
solutions. We look forward to continuing our investment in this facil-
ity to ensure that customers experience a local service with superior 
quality and turnaround time.

 The new location allows for increased thermal processing capa-
bilities and will enable us to match our technology strengths with 
the market requirements in the Midwest. The growing demand for 
reliable precision components aligns with our service offerings at 
this new facility allowing Bodycote to create value for our customers 
and meet their demands.

We look forward to hosting an official opening event when 
COVID-19 related restrictions are lifted. 

MORE INFO www.bodycote.com 

“Bodycote Elgin will better serve the Midwest region with improved 
customer service and additional technology offerings such as nitriding, 
Corr-I-Dur, nitrocarburizing and low-pressure carburizing (LPC) solutions.”

S TEPHEN HARRIS /// CHIEF E XECUTIVE  ///   BODYCOTE GROUP

Bodycote’s Elgin facility, Illinois, located northwest of Chicago, is fully 
operational and supporting customer requirements. (Courtesy: Bodycote)

http://www.bodycote.com
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