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Start Counting Your Savings

RULE #1. 
Choose the least expensive 
heat rejection technology

RULE #2. 
Use hybrid systems to save energy 

RULE #3. 
Get some expert advice. Make it pay to go green!

Air cooled
heat exchanger

Evaporative cooling 
tower with outdoor 
mechanical room

HEAT
LOAD

AIR-COOLED
CHILLER
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AIR

Evaporator

AIR

MM

AIR

"FREE COOLER"
AIR-COOLED HEAT 

EXCHANGER

PUMP

Termostatic
Control Valve

Combine different types of systems to achieve the 
best features of each with the greatest energy 
savings.

The "free cooler" shown at right eliminates 
the need for refrigeration compressors to 
run in a cold winter climate, saving
energy and wear and tear on the chiller.

Another hybrid example is to "trim 
cool" an air cooled heat exchanger 
with an evaporative tower used 
in summer only.  Substantial 
savings are realized in water, 
chemicals and electricity.

TYPE OPERATING COST TEMPERATURE
Air Cooled $ 105°F

Evaporative $$ 85°F

Chiller $$$$ 65°F

When choosing a cooling system consider your 
climate and the maximum operating temperature 
of your equipment for optimum effi ciency.
Lower fl uid temperatures increase energy usage 
and operating costs.

Chiller
(mechanical
refrigeration)

20 years serving the Heat Treating Industry.

3232 Adventure Lane • Oxford, MI 48371

call 800-525-8173
Fax: 248-969-3401

www.drycoolers.com

ENERGY-SMART COOLING SOLUTIONS FOR ALL TYPES OF PROCESS EQUIPMENT

ISO 9001:2000

Booth
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Stronger Stronger  Longer Lasting Gears

Just like gears, induction heating is all about 
Precision. Inductoheat’s precision controlled, induction 
gear hardening systems provide ideal metallurgical 
patterns, minimum shape distortion, increased wear 
resistance and exceptional contact fatigue strength.

•   FEA computer modeling 

•   Single part process monitoring

•   Single-shot, scanning, tooth by tooth

•   Single-coil dual-frequency technology

•   Wide range of gear & bearing diameters

•   Hypoid ring, spiral bevel, worm and pinion gears

Visit our website to learn more about our induction heat treating equipment! Inductoheat, Inc. • Madison Heights, MI • (248) 585-9393 
www.inductoheat.com

                              R e l i a b l e  •  P r e c i s e  •  E f f i c i e n t  •  I n n o v a t i v e

Gear Ad August 2014 v2.indd   1 8/21/2014   11:27:29 AM
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LETTER FROM THE EDITOR

I read a list online the other day entitled, “The 21 Stupidest Things Ever Said by Powerful 
People.” Most of  the quotes by people like Steve Ballmer (“The Iphone will never have 
a significant market share!”), but my favorite one was #3. 

It was Rosie O’Donnell:

“Fire has never melted steel in history.”

In fact, researches have found the fire can melt steel. And Thermal Processing for Gear 
Solutions is devoted to giving you the best in this particular science. 

For example, in this issue spoken to some of  those experts, from Spain, Poland, 
France, and plenty of  other men and women who write articles for our magazine. 
We publish expert material, thoroughly researched, and authored by world-renowned 
metalurgists. And as Thermal Processing is part of  the Gear Solutions family, we have the 
added bonus of  seeing how heat treating expertise creates better gears.

This month, DANTE solutions presents us with methods for reducting gear size. The 
article focuses on the use of  computer modeling while encorporating the heat treat 
method. From last year’s AGMA Fall Technical meeting, we’re pleased to present a 
paper on case hardened gears presented by Gear Research Center, in which the range 
of  high cycle fatigue, root bending srength of  case hardened gear is investigated.

Every year since 2007, in June, a ModelingWeek is held within the master program 
of  the faculty of  Mathematics of  Universidad Complutense of  Madrid. During this 
week, students work in small groups on real industrial problems proposed by companies 
under supervision of  one or two qualified instructors. One of  the isntructors was 
kind enough to include a summary of  the entire week, which we’re printing a sort of  
“primer” to those who couldn’t travel to Madrid!

Of  course, Modeling Week wouldn’t do any good if  there were’t applications for the 
skills tought there. The case studies we’ve included by Seco Warwick and Ipsen are 
tangible examples of  how far you can take your heat treat business up a knotch, maybe 
even with some help from our indispensible columnists, Jim Oakes,  Fred Specht, and 
Jack Titus.

Heat treating is such an extraordinary process to watch, study, design...just like the 
gear industry. It’s just another set of  characteristics that make these two industries 
better every day.

Fire can DENINITELY melt steel. 

Tim Byrd
 managing editor

Thermal Processing for 
Gear Solutions magazine

editor@thermalprocessing.com
(800) 366-2185 x205
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UPDATE

Companies wishing to submit materials for inclusion in Industry News should contact Tim Byrd at editor@thermalprocesing.com.
Releases accompanied by color images will be given first consideration. 

New Products, Trends, Services, and Developments

Leading supplier of  quenchants to commercial and captive heat 
treaters will also display assortment of  Chemtool lubricants and 
greases for the industry

Pioneers in the development of  polymer quenchants back in 
the 1960’s, Tenaxol, part of  the Chemtool family of  companies in 
Rockton, Illinois, will demonstrate its comprehensive line of  UCON 
brand polymer quenchants at this year’s Furnaces North America 
show, being held October 6-8 in Nashville, Tennessee.   Tenaxol will be 
located in Booths 300-302 at the show.   

Polymer quenchants were developed by Ross Blackwood, the 
founder of  Tenaxol, in the early 1960’s and the first UCON products 

were patented in 1965 as a safe alternative to oil quenching, owing to 
their unique polyalkylene glycol chemistry plus corrosion inhibitors.  
The products also yield superior surface integrity on all ferrous and 
non-ferrous metals, when compared to water quenching, especially in 
the areas of  thermal cracking and distortion.   UCON brand polymer 
quenchants have become the industry standard over the years and 
the full range of  products today includes UCON ULTRAQUENCH 
PLUS, featuring advanced anti-microbial protection and enhanced 
foam control, plus a non-nitrite corrosion inhibitor for improved 
surface protection. 

For more information, visit www.tenaxol.com

Tenaxol to Show Polymer Quenchants at FNA 2014

mailto:editor@thermalprocessing.com?subject=Referred by Thermal Processing for Gear Solutions
http://www.tenaxol.com
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The all new ASMI Handbook gives design, 
manufacturing,j and material engineers a 
practical and comprehensive reference on 
the technologies and applications of  induc-
tion heating and heat treatment. This book 
provides practitioners, students, engineers, 
and scientists the knowledge to more clearly 
understand and obtain solutions for typical 
induction heating problems that they en-
counter on an everyday basis.

Continuing in the tradition of  the ASM 
Handbook series, this volume provides a 
unique combination of  practical knowledge 
grasping ready-to-use diagrams, technical 
procedures, guidelines, and good practices 
with advanced theoretical knowledge em-
phasizing on specifics of  induction process-
es compared to alternative technologies. An 
appreciable amount of  material is devoted 
to practical aspects, including review of  
standard and customized induction equip-
ment. 

Call 440.338.5151 for more information.

Fred Specht Appointed 
National Sales Manager for 
Interpower Induction
Gary Gariglio, President & founder of  
Interpower Induction, are pleased to 
announce the appointment of  Fred R. 
Specht as National Sales Manager - Heat 
Treating Products. Interpower Induction 
is the fastest growing company in the 
induction heating industry. Headquartered 
in Almont, MI, Interpower Induction 
has averaged triple digit growth since the 
company was founded in 1995.

“Mr. Specht brings 40 plus years 
of  hands-on induction heat treating 
experience, troubleshooting, manufacturing, 
engineering and sales experience to our 
company and will assist in our continued 
growth in the induction heat treating 
field,” says Mr. Gariglio. Well known as 
“the scanner man,” Specht started his 
career as a commercial induction heat 
treater at Induction Heat Treat Corp., 
Lindberg (Bodycote) and Chicago Induction 
Heat Treating all in the Chicagoland 
area. He has managed sales with major 

clients in the agricultural, aerospace, 
military, construction, automotive, oil & 
gas and off-highway industries with such 
suppliers as TOCCO, Inc., Pillar and Ajax 
Magnethermic.

Fred is a past ASM Heat Treat Society 
founder (1985) and two time past HTS board 

member. He will continue in his current role 
as ASM HTS Technical Programming Sub- 
Committee Chair of  the Applied Energy 
committee.  Mr. Specht is also a member of  
AFS (1989) and SME (1998).

Fred Specht can be reached at fspecht@
interpowerinduction.com, or 312-342-8799.

ASM Handbook Volume 4C: 
Induction Heating and 
Heat Treatment

• Solution Treat and Age of Aluminum/Aerospace Specifications

ISO 9001-2000 REGISTERED

MEMBER

SINCE 1970

205-681-8595
PVHT.COM

• Anneal
• Quench & Temper
• Carburize
• Normalize
• Carbide Removal
• Stress Relieve 

• Straightening
• Flame Hardening
• Solution Anneal
• Shot blasting
• Cryogenics
• Vacuum Heat Treating

http://pvht.com
mailto:fspecht@interpowerinduction.com?subject=Referred by Thermal Processing for Gear Solutions
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Ipsen U Graduates: Filling the Gap between Knowledge and Direct Application
Ipsen bids adieu to our June class of  Ipsen 
U graduates and wishes them all the best in 
their future heat-treatment and furnace ap-
plications. However, it’s back to the books 
in August with another Ipsen U course that 
is almost at capacity. Our October session, 
which is the last Ipsen U class of  2014, re-
mains open with a few available spots.

Participants in the June Ipsen U course 
came from across the country, including Mis-
souri, Ohio, South Carolina and Wisconsin. 
Reflecting on the class, participants found 
that “everyone did a great job of  getting a 
large amount of  information to us in a short 
period of  time.” Others found the class suc-
cessfully addressed the areas they were most 
concerned about, stating “I was very happy 
to further my knowledge of  our TITAN vac-
uum furnace.” Another attendee said, “The 
sections dealing with the mechanical systems 
of  the furnace were some of  the most helpful 
for me.”

Throughout the course, the instructors 
cover an extensive range of  topics, from an 
introduction to vacuum furnaces and heat 
treating to furnace subsystems, leak detec-
tion, maintenance and so much more. Most 
notable about Ipsen U is participants’ abil-
ity to bring up any topic pertaining to their 
specific vacuum furnace operation for discus-
sion. This allows for some fluidity and per-
mits the instructors to shape the course to 
individuals’ specific needs and concerns.

Ipsen also offers companies the opportuni-
ty to host an Ipsen U at their own facility and 
have the experts come to them if  they are un-
able to attend Ipsen’s regularly scheduled ses-
sions. If  you would like all of  your employees 
educated on the finer points of  maintaining, 
operating and understanding the equipment 
and processes being utilized, this is a popular 
alternative.

Overall, Ipsen U is a practical, hands-on 
course that allows participants to build upon 

and refresh their knowledge of  heat-treating 
equipment and processes. Regardless of  
where you fall on the expertise scale – main-
tenance, operator, engineer, project manager 
and/or plant manager – Ipsen U’s instruc-
tors will provide the necessary level of  infor-
mation in a casual, open-forum environment. 

Learn more and register for the remaining 
Ipsen U courses this year – October 14-16 – 
at www.IpsenUSA.com/IpsenU.

UPDATE

Booth 
#409-411

http://www.IpsenUSA.com/IpsenU
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mailto:ght@methivac.com?subject=Referred by Thermal Processing for Gear Solutions
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Castolin Eutectic Releases Two New “Super Maraging” Electrodes
Recently developed by our R&D Labs 
and manufactured in our Dublin plant 
(Ireland), the two new maraging steel 
electrodes, EutecTrode® XHD 6860 
and 6855XHD, present unique formula-

tions, with no equivalent on the market 
today. Maraging steels (derived from 
“Martensitic” and “Aging” phase trans-
formations) were first developed in the 
1960’s as high-strength constructional 

steels for the aviation and space technol-
ogy. Their most important advantages 
are their comparatively high tough-
ness levels at maximum tensile strength 
which are also much appreciated in the 
Tool & Die manufacturing industry.

In brief, some of  the advantages of  
the freshly developed EutecTrode® 
XHD 6860 and 6855XHD include 
smooth, regular weld surface requir-
ing minimal machining, low tempera-
ture ageing treatment which eliminates 
quenching defects and distortion, reten-
tion of   aged hardness up to higher ser-
vice temperatures, as well as good weld-
ability without preheating for practical 
engineering applications.

Enrique Matey, business unit manager 
for Welding Consumables in the Cas-
tolin world, explains: “We have done 
it again! This time innovating with the 
development of  EutecTrode®  “Super 
Maraging” 6860 XHD. It was originally 
intended for die casting aluminum, but 
due to its spectacular new properties, 
6860 XHD will be perfectly adapted 
to other industrial sectors like forging, 
hot stamping, cold and semi-hot cutting 
tools, plastic injection and many other 
applications we are still discovering dai-
ly with this new alloy recently released”.

XHD 6860 - higher performance elec-
trode with a completely new metallurgi-
cal formulation with:
• increased as welded hardness (40 HRC)
• increased aged hardness (60 HRC)
• increased tempering resistance

 
XHD 6860 protective weld coating so-

lutions are recommended for parts par-
ticularly in the following industries:

•    Tool & Die manufacture / mainte-
nance / repair sectors

•   Automotive press / forming dies
•  Light alloy pressure die casting
•  Plastic injection moulding
•  Cold trimming, stamping, extrusion 

rams, mandrels, screws, shafts etc

For more information, visit www.cas-
tolin.com.

http://www.castolin.com
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UPDATE

CAS DataLoggers Present Temperature 
Modelling Solution

CAS DataLoggers recently provided the oven temperature monitoring solu-
tion for a manufacturer who needed to monitor their through process. This 
involved large batches of  metal alloys exposed to high temperatures in a long 
curing process. The customer’s large production runs were cured in batches 
for hours in 3 large ovens run continuously. To ensure consistent produc-
tion quality, it was especially important to have proof  that the material had 
passed through the manufacturing process at the right temperatures for the 
right amount of  time. This device would need to connect to Type K thermo-
couples, and given the ovens’ 800°F (426°C) temperatures, the customer also 
needed an especially resilient thermal barrier, all without going over budget. 

CAS DataLoggers supplied the customer with a Grant Portable Oven 
Temperature Data Logger which featured 6 temperature channels for use 
with a wide range of  Type T and Type K thermocouple probes and sup-
ported fast sample rates to enable fast process times up to 8 samples a second. 
The manufacturer also opted to equip the logger with a Custom Enhanced 
Thermal Barrier with internal heat sink featuring advanced phase change 
technology for maximum protection and heat absorption. Its all-stainless steel 
construction formed a robust and user-friendly barrier for the data logger. 

The stand alone temperature data logger formed part of  a complete system 
for the customer’s through process monitoring, being battery-operated and 
easily portable. Users navigated the logger’s menus through the simple 3-but-
ton design via the built-in display, and could also navigate them from a PC. 
Configuration enabled the logger to automatically start and stop recording at 
specific times and temperature levels to give users the most accurate process 
overview. Each reading reported the time and date, while the logger’s non-
volatile memory provided up to 260,000 readings of  secure data.

By passing the Grant oven logger through the process along with the prod-
ucts, a temperature profile was produced to show exactly what was happening 
to the products and the process. At the end of  a production run, the logger 
automatically gave users a percentage cure result on its integral screen. Fur-
ther analysis or data storage was then possible. The custom thermal barrier’s 
phase change insert and heat sink stood up to the extreme heat, ensuring the 
reliability of  the logger. The temperature logger also printed out a concise, 
graphical report of  each run direction via USB without the need for a PC.

For more information on the Portable Oven Temperature Data 
Logger, other data logging products measuring additional values, 
or to find the ideal solution for your application-specific needs, con-
tact a CAS Data Logger Applications Specialist at (800) 956-4437 
or visit the website at www.DataLoggerInc.com.

WE’VE CREATED A 
MONSTER.

Michigan    |     Wisconsin     |     China    |    England    |    India

Only Applied Process has the furnace – and the 

finesse – to produce austempered iron and steel 

parts that weigh in excess of 10 tons. Parts that 

are stronger, lighter, quieter, more wear resistant. 

Parts that contribute to more energy efficient 

operations in countless applications, from wind 

energy to forestry to rail transportation. Parts that 

increase performance while decreasing overall 

cost of production. We call them Monster Parts. 

Contact us to learn more.

Applied Process Inc. makes bigger parts, better.

APPLIED PROCESS  

INC 
Global Leader in Austempering

www.appliedprocess.com

TM

APPL056 MonsterParts_ThermProcMag_3.75x9.875_FA.indd   1 8/15/14   5:03 PM

http://www.DataLoggerInc.com
http://www.appliedprocess.com
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Approximately one year ago, William R. 
Jones, CEO of  the Solar Group of  Compa-
nies, decided to donate a small horizontal 
vacuum furnace for use as a teaching tool 
in the ASM International training facility 
in Materials Park, Ohio. This furnace was 
given the name “The Mentor” as it would 
serve to teach and guide students seeking 
to advance in the metals processing world. 
At the same time that this furnace was en-
gineered and manufactured, a second unit 
was built for the Solar Atmospheres Plant 
in Hermitage, PA. Because this furnace 
proved to be very useful, Solar Manufactur-
ing elected to offer it to the general market-
place. Several companies realized that such 
a unit could be a very useful piece of  equip-
ment and to-date, seven Mentor furnaces 
have been sold.

The Furnace is a Solar Manufacturing Hor-
izontal Model HFL-2018-2IQ and is mount-
ed on a single, portable platform for easy 
shipment and maneuverability. The Mentor’s 
work zone measures 12” wide by 12” high by 
18” deep which allows heat treaters the con-
venience of  running smaller workloads more 
economically. The hot zone design incorpo-
rates a graphite foil hot face backed by four 
(4) layers of  ½” thick, highly efficient Rayon 
graphite felt supported in a stainless steel ring 
structure. It is rated to a maximum operating 
temperature of  3000ºF and is AMS 2750 E 
compliant with a temperature uniformity of  
+/- 10ºF between 800ºF and 2400ºF. The fur-

nace hearth is capable of  supporting loads up 
to 250 pounds at 2150ºF. 

The vacuum pumping system includes an 
Alcatel 33 CFM mechanical pump and a 
Varian VHS-6 diffusion pump for ultimate 

vacuum in the 10-6 torr range. The internal 
gas cooling system is capable of  cooling at 2 
bar pressure utilizing a 7-1/2 HP motor  and 
a low resistance, straight through, all copper 
water cooled heat exchanger. 

Solar Manufacturing “Mentor” Furnace Well Received By Vacuum Furnace Market

Warren, OH USA 44483
330-372-8511

24/7 Assistance 800-547-1527
info@ajaxtocco.com

www.ajaxtocco.com

Scanners ◘ Lift & Rotates ◘ Single Shot ◘ Tooth by Tooth
Quality Monitoring Systems ◘  Used Equipment ◘  Development

Inductor Design / Repair

USA  ◘ Belgium  ◘ Brazil  ◘ Canada  ◘ China ◘ England ◘ France  ◘ India  ◘ Japan  ◘ Korea  ◘ Mexico

Induction OEM for: AIE  ◘ IEH  ◘ Pillar  ◘ Westinghouse

ATM Term Process April.indd   1 3/14/2014   2:33:50 PM
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QUALITY COUNTS

     POOR  CARBON CONTROL CAN 
RESULT IN UNINTENTIONALLY LOW 
OR HIGH CARBON POTENTIAL by Jim Oakes 

and Chuck Thomas 

Carburizing has an advantage over other gear case hardening 
processes because it increases a gear’s ability to carry high 
torque. Carbon control is critical to producing consistency in 
hardness, microstructure, and overall geometry. The method of  
process control can affect all of  these properties and determine 
whether the manufacturing process results in fiscal gains or losses. 
Some of  the metallurgical issues associated with poor process 
control include:

• High retained austenite
• Carbide networks
• Low case hardness
• Shallow case depth
•  Excessive microstructural oxidation (also known as intergranular 

oxidation, or IGO) 
• Dirty parts (due to soot formation)

These issues, described in more detail in this article, are a result of  
poor carbon control during the carburizing process and can result 
in unintentionally low or high carbon potential.

EXCESSIVELY HIGH CARBON POTENTIAL IN THE 
FURNACE
It is common practice to use in-situ carbon probes to ensure proper 
control in achieving desired metallurgical results. Most heat treaters 
employ a practice of  verifying the atmosphere using a method 
other than carbon probe measurement to ensure that the carbon 
probe itself  is allowing for an accurate calculation of  the carbon-
richness of  the atmosphere. This is important because the carbon 
probe bases the calculation of  carbon on the partial pressure of  
oxygen in the furnace and uses the assumed prepared atmosphere 
on which to base this calculation. Alternative methods of  verifying 
carbon percentage are NDIR gas analysis (using CO, CO2, and 
CH4), carbon wire resistance, shim stock carbon content, and dew 
point analysis.

RETAINED AUSTENITE
Excessive retained austenite can create case hardness issues, depending 
on how much retained austenite is present. In severe cases, the amount 
of  retained austenite can soften the surface of  the part and affect its 
stresses. Austenite is not a stable phase at operating temperature of  
a gear. Therefore, the austenite can transform while in service if  it is 
not controlled and/or removed during heat treatment. Retained 
austenite is transformed by temperature and stress. When transformed, 
the dimensions of  the part may change slightly. In many cases, this is 
detrimental to the function of  the gear.

CARBIDE FORMATION
Carbide formation occurs when the carbon potential of  steel exceeds 
the saturation point of  the carbon in the austenitic microstructure. This 
amount varies based on the type of  steel and the temperature at which 
the steel is processed. Grain boundary carbides affect the performance 
of  a part negatively: they can increase the tendency to spall, lower the 
fatigue properties of  the metal, and even create tensile stresses when 
networked. Grinder burn and/or cracking can result during grinding if  
the surface hardness of  the steel is significantly harder than expected due 
to excessive carbide formation. By most standards, any carbides must be 
well-dispersed and are usually limited to a certain size and/or percentage 
of  the structure.

EXCESSIVE CASE DEPTH
In extreme cases, high carbon potential can drive case depths too deep. 
Diffusion is a function of  time, temperature, and concentration. Gear 
teeth can be very sensitive to case depth (depending on the tooth profile). 
Case depths that are too deep can lead to through-carburizing of  the 
tooth, resulting in loss of  ductility and reduced fatigue life.

EXCESSIVE DISTORTION
Distortion is due to many factors, including microstructural change of  the 
steel during quenching, physical addition of  carbon to the steel, and stress 
formation and relaxation. The growth of  martensite during quenching 

FOR MORE INFORMATION:  on calculation methods, download the SuperCALC app for your Apple or Android device, or visit our website at www.supersystems.com/
calculators.html. Jim Oakes is vice president of business development for SSi SuperSystems, where he oversees marketing and growth in multiple business channels and 
helps develop product innovation strategies in conjunction with customer feedback. Jim has extensive experience working in the heat treating and software/IT industries. 
For more information, email him atjoakes@supersystems.com or go to www.supersystems.com.

http://www.supersystems.com/calculators.html
mailto:atjoakes@supersystems.com?subject=Referred by Thermal Processing for Gear Solutions
http://www.supersystems.com
http://www.supersystems.com/calculators.html
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is directly related to the carbon concentration. The higher the carbon 
percentage added, the more distortion there is, generally speaking. The 
addition of  carbon to a crystal lattice causes it to expand when martensite 
is formed. A deeper case generally leads to more distortion. While too 
much distortion is generally not considered a result of  poor atmosphere 
control, a lack of  control can lead to more distortion.

DIRTY PARTS
The cleanliness of  parts can be affected by the furnace atmosphere. 
A rich atmosphere with high carbon can lead to soot formation in the 
furnace. The soot can affect how well the steel accepts carbon in later 
stages of  the process. In addition, soot can act as a barrier if  it is deposited 
on the surface of  parts and if  it is thick enough to inhibit gas exposure 
to the surface of  the part. Dirty parts also require more subsequent 
processing to meet cleanliness requirements. In today’s world, where lean 

manufacturing is the key to success, additional processing steps add cost 
to the part. Manufacturers expect parts to emerge from heat treatment 
cleaner than what they were going into heat treatment.

CONCLUSION
It is critical that carbon control and sensors be properly used to ensure 
that the carbon potential in the furnace is not greater than the controlling 
variable. As discussed, higher carbon can have negative impact on 
part performance. Process assurance can be achieved in a number of  
different ways, but it is important to include a verification of  the furnace 
atmosphere using an alternative method. Upon verification, a procedure 
should be in place to ensure that the carbon variable being controlled is 
adjusted. Every true carbon controller manufactured today incorporates 
an algorithm to adjust the calculation of  carbon with respect to variances 
from the prepared atmosphere or sensor readings.  

"Soot can affect how well the steel accepts carbon in later  
stages of the process."
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METAL URGENCY

PRODUCTION BENCH ROCKWELL 
HARDNESS TESTING OF SMALL WORK 
PIECES 
As induction hardened workpieces get smaller in 
size, attention to the proper abrasive cutting of  
the sample becomes more important. Of  further 
importance is the selection of  the right scale of  
Rockwell diamond penetrator. Many heat treat 
areas have limited metallurgical test and sample 
preparation equipment and, in many cases, only a 
bench hardness tester is available.

Heat treaters must learn to cut and check 
different workpieces of  various sizes, shapes, and 
configurations. Because each is unique, the way 
you cut them varies dramatically. Splines, gear 
teeth, angles, blind holes with threads, shoulders, 
and flanges can all present challenges to selecting 
the area to be cut, as well as how to slice in the 
least amount of  operations to get to the sample 
area to be tested. 

Using an abrasive wet saw with multiple spray 
heads each with adjustable point of  spray and 
individual adjustment of  flow is important (Figure 
2 a and b). Cutting the sample without changing 
the microstructure or hardness from overheating 
or burning is of  utmost importance. Enough 
cannot be said that this single step be done without 
any temperature rise in the workpiece, as lower 
hardness will result. The smaller the workpiece 
size, the easier it is to burn the sample. A false 
rejection of  the sample submitted for testing can 
waste valuable set up and induction equipment 
production time. A vicious cycle of  set up, run 
samples, submission, and false rejection can take 
place as the cutting/burning of  the sample causes 
low hardness readings. 

Blade selection is almost as important as water 
cooling set up. The cutting blade selection should 
be more to the soft side of  nominal, as too hard of  
a blade causes overheating of  the sample and too 

soft can have quick (short life) wear of  the blade. 
Various manufactures/distributors have charts to 
make the correct blade selection.

Cutting of  different diameters presents 
planning and thought provoking methodology 
prior to the cut at the centerline of  the workpiece 
so that the induction case depth is correctly shown. 
Cutting off the midpoint will yield an incorrectly 
shown case depth, so centering of  the cut on the 
workpiece is important.

After the workpiece is sectioned, the sharp edges 
and surfaces should be progressively sanded and 
polished to remove saw blade marks until a flat 
smooth surface is obtained. In order to ensure that 
the previous rough grinding damage is removed 
when grinding by hand, the specimen should be 
rotated 90 degrees and continually ground until 
all scratches from the previous grinding direction 
are removed. If  necessary, the sandpaper can be 
replaced with new paper to increase the cutting 
rate. Progressively lighter grit can be used to 
smooth out all polish marks.

Once the workpiece has been cut and all cut 
and grinding marks are polished off of  both 
sides, a smooth, almost reflective surface can be 
hardness tested. 

The next decision is to select the correct 
Rockwell hardness scale to conduct the tests. 
Please review ASTM E18 for proper selection 
based on case depth and size of  the sample—

usually, the smaller the sample, the lighter the load 
to be used.

The Rockwell test is probably the most common 
hardness test used in industry today. Many 

DIFFERENT SCALES ARE USED FOR  
   ROCKWELL HARDNESS TESTING by Fred R. Specht

ABOUT THE AUTHOR: Fred Specht is national sales manager: heat treat products for Interpower Induction USA. To learn more about Interpower Induction 
USA’s products and services, visit www.interpowerinduction.com.
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Figure 1: A wide assortment of shafts with splines, 
rounds, hex shapes, holes, flanges and each takes 
planning as to how to cut the work piece.

Figure 2 A & B: Two adjustable point of contact 
nozzles for cooling both sides of saw blade and 
work piece.

http://www.interpowerinduction.com


different scales are used, each of  which may give a 
different hardness number within each scale. The 
difference between the various Rockwell scales 
is the method of  indenting the material. For the 
Rockwell “A” scale, an indenter with a sharp point 
called a Brale indenter (diamond) is used. The 
Rockwell “A” reading for a particular material 
might be about 80.6. The same sample tested 
with a higher load drives deeper into the material, 
giving a Rockwell “C” reading of  58.8. 

All the Rockwell scales measure the depth of  
penetration into the material. The difference is the 
shape of  the indenter and the force used to push 
the indenter into the sample. This gives the user 
the ability to select an indenter that will make a 
shallow impression or a relative deep hole in the 

sample (Figure 4). Positioning of  the indenter test 
needs to conform to ASTM E18 and stay at least 
3 diamond marks away from the sample edge or 
from another previous test mark. Any movement 
whatsoever of  the sample during testing will cause 
a lower hardness reading.   
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Figure 3: Inadequate cooling of just one side of 
the blade & sample and can’t possibly cool both 
surfaces to prevent burning of the sample. 

Figure 4: Shown on left is ROCKWELL “A” scale & on right is “C” scale diamond impressions.
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HEAT TREATING IS SIMILAR to art in many ways, but not for the 
reasons you might think. Art, it’s said, is in the eye of the beholder—some 
like expressionism while others prefer representational. Likewise, new heat 
treating technology may be very attractive for some and absolutely rejected 
by others. Such is the life of those who push the envelope and strive to 
develop new heat treating processes—not for the sake of doing it, but to 
solve a problem. Induction, LPC (low pressure carburizing), HPGQ (high 
pressure gas quenching), and advancements in nitriding are a few that come 
to mind. Each process does solve a problem, but to date none have attracted 
overwhelming interest, except limited use by some for LPC and HPGQ in 
the auto industry.

Those interested in how new technology is accepted have developed 
a graph shown in Figure 1. It breaks down by percentage the interest in 
any innovation. The smallest group on the curve, 2.5%, will embrace any 
new technology. Early adopters at 13.5% are those who shown proof of 
the benefit will purchase the technology. The largest percentage at 68% is 
shared equally by two groups—they are the early and late majority. These 
people will jump on the bandwagon so they’re not left behind. Laggards 
at 16% will have to be dragged kicking and screaming to adopt any new 
technology no matter the benefit.

The new technology I speak of here is called Intensive Quenching—trade 
marked as IntensiQuench™—offered by IQ Technologies, Akron, Ohio. 
About 50 years ago, Dr. Nikolai Kobasko of the Ukraine discovered the 
“intensive quenching” phenomenon. Intensive quenching can be defined 
as cooling, usually with pure water at a velocity several times higher than the 
rate of “normal” or conventional quenching. In contrast to conventional 
heat-treating practices, intensive quenching calls for very high cooling rates 
for parts within the martensite phase. Dr. Kobasko’s research shows that fast 
and uniform part cooling actually reduces the probability of part cracking 
and distortion, while improving the surface hardness and durability of steel 
parts. 

Like vacuum carburizing, intensive quenching has been around for 
decades with tests being conducted proving its value by elevating the 
properties of plain carbon steels to match that of higher and more expensive 
alloy steels. Also not unlike LPC (low pressure carburizing), IQ is searching 
for that largest market, the early and late majority users in the heat treating 
industry. But also very much like LPC, IQ needs a process partner or 
associated process that can provide the “perfect marriage” that LPC enjoys 
with HPGQ. In my view, LPC has enhanced the acceptance of HPGQ 
and, likewise, HPGQ has moved LPC into the main stream of heat treating 
(although the cost for both is still a barrier to acceptance by the early and late 
adopters). So what will be the mutual admiration process for IQ? Time will 

tell. But for now, let me share a few of my observations resulting from my 
discussions with the principles of IQ Technologies and my experience with 
carburizing and quenching.

How does IQ work? Per the published information, intensive quenching 
consists of two forms—large batch loads racked in fixtures and trays; and 
a single part positioned within a vertical or horizontal quench chamber 
(sometime just a tube), with extremely high velocity water passing over the 
part. The water velocities are dramatically different for each arrangement; 
about five to six feet per second (1.5 to 1.8 meters per second) for the large 
batch load and 15 to 20 fps (4.5 to 6 mps) for single part quenching. Since 
a large load footprint will require enormous quantities of water, too large 
for practical use, and too large for the same uniformity as in the single part 
quench chamber, generally parts must have simple shapes, such as punches, 
shafts, and the like. Large gears might also be considered if racked to allow 
adequate water flow over each gear. It’s critical that the water velocity be 
high enough to prevent vapor (steam) from forming, difficult when parts are 
not properly racked one above the other.

In traditional oil quenching and low velocity water systems, three cooling 
phases have been identified; immediately when the parts are submerged 
in the fluid, a slower cooling vapor barrier is produced. Second a very fast 
nucleate boiling period, and finally a slower but more uniform convection 

      INTENSIVE QUENCHING CALLS 
 FOR VERY HIGH COOLING RATES 

ABOUT THE AUTHOR: Jack Titus  can be reached at (248) 668-4040 or jtitus@afc-holcroft.com. Go online to www.afc-holcroft.com.

Figure 1: Adopter categorization of new technology products and processes.

by Jack Titus
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heat transfer phase. HPGQ and IQ produce 
the last phase, convection heat transfer. HPGQ 
provides reduced distortion because it produces 
a very uniform convection heat transfer 
environment; single-part-processing via IQ due 
to very high water velocity does the same but 
provides magnitudes higher heat transfer that 
far exceeds anything else on the market, liquid 
or gas. The batch IQ quench equally eliminates 

the slow cooling vapor film stage characterized 
by very non-uniform cooling, and progresses 
directly to a much more uniform and faster 
nucleate boiling stage of quenching.

Distortion resulting from quenching steel or 
ferrous materials can be reduced by the following:

1.  Press quenching in oil, [high heat transfer with 
mechanical restriction]

2.  Salt quenching, [high heat transfer with 
interrupted cooling, no vapor barrier]

3.  HPGQ, [moderate heat transfer, convection, 
with interrupted cooling]

4.  Intensive quenching, [extremely high heat 
transfer with interrupted cooling, no vapor 
barrier]

For decades and for some is still in use, liquid 
salt is the best method employing interrupted 
quenching. High speed tools would be heated in 
high temperature salt to about 2200°F (1204°C) 
then quickly transferred into a salt bath at a 

temperature just above the Ms (martensite 
start) then allowed to cool naturally in air. This 
process is used universally to reduce distortion 
in steel.

The IQ process employs a similar interrupted 
quench. However, it occurs at a time when the 
current compressive stresses in the part surface 
layer reach their maximum value.  These 
compressive stresses diminish somewhat during 
cooling in air (following the high speed quench) 
due to the phase transformation in the part core, 
but they always remain highly compressive.  
The time when surface compressive stresses 
are at their maximum value during the quench 
depends on the part shape, dimensions and type 
of steel, and is determined by IQ Technologies’ 
proprietary computer program. 

An example of IQ’s effect on a heavy truck 
pinion is shown in Figure 2.

Part II of intensive quench’s history will be 
continued in the next Thermal Processing for Gear 
Solutions.  

Figure 2: Distortion is a small growth.
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By Tim Byrd

Exceeding the customer’s expectations is always the goal for 
this remanufacturer of vacuum process equipment. 

Metallurgical High 
Vacuum
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“In the past,” said Humberstone, 
“vacuum furnace pumps had a sepa-
rate filtration system, where the user 
would plug the filtration system into 
the pump to circulate the oil and clean 
it. We constructed a built-in oil pump, 
integrated within the vacuum pump 
to eliminate particulate and acid el-
ements. The vacuum pump is com-
pletely reworked, allowing full pres-
sure lube to the critical hinge-bar/
tang interface. The result is better lu-
brication internally than with a stan-
dard pump, and it’s filtered, so you can 
get 40 to 50,000 hours before you have 
to do any major rebuilding.”

A remanufacturer of  vacuum process 
equipment, the company was found-
ed in Holland, Michigan, in 1981 by 
Geoff  Humberstone as a consulting 
business, selling engineering expertise 
to the high-vacuum industry. The busi-
ness was expanded in 1985 to provide 
in-depth service, design, and engineer-
ing on a wide range of  high-vacuum 
equipment, including re-building of  
vacuum, booster, and diffusion pumps 
and blowers. 

Originally a Stokes factory-autho-
rized rebuilder, Humberstone and co. 
decided to buy a few machines and 
start making their own parts. Eventual-

ly, the company was able to design the 
complete pump, with enough machin-
ing capabilities to machine the neces-
sary parts in house. 

“We’re one of  the few rebuilders who 
can do all the machining on the prem-
ises,” says Humberstone. “It makes a 
difference in delivery, and you get a 
higher quality product because you 
have more control.”

The company also makes brand new 
vacuum pumps from scratch. 

 “We’re the only ones making those 
in the United States, using castings 
bought in Ohio and Indiana,” said 
Humberstone. “The market is good—
people want to keep rebuilding—and 
there are many machines coming in 
from offshore. But we have built-in fil-
tration on our pumps that they don’t 
have. We can get much longer life. The 
user may pay more in the beginning, 
but it pays off  in the end.”

One variant of  this system is when a 
customer brings in a pump for rebuild-
ing. Metallurgical High Vacuum can 
add the pressure filtration package to 
the pump. The company has an excel-
lent eight-year track record with that 
process, with close to 30 pumps run-
ning on machines rebuilt using this fil-
tration package. 

“A couple of  customers have got 
eight or nine pumps, all with our filtra-
tion system, and they’re all getting lon-
ger life. We’ve also just come out with 
a sensor package that you can add to 

Giving an old idea new life is one of the great things about 

manufacturing. Geoff Humberstone, founder of Metallurgi-

cal High Vacuum, took a look at the filtration process used 

in vacuum furnace pumps, and, together with the rest of his 

company, gave it a tune-up.
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that pump to remotely look at all the pump 
operating parameters (is the pump running, 
oil temperature, oil level). You can access 
a small PLC on the pump from your plant 
Ethernet system. If  it’s plugged into the 
Ethernet IP network in your facility, you 
can access it from a smartphone.”

The professional staff, which includes 
metallurgists, engineers, and factory 
trained machinists and technicians, is able 
to remanufacture most brands and mod-
els of  vacuum equipment, including re-

verse engineering and manufacturing of  
many hard-to-get components to keep your 
equipment in service longer and help keep 
costs under control.

For the pump rebuilding, the company 
uses professional mechanics from automo-
tive dealerships. “They seem to be the best 
qualified for the kind of  things we do,” said 
Humberstone. “It takes one to two years 
to train them. In addition we have three 
CNC and two full-time manual machinists 
to make/modify pump parts and a full-time 

welder who re-tubes diffusion pumps using 
silicon- bronze filler with a MIG process.”  

To accommodate all this growth, the 
company was relocated to a new 5000-
ft2 plant in Douglas, Michigan in 1985. 
With a fast growing reputation for high 
quality work and creative problem solv-
ing, the company soon outgrew this facility, 
and now occupies a fully climate-controlled 
16,000-ft2 plant, built in 1996, on a 17-
acre site near Fennville, Michigan. This 
new plant features an 80 x 200-ft open bay 
with a 30-ft ceiling height and two 10-ton 
overhead cranes with access to the entire 
building. A 30 x 60-ft building was added 
to the campus in 1998 to warehouse cores 
and fixtures. As this growth continued, a 
new, modern, 2,400-ft2 business office and 
engineering center was completed in 2006, 
equipped with the latest 3-D CAD system. 
Another 30 x 60 building was added in 
2013 for additional core storage.

Other products and services include 
vacuum piping and manifolds, flexible con-
nectors, vacuum valves, custom oil filtra-
tion systems, helium leak testing, and field 
repair. Rental pumps and blowers are also 
available.   

FOR MORE INFORMATION:  To contact Metallurgical High Vacuum, visit www.methivac.com or call 877-787-9880.

http://www.methivac.com
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Reducing Gear Size for Compact Transmission 
Design by Selecting Steel Grade and Heat 
Treatment Process with Computer Modeling
By Zhichao Li, B. Lynn Ferguson, and Andrew Freborg

Gears are the most important compo-
nents for transmissions. In many situa-
tions, the size of  a transmission design 
needs to be reduced without decreasing 
power density. One of  the most effective 
methods is to reduce the gear size while 
keeping the same output torque capac-
ity. In general, gears used in heavy load 
conditions are made of  steel, and gear 
tooth residual surface stresses are critical 
to the fatigue performance. Compressive 

residual stresses in the critical region of  a 
gear improve its fatigue performance.    
     However, many steel gears are not 
processed to obtain residual surface 
compression, or the benefit of  residual 
compression is not considered in the gear 
and transmission design. In this article, 
virtual computer models using DANTE® 
software are used to assist with achiev-
ing gear size reduction by including steel 
grade hardenability and heat treatment 

in the design process. In this study, the 
original gear is made of  AISI 4340 and 
oil quenched and tempered. The gear 
with reduced size is made of  AISI 8620. 
Carburization and oil quenching are 
used to introduce residual compression 
to the root fillet of  the gear tooth; this is 
the most critical region concerning high 
cycle bending fatigue performance. By 
taking advantage of  the residual com-
pression at the root fillet, the gear with 

Reducing gear size can deliver the same torque load while creating better bending 
fatigue performance relative to the original gear.

G



thermalprocessing.com  |  25

reduced size can deliver the same torque 
load while having better bending fatigue 
performance relative to the original gear.

Gears are the most important com-
ponents in transmission and actuator 
designs. In many cases, the size of  a 
transmission or an actuator needs to 
be reduced for minimum weight or 
dimensional advantages without losing 
its strength to deliver torque load. To 
accomplish this goal, the whole process 
from design and manufacturing should 
be considered. A possible solution can be 
selecting stronger material, or chang-
ing from spur gear to helical bevel gear 
shape. Steel gears are heat treated to 
increase its hardness and strength for 
improved performance. By effectively se-
lecting and designing the heat treatment 
process, compressive residual stresses can 
be introduced to the gear surface to ben-
efit the high cycle fatigue performance 
[1-3]. A combination of  carburization 

and quench hardening has proven to 
generate compressive residual stresses to 
the gear surface due to delayed martens-
itic transformation with volume expan-
sion. The compressive residual stresses 
will reduce the magnitude of  the actual 
stresses generated in the critical loca-
tion of  gears under the service load. The 
computer modeling of  carburization and 
quench hardening process is more ma-
ture than ever, which can be accurately 
used to troubleshooting and design the 
heat treatment processes for steel parts 
[4-10]. In this article, heat treatment 
process modeling using DANTE, will 
be implemented to select material, and 
design the heat treatment process for a 
gear component for reduced size while 
maintaining the strength to deliver the 
original torque load.

DESCRIPTIONS OF GEAR GEOM-
ETRY, FEA MODEL, AND PROBLEM 
STATEMENT
Geometry Description
A spur gear made of  AISI 4340 is se-
lected for this study, and a CAD model 
is shown in Figure 1. The outer diam-
eter of  the gear is 55.88 mm, its inner 
diameter is 25.4 mm, its root diameter 
is 44.45 mm, and its thickness is 50 mm. 
The gear has a total of  16 straight teeth. 
Quench hardening in oil is used as part 
of  the specification for hardness and 
strength requirements.

For this specific gear, the failure at the 
gear root fillet during high cycle bending 
fatigue test is the main concern. Previous 
studies have shown that the tangential 
stress around the root fillet under fatigue 
load is the main driver of  the fatigue 
crack initiation and propagation. For this 
gear geometry, the contribution of  the 
temperature and phase transformation 
gradient in the axial direction during 
quenching to the tangential stress gener-
ated around the root fillet is negligible 
relative to those in the radial direction. 
Therefore, one midplane cross section of  
this gear in the axial direction is used for 
the modeling study, and a plane strain 
finite element meshing is developed to 
model the gear responses during heat 
treatment and loading, as shown in Fig-
ure 2. The total number of  nodes in the 
model is 30,160, and the total number 
of  elements is 28,544. The 4-node linear 
element is used for the analyses. Fine ele-
ments are used in both the tooth surface 

and the bore surface to effectively catch 
the gradients of  carbon, temperature 
and stresses during the heat treatment 
processes.

High cycle bending fatigue perfor-
mance is used as the main criterion to 
evaluate the strength of  the gear. In 
general, the driven and driver gears 
have different designs, including the 
size, number of  teeth, and tooth profile, 
etc. In this article, the main focus is to 
investigate the effect of  the material 
selection, heat treatment process and 
residual stresses on the fatigue perfor-
mance, and how to take advantage of  the 
compressive residual stresses to reduce 
the gear size. To simplify this study, it is 
assumed the driver and the driven gears 
have the same size, and the input torque 
and the output torque (resistance) are the 
same. The setup of  the gear pair under 
rotational bending load is shown in Fig-
ure 3(a) for the original gear size design. 
The centerline distance is 102.84 mm 
between the gear pair. The gear on the 
left is the driven gear with a resistance 
torque load of  3,287.5 N·m applied in 

Figure 1: CAD model and dimensions  
of the original gear.

Figure 2: Finite element meshing model.
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the direction as shown. A rotational displacement is applied to 
the gear on the right. The input torque is 3,287.5 N·m, which 
is same as the resistance torque applied to the driven gear. 

The original gear is made of  AISI 4340 with oil quench 
hardening. DANTE was used to model the oil quench process, 
and the magnitude of  the predicted residual stresses is negli-
gible. In this study, it is assumed that the residual stress from 
heat treatment of  the original size gear made of  AISI 4340 is 
zero. To reduce the gear size, a combination of  carburization 
and oil quench is proposed to introduce compressive residual 
stresses to the gear surface for improved bending fatigue perfor-
mance. The selected material is the carburization grade AISI 
8620, and the proposed gear size reduction is shown in Fig-
ure 3(b), with 25% reduction in the X-Y plane while keeping 
the same axial dimension. The OD of  the reduced size gear 
is 41.91 mm, the ID is 19.07 mm, the root diameter is 33.34 
mm, and the thickness is 50 mm. The volume or mass of  the 
reduced size gear is 56.25% relative to the original size gear. 
During rotational bending fatigue test, the centerline distance 
between the gear pair is reduced proportionally to 77.13 mm. 
To simply this study, the same finite element meshing is used 
for the reduced size gear by reducing the element size by 25% 
proportionally.

MODELING OF CARBURIZATION AND QUENCH
Hardening Processes
The reduced size gear is gas carburized, followed by oil quench 
and low temperature tempering. The whole gear surface is car-
burized, and the carburization cycle is briefly described below:

• Temperature: 1697° F (925°C).
• Time period: 8 hours.
• Carbon potential: 0.8%.

The predicted carbon distribution contour is shown in Figure 
4(a), and the contour legend is the weight fraction of  carbon. A 
straight line is selected at the root fillet of  the gear to plot the 

carbon content in terms of  depth from the tooth surface, and 
the result is shown in Figure 4(b). The predicted effective case 
depth (ECD) is 0.75 mm with the assumption 0.4 wt.% carbon 
being the threshold of  ECD definition.

After carburization, the gear is cooled to 1607°F (875°C) 
in furnace. This process is often used in practice for reduced 
distortion from quenching. Once the gear reaches the equilib-
rium temperature of  1607°F (875° C), it is taken out of  the 
furnace for oil quench. The transfer time from the furnace to 
the quench tank is 12 seconds. The oil temperature is 149° F 
(65°C). After quenching, the gear is cleaned and furnace tem-
pered for one (1) hour at 347°F (175°C). The predicted volume 
fractions for different phases are shown in Figure 5. The gear 
tooth is mainly martensite. The core has about 20% martens-
ite, 33% upper bainite, and 47% lower bainite. About 10% of  
retained austenite is predicted on the carburized surface of  the 
as-quenched gear. The amount of  predicted ferrite and pearlite 
is negligible.

With the combination of  carburization and oil quenching, 
compressive residual stresses are generated in the surface of  
the gear. The predicted minimum principal stress is shown in 
Figure 6(a). Both the bore surface and the tooth surface are un-
der compression due to the delayed martensitic transformation 
in the high carbon case. The root fillet has higher magnitude 

Figure 3: Dynamic rotational bending model. (a) Original gear size, and (b) 
reduced gear size.

Figure 4: (a) Contour of carbon distribution, and (b) carbon distribution in terms 
of depth at the gear root.
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of  compression comparing to that at the 
tooth flank region, which is due to the stress 
concentration of  the geometry effect during 
quenching.

The directions of  the minimum princi-
pal stresses vary at different locations of  
the gear. It has been validated from the 
modeling results that the minimum princi-
pal residual stress at the root fillet is in the 
tangential direction after quench hardening. 

The tangential stress also directly relates to 
the fatigue crack initiation and propagation 
around the root fillet. A local cylindrical 
coordinate system is defined to plot the tan-
gential stresses in the root fillet of  the gear, 
as shown in Figure 6(b). The center of  the 
cylindrical coordinate system matches the 
center of  the gear fillet. The highest residual 
compression around the fillet is about 700 
MPa, and its location is close to the center 

of  the root. Using this local coordinate 
system, the stress contour close to the root 
fillet represents the tangential stress, but the 
stresses in this direction are meaningless for 
locations far away from the fillet.

MODELING GEAR STRESSES 
UNDER ROTATIONAL BENDING 
TORQUE LOAD FOR FATIGUE TEST
Using the rotational bending fatigue test 

Figure 5: Distributions of predicted phases after heat treatment. (a) Martensite, (b) upper bainite, and (c) lower bainite.
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setup shown in Figure 3, the stresses in the gear under 
a constant torque load of  3287.5 N·m is modeled. For 
all the rotational bending fatigue load models in this 
article, it is assumed that all the gears are under elastic 
deformation, and linear elastic material properties are 
used. The maximum principal stress distribution con-
tour of  the original size gear pair is shown in Figure 7.

As shown in Figure 7(b), the highest maximum 
principal stress is at the root fillet, and its direction is 
along the tangential direction of  the fillet. During the 
rotational bending process, the two gears may contact 
between one pair of  teeth or two pairs of  teeth. With 
two pairs of  teeth contacting between the two gears, 
the stress generated at the root fillet is lower. The 
bending stress at the root fillet also changes with the 
contact position. The highest bending stress at the root 
fillet is generated when only one pair of  teeth contact-
ing at the longest arm from the root fillet. The stress 
contour of  the snapshot shown in Figure 7 has the 
highest tensile stress at the root fillet of  the left gear.

By reducing the gear size by 25% in the X-Y plane, 
the bending strength of  the gear is decreased. Under 
the same torque load of  3,287.5 N·m, the generated 

Figure 7: (a) Maximum principal stress generated in the root fillet of the gear during dynamic 
bending fatigue test of the original size gear (without heat treatment residual stresses), 
and (b) zoomed in contour of the contact teeth.

Figure 6: Distribution of residual stresses after carburization and oil 
quench. (a) Minimum principal stress (unit: MPa), and (b) tangential 
stress around the root fillet of the gear using a defined local cylindrical 
coordinate system.

tensile stress magnitude at the root fillet is much higher than that of  the 
original size gear without taking advantage of  the compressive residual 
stresses introduced from the heat treatment process. Figure 8 shows a 
snapshot of  maximum principal stress contour with the highest bending 
stress generated at the root fillet, which is 1075 MPa comparing to 600 
MPa for the original size gear.

The compressive residual stresses introduced from the heat treatment 
process can significantly benefit the high cycle bending fatigue strength 
of  the gear. In this study, the residual stresses from the carburization at 
quench hardening process shown in Figure 6 are imported to the rota-
tional bending fatigue model. Under the same constant torque load of  
3,287.5 N·m, the predicted maximum principal stress contour is shown 
in Figure 9. To simplify the model, the residual stresses from heat treat-
ment are imported to the left gear only. The stress distribution in the 
right gear is not considered. The highest stress generated at the surface 
of  the root fillet is slightly below 600 MPa, which is significantly lower 
than the value of  1075 MPa shown in Figure 8 without considering the 
residual stresses. From the contour plots shown in Figure 9, the high-
est stress is under the surface. It has shown that the high cycle fatigue 
cracks initiate on the surface even the highest tensile stress point is 
under the surface, which is because the surface is rich with crack initia-
tion sites. Of  course, the crack can initiate under the surface if  the steel 
is not clean.

DISCUSSIONS
By selecting AISI 8620 as the gear material, the combination of  
carburization and oil quench introduces compressive residual stresses 
to the gear surface, which will significantly reduce the magnitude of  
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the actual stresses around the root fillet 
under the torsional bending load. Using 
the local cylindrical coordinate system 
described in Figure 6(b), the predicted 
actual stresses in the tangential direction 
of  the root fillet under the same torsional 
load of  3,287.5 N·m are compared in 
this section. As shown in Figures from 7 
to 9, three cases are covered, and their 
conditions are described below:

•  Case 1: Original gear size made of  
AISI 4340 without the residual stresses 
from heat treatment

•  Case 2: Reduced gear size made of  
AISI 8620 with the residual stresses 
from carburization and oil quench

•  Case 3: Reduced gear size made of  
AISI 4340 without the residual stresses 
from heat treatment

For case 1, the highest stress around 
the root fillet is about 625 MPa, locating 
at point A. For case 2, the highest stress 
is reduced to 600 MPa, and its location, 
point B, as shown in Figure 10, moves 
slightly from the root to the gear tip. This 
phenomenon has been observed that the 
crack initiation location moves toward 

the gear tip during single tooth bending 
fatigue tests of  gears [11-12], and the 
direct cause is due to the profile of  the 
compressive residual stress distribution 
around the root fillet. A shown in Figure 
6(b), the compressive residual stress 
around the root fillet is not uniform, and 
the location of  the highest point towards 
the root from the point A. The location 
of  the highest residual compression point 
is highly dependent on the gear geometry 
and the cooling rate during quenching. 
The combination of  the residual stresses 
and the applied stresses is shown in Fig-
ure 10(b). Based on the logic described 
above, the benefit of  compressive re-
sidual stresses to the fatigue performance 
can be further improved by optimizing 
the gear geometry and the heat treat-
ment process, so the highest applied 
tensile stress location matches the highest 
compressive residual stress location after 
heat treatment.

During the rotational bending test of  
the reduced size gear pair, the history of  
the tangential stresses at points A and B 
are plotted in Figure 11, with considering 
residual stresses from carburization and 
oil quench processes. Figure 10(b) is the 

snapshot of  the stress contour when the 
tangential stress at the fillet reaches the 
highest magnitude, as shown by the peak 
of  the dashed curve (point B) shown in 
Figure 11.

During rotational bending, the his-
tory plot of  the tangential stresses at the 
most critical points of  the root fillet are 
compared for the three cases. It is noted 
that either point A or point B will be 
used depending on which location has 
the highest actual stress under load. The 
peak stress is considered as the main 
driver of  the bending fatigue failure. The 
comparison shows the significant effect 
of  compressive surface residual stresses 
on the bending fatigue performance.

CONCLUSIONS
The selection of  gear material and heat 
treatment process is critical to its bend-
ing fatigue performance. By a combina-
tion of  carburization and oil quench of  
gears made of  carburized steel grade, 
compressive residual stresses are gener-
ated in the surface of  the hardened case. 
This compressive residual stresses can 
significantly benefit the high cycle bending 
fatigue performance of  the gears. This con-

Figure 8: (a) Maximum principal stress generated in the root fillet of the gear 
during dynamic bending fatigue test of the reduced size gear (without heat 
treatment residual stresses), and (b) zoomed in contour of the contact teeth.

Figure 9: (a) Maximum principal stress generated in the root fillet of the gear 
during dynamic bending fatigue test of the reduced size gear (with heat treatment 
residual stresses in the left gear), and (b) zoomed in contour of the contact teeth.
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cept has been validated by both modeling and experiments. In this 
study, this concept is further applied to reduce the gear size without 
reducing its capability of  carrying torque load. The case studies in 
this article have shown that a mass or volume reduction by 43.75% 
can be compensated by taking advantage of  the compressive re-
sidual stresses generated from well selected heat treatment processes. 
The material selection is also critical, and clean material is preferred 
to reduce the potential crack initiation site under the hardened case, 
where residual tension exists to balance the surface compression.   
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Mathematical Modelling of the 
Vacuum Carburizing Process
By Emilia Wołowiec, Piotr Kula, Łukasz Kołodziejczyk, Konrad Dybowski

CAs expectations regarding the qual-
ity and precision of  products continue 
to grow, further advances in materials 
engineering are strictly associated with 
the use of  computer assisted computation 
methods. Computer modelling and simu-
lations facilitate the design of  engineering 
materials and predicting the properties of  
these materials with significant reduction 
in time and costs. Thus, the literature 
contains numerous reports on the subject 

(1-11). Computational support is particu-
larly required in vacuum thermochemical 
processing due to its non-equilibrial nature 
and transient states in the course of  the 
processes. In this case, the primary goal 
of  simulation is to predict the course of  
the process and the final properties of  the 
product, thus ensuring the repeatability of  
process outcomes. The vacuum carburizing 
model presented in this article is a classic 
example of  a hybrid model, in which:

•  basic phenomena of  carburizing low- 
and medium-carbon steels are described 
by an analytical mathematical-physical 
model;

•  parameters such as carbon diffusion 
coefficient DC and carbon transfer coef-
ficient β were determined by analysis of  
variance and multiple regression on the 
basis of  experimental data sets;

•  phenomena that could not be described 
by mathematical equations or for which 

The primary goal of simulation is to predict the course of the process and the final 
properties of the product.

C
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no mathematical apparatus was avail-
able were processed by means of  data-
mining using neural networks;

•  phenomena of  formation and dissolu-
tion of  carbon deposits were described 
by a heuristic model;

•  material data regarding steels were 
collected in a database to eliminate re-
dundant processes and accelerate model 
operation.

A MATHEMATICAL-PHYSICAL 
MODEL OF THE VACUUM CARBU-
RIZING PROCESS
The mathematical-physical model of  the 
vacuum carburizing process is based on 
six principles defined by the authors of  
references [12-14]:

•  Carburizing atmosphere in the satura-
tion stage is delivered to the sample 
surface in a continuous manner.

•  Composition of  carburizing atmosphere 
remains constant throughout the pro-
cess.

•  Carbon atoms are released as a result of  
catalytic interaction between the atmo-
sphere and the carburized surface.

•  Carbon is transported to the material by 
means of  diffusion in accordance with 
Fick’s equations.

•  Carbon diffusion coefficient in austenite 
depends on the temperature, carbon 
concentration and the presence of  alloy 
additives.

•  Computations are based on a semi-
infinite area.

The development of  carbon profiles in 
austenite depends both on the phenom-
ena occurring at the gas-metal interface, 
and on the diffusion of  carbon in austen-
ite. Phenomena occurring at the gas-
metal interface that determine the rate 
in which carbon concentration changes 
at the surface, including the most impor-
tant catalytic interactions between the 
carburizing atmosphere, are reflected in 
the mathematical model by atomic carbon 
flux IC crossing the interface:

where: IC – flux of  carbon atoms across 
the surface of  carburized material, cA – 
concentration of  carbon at equilibrium 
with the carburizing atmosphere,( c( t))
s– current concentration of  carbon at the 
material surface, β – coefficient of  carbon 
transport across the gas-metal interface. 
Carbon transport in austenite has been 
described on the basis of  Fick’s diffusion 
laws. The first law described the flux of  
the diffusing component:

where: Dc – carbon diffusion coefficient in 
austenite; the value depends on the tem-
perature, carbon concentration, and the 
content of  alloy additives, grad[c]– gradi-
ent of  carbon concentration in austenite.

The second law describes the change 
in carbon concentration as a function of  
time:

In the case of  single-directional diffusion 
the above laws can be expressed in the 
following manner:

The effect of  surface phenomena on the 
profile of  carbon diffusion within austen-
ite is taken into consideration by solving 
Fick’s second law at the border condition 
resulting from the comparison of  equa-
tions (1) and (4):

Therefore, the problem of  determin-
ing the profile of  carbon concentrations 
within austenite amounts to solving equa-
tion (5) at the border condition (6) and the 
initial condition (7):

COMPUTATIONAL MODEL OF THE 
VACUUM CARBURIZING PROCESS
Input computational data included pro-
cess parameters, chemical composition of  
the material, carbon carrier gas param-
eters and the geometry of  the carburized 
surface. Coefficients affecting model 
precision are carbon diffusion coefficient 
DC, activity of  carbon in austenite aC, car-
bon transfer coefficient β and geometry 
coefficient. 

Functions describing the relationship 
between the carbon diffusion coefficient 
DC and temperature or time were pre-
sented in numerous articles [15-24]. The 
first studies of  the model were based on 
the carbon diffusion coefficient formula 
proposed by Goldstein [15]. This re-
lationship soon turned out to be insuf-
ficient, and therefore formulas proposed 
by Leyens [16], Tibbets [17] and the 
empirical equation proposed by Dybowski 
in an article dedicated to this issue were 
successively used in subsequent studies 
[25]. The last equation provided for the 
best agreement of  the model with actual 
profiles within the carburizing process 
temperatures of  860- 1010°C.

One of  the factors impacting the value 
of  carbon diffusion coefficient DC is the 
activity of  carbon within austenite in 
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the presence of  alloy additives aC, with the 
effect of  alloy additives on carbon concentra-
tion profile being taken into consideration. 
In addition, the coefficient defining the effect 
of  alloy additives on the activity of  carbon 
within austenite aC allows for the computation 
of  the maximum solubility of  carbon within 
austenite, Cgr, at temperature T for a particu-
lar material.Therefore, aC value was included 
in the model, making use of  the equation 
provided in [20].

Experimental data set results were used to 
determine the carbon transfer coefficient β. 
Multiple regression analysis revealed that the 
only factor having a statistically significant 
impact on the value of  the carbon transport 
coefficient is temperature, related to the coef-
ficient by equation (8):

where: β – carbon transfer coefficient, T – 
temperature, a,b – coefficients.

For better precision of  calculations the 
computational model accounted for the effect 
of  surface geometry on the distribution of  
carbon within the carburized layer by intro-
ducing a correction factor μi based on the data 
presented in [13]:

where: i – spatial sample of  interest in the 
Crank-Nicolson method, r – curvature radius, 
H, RF – coefficients listed in Table 1.

COMPUTATION ALGORITHM
The first mathematical algorithm for vacuum 
carburizing was by Kołodziejczyk in an article 
dedicated to this topic [13]. Model input 
parameters include the process, material and 
surface geometry parameters. The material 
status is calculated in a matrix consisting of  
cells representing spots located within the 
material at every 0.01 mm, in time increments 
of  0.1 s. Limitations expressed by condition 
(10) were set onto the time increment and 
computational step to ensure the convergence 
and stability of  computations. The stability of  
partial differential computations means that 
errors are not accumulated as the problem is 
being solved, while convergence of  computa-
tions means that an accurate result is obtained 
in the solution.

where: DCgr– carbon diffusion coefficient 
calculated for the maximum concentration of  
carbon within austenite, Dt– time increment, 
Dx– computational step. 

Calculations start at the time point t=0 
and are continued until the process time 
TPROC reaches the total time resulting from 
the total of  segments (steps) defined in input 
parameters. The value of  the diffusion coef-
ficient during the process depends on sev-
eral factors simultaneously; thus, the equa-
tion describing unidimensional transport of  
carbon within austenite becomes non-
linear and impossible to solve analytically. 
Therefore, the issue is solved by numerically 
using the Crank- Nicolson finite-differences 
method [26], as well as the Crout factoriza-
tion and Thomas algorithm.

MODELLING OF FORMATION AND 
DISSOLUTION OF CARBIDE PRECIPI-
TATIONS
Carburizing processes carried out above the 
limit concentration Cgr lead to carbide pre-
cipitations. These precipitations are gradu-
ally dissolved in the hold stage; however, the 
kinetics of  both formation and dissolution 
follow individual patterns, strongly related 
to the chemical composition of  a particu-
lar precipitation. Since the literature lacks 
comprehensive information on the kinetics of  
the process, the black box data-mining model 
was used, as it required no analytical knowl-
edge of  the phenomenon of  interest. A series 

of  experimental studies were also conducted 
in order to better understand this issue; the 
results are presented in publications [27, 
28, 29]. A learning data set was developed 
on the basis of  these results, followed by the 
development of  a neural network reflecting 
the relationships between process parameters 
and the properties of  the carburized layer, 
as was also described in detail in the above 
papers. When choosing the network architec-
ture it was assumed that the network should 
be extrapolative, i.e. it should possibly cor-
rectly predict cases beyond the learning set. 
This assumption prevailed in the choice of  
the Multi Layer Perceptron (MLP) networks 
due to their capabilities in this respect [30].

Carburizing process parameters were de-
fined as network input parameters, including 
carburizing temperature TN, segmentation 
and chemical composition of  the mate-
rial: concentrations of  carbon C, silicone 
Si, manganese Mn, chromium Cr, nickel Ni, 
aluminum Al, copper Cu; as well as the point 
of  consideration X within the material. The 
output network signals represented the prop-
erties of  the carburized layer: surface carbon 
concentration, CP; carbon concentration at 
distance X from the surface, CX; as well as the 
percentage content of  carbides at distance X 
from the surface, MeC.

The search for the best network was start-
ed by selecting 2,000 networks with random 
numbers of  hidden neurons and random 
activation functions. Next, each network was 
subjected to training to assess its correlations 
between predicted values and the actual 
learning sets. The training process made use 
of  back-error propagation methods, including 

Figure 1: Neuron model for predicting the amount of carbide precipitation following the vacuum carburizing 
process [29].
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a momentum factor, the Broyden-Fletcher-
Goldfarb-Shanno (BFGS) method and 
gradient methods to identify the best learning 
method for each particular network. The sum 
of  squared differences was assumed as the er-
ror function. Eventually, the best network was 
identified as an MLP network with 12 input 

neurons, 10 hidden neurons and 3 output 
neurons, sigmoid hidden neuron activation 
function, exponential output neuron activa-
tion function and the BFGS training method. 
Network correlation coefficients were 0.982 
for the learning data set and 0.952 for the 
validation data set (scale [0;1]).

CONCLUSIONS
From the industrial standpoint, the quality 
and usefulness of  a technology depends on 
its ability to ensure required product param-
eters and repeatability of  the process. There-
fore, simulation programs based on math-
ematical models and artificial intelligence 
methods provide much-required support for 
the technical features of  modern vacuum 
furnaces, serving as tools for the design and 
optimization of  these furnaces, thus ensuring 
optimum control of  the production process.

The FineCarb® vacuum carburizing 
technology, followed by gas or oil hardening, 
is used, e.g. in the production of  drive and 
motion-transferring elements in engineering, 
in the automotive and aviation industries for 
the hardening of  outer layers of  gears, shafts, 
bearing rings, levers, etc. The presented 
vacuum carburizing models, along with 
the gas hardening model, were included in 
the expert system (Fig. 2) that supports the 
technology.
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project is conducted in the framework of  a 
pilot venture “Support research and develop-
ment on a demonstration scale”.    
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Case Study: SECO/Warwick
and ABB Instrument Transformers
By Jessica Warren, Mike Bricker, Eric Schreiber, Mike Schmidt

Instrument transformers are a precision 
device designed to accurately meter either 
current or voltage on an electrical circuit. 
They also provide a means to protect the 
metering instrumentation from the power 
available in the circuit. The ABB Pinetops 
plant is considered by ABB as its “World-
wide Center of  Excellence” for instrument 
transformers. The ABB Pinetops plant oc-
cupies 160,000 square feet and employs 
over 300 people. ABB Pinetops is widely 

recognized as an industry leader in deliv-
ering quality products and dedicated to 
providing superior customer responsive-
ness. 

PROJECT GOALS 
SECO/Warwick partnered with ABB to 
develop a system to increase capacity, 
provide business continuity, improve em-
ployee safety, and improve product quality 
by replacing three batch pit-style vacuum 

furnaces with a high efficiency, fully auto-
mated continuous operating system. 

RESULTS 
ABB engineers Mike Bricker and Jessica 
Warren led the project and commented, 
“The purchase and installation process 
of  the roller hearth furnace was a success 
through hard work and strong communi-
cation between both companies. The fur-
nace’s control system includes new tech-

SECO/Warwick commissioned a roller hearth furnace system to ABB, an instrument 
transformer facility in Pinetops, North Carolina. ABB is a leading supplier of voltage 
and current transformers providing to utility and OEM customers.

I
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nologies allowing us to track the furnace 
temperature throughout the annealing 
cycle and detect problems the moment 
they occur. This information and control 
system provides ABB the ability to produce 
a stable anneal, which is critical to the 
electrical performance of  our products. 

The new furnace has more than doubled 
our annealing capacity. The installation 
of  the new furnace gives ABB the ability 
to offer lower lead times to OEM custom-
ers. The furnace and conveyor orientation 
was custom designed to fit in ABB’s op-
erational space. This new layout has posi-
tively changed the flow process in the an-
nealing area by reducing work in process 
and transportation time. The new system 
also includes safety devices that provides 
a safe work environment for operators and 
ergonomically friendly. Altogether the new 
roller hearth furnace has positively affect-
ed the business in Pinetops and met our 
needs and goals.”

The furnace is designed for continuous 
operation with a net capacity of  2,080 
pounds/hour of  wound transformer cores 
based on loading trays 48” wide x 48” 
long. The system is designed to achieve 
optimum temperature and atmosphere 
control with an automated material han-
dling system that integrates with other 
plant production processes. For more in-
formation on ABB instrument transform-
ers, please visit www.abb.com and search 
for instrument transformers.   
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includes safety devices 
that provides a safe work 
environment for operators 
and ergonomically 
friendly.”
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Some Basic Mathematical Elements On 
Steel Heat Treating: Modeling, Freeware
Packages And Numerical Simulation
By J. M. Díaz Moreno, M. T. González Montesinos, C. García Vázquez, F. Ortegón Gallego & G. Viglialoro

Every year since 2007, in June, a Modeling 
Week is held within the master program of  the 
faculty of  Mathematics of  Universidad Com-
plutense of  Madrid (UCM) in cooperation with 
the Institute of  Interdisciplinary Mathematics 
(IIM). During this week, students work in small 
groups on real industrial problems proposed 

by companies under supervision of  one or two 
qualified instructors. As it was announced in 
2013, the main purpose of  the VII Modeling 
Week was to promote the use of  mathematical 
methods and models in research, industry, in-
novation, and management in the knowledge 
economy. That year, Prof. Ortegón Gallego 

was invited to the seventh edition of  this event 
as an instructor of  one intensive course on the 
subject. “Some mathematical models and nu-
merical simulation of  heat treatment of  steel.” 
During this course, the basic elements of  the 
mathematical modeling of  steel heat treating 
were described, a very simple 3D model was 

The basic elements of the mathematical modeling of steel heat treating, for the heating-
cooling industrial procedure applied to a helical gear.

E
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considered, without taking into account me-
chanical effects, for the heating-cooling indus-
trial procedure applied to a helical gear (Figure 
1). Then we perform some numerical simula-
tions of  this model according to the industrial 
heating technique: induction or flame hard-
ening. To do so, we provide the students with 
some efficient noncommercial software pack-
ages, namely Freefem++ ([1]), MEdit ([4]) and 
gmsh ([6]).

Freefem++ is used for preprocessing (build-
ing the tetrahedralization of  the helical gear, 
the coil, etc.) and processing (in order to obtain 
the numerical approximation). Freefem++ also 
provides the user with some tools for postpro-
cessing, mainly for the graphical representation 
of  the solution of  2D problems, but it is more 
convenient to use gmsh for the solution of  3D 
problems. MEdit is a useful package for 3D vi-
sualization and can be used within Freefem++ 
whereas gmsh should be run in its own session.

INDUCTION HARDENING OF 
A HELICAL GEAR
There are many industrial hardening procedures 
for gears. This may depend on the size of  the 
gear and on the final purpose of  the workpiece. 
Induction hardening is a very general procedure 
widely used in the manufacture of  gears. It can 
be applied in different manners ([2, 3, 12, 13]): 
(a) total induction around the workpiece, by the 
use of  a coil surrounding the gear, or (b) local 
induction, by a tooth-by-tooth or a gap-by-gap 
techniques. In the first case, the encircling coil 
hardens the teeth from the tips downward. This 
pattern may be acceptable for certain types of  
gears such as splines and some gearings. Another 
induction technique producing a uniform con-
tour hardening makes use of  multi-frequency 
induction ([8, 9, 10, 12]).

Depending on the workpiece geometry and 
size, the heating stage can be accomplished by an 
induction procedure or by direct flame. Induc-
tion techniques have been successfully used in 
industry since the last century. During a time in-
terval, a high frequency current passes through a 
coil generating a high alternating magnetic field, 
which induces eddy currents in the workpiece, 
which is placed close to the coil. The eddy cur-
rents dissipate energy in the workpiece producing 
the necessary heating. Figure 2 shows an induc-
tion machine during the heating process applied 
to a gear; we can see the coil encircling the gear.

In this paper, we first consider a helical gear 
encircled by a coil (made of  copper) as shown in 
Figure 1.

In our numerical simulations we have con-
sidered very simples models for both, induction 
hardening and flame induction of  a helical gear. 
We have not taken into account mechanical ef-
fects describing the deformation of  the work-
piece and have kept only the dynamics of  the 
austenite and martensite phase fractions. For 
more complete models, the reader is referred to 
[5, 8, 10, 11].

The mathematical model is divided into two 
stages: (a) heating, and (b) cooling. During the first 
stage, heat is produced by electromagnetics, let-
ting pass a high frequency current through the 

coil. Here, the main variables are the electric po-
tential, the magnetic potential, the temperature 
and phase fraction corresponding to the austenite 
transformation. At the beginning of  the cooling 
stage, the current is switched off, and the work-
piece is aquaquenched; main variables in this 
stage are the temperature and the phase fractions 
corresponding to austenite and martensite.

BUILDING A 3D TRIANGULATION OF A 
HELICAL GEAR
This section is devoted to the tetrahedralization 
of  a helical gear. As it was stated above, we only 
use noncommercial software: Freefem++, Tet-
Gen ([7]), MEdit and gmsh.

Freefem++ is an integrated software for ob-
taining the finite element method numerical so-
lution to boundary value problems for PDE of  
the elliptic type. By means of  some semidiscreti-
zation in time scheme, Freefem++ may also deal 
with parabolic/hyperbolic evolution problems. 
This includes problems arising in solid mechan-
ics, fluid mechanics, plasma physics, etc. This 

Figure 2: Induction hardening machine at work during 
the heating process applied to a wheel gear. Courtesy 
of the Stiftung Institut für Werkstofftechnik - Bremen, 
Germany .
(Foundation Institute of Materials Science. IWT Bremen)

Figure 1: A specimen of a helical gear. Typical setting of the coil and the helical gear for induction hardening. 
These pictures have been obtained by using the postprocessing software gmsh [6].

Figure 3: The gear base. The outer boundary is 
parametrized according to (1).

Table 1: Number of vertices, triangles and tetrahedra 
in each of the three meshes.
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software can be freely downloaded from the Internet (http://www.freefem.
org/ff++/index.htm) and it is fully documented ([1]). Though initially 
developed by O. Pironneau (Laboratoire Jacques-Louis Lions, Université 
Pierre et Marie Curie, Paris) in the 1980s, today it is maintained by F. Hecht, 
(Laboratoire JLL).

The first thing to do is a triangulation of  the gear base. The base has two 
borders, namely, a tooth boundary and an inner circle. The way to produce 
the tooth boundary is to use a truncation of  a cosine function oscillating 
around an outer circle. Let R be the outer circle radius, then a parametriza-
tion of  the teeth is of  the form

      
(1)

where d(t) is an oscillating function. For instance, if  we want a m-tooth 
gear we may take

     
 (2)

where l is the amplitude. Notice that, in order to produce a flat tip and bot-
tom, we are also truncating the cosine by 20% its height and depth (Figure 
3).

To start up, we load some necessary packages for 3D meshes.

Then, we introduce some useful parameters.

Here comes the implementation of  the functions like (1) describing the 
boundaries.

The inner boundary is just a circle.

Finally, we generate the mesh. Notice that the number of  the 
boundary points on the border circle1 is negative. This means 
that this arc is traversed clockwise and this results in a hole inside 
the domain. Also, the directive fixed border=1 means that during 
the automatic generation of  the mesh, the original points on the 
boundary will be vertices of  the triangulation. This is a very im-
portant issue when dealing with 3D meshes.

Figure 4: 3D mesh of base, inner cylindrical wall and lid of the gear.

Figure 5: 3D mesh of the gear tooth surface.

http://www.freefem.org/ff++/index.htm
http://www.freefem.org/ff++/index.htm
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In order to build the gear mesh, we need to generate a 3D mesh of  the whole 
workpiece boundary. In this case, we may distinguish four different surfaces: the 
base, the lid, the cylindrical inner wall and the tooth surface. Thus we build a 
two dimensional mesh in 3D for each of  these surfaces. Then we stick out these 
meshes together forming a closed 3D mesh of  the gear skin. This closed 3D 
mesh is used as a datum to generate the final gear tetrahedralization via TetGen.
   Here we transform the 2D mesh Th into 3D (flat) objects, namely the base 
(Thbase) and the lid (Thtapa). These surfaces are assigned the reference num-
bers 76 and 77, respectively.

Then we generate the cylindrical inner wall. To do so, we first build a 2D 
rectangular mesh and transform it into the desired 3D mesh with reference 
number 79.

We stick these three meshes together, just to see that everything is OK. You 
can do so by saving this new mesh in a file that can be read with gmsh (or 
you just can call MEdit).

Figure 4 shows the resulting mesh Thprogress. In the same way, the lateral tooth 
surface is obtained by a suitable transformation of  a 2D rectangular mesh.

Now we may stick out the four surface meshes together to produce the full 
gear skin (Figure 6). Notice that the contact points must fit in well.

Using the 3D skin mesh GearSkin as a datum to TetGen, a straight gear 
tetrahedralization is generated (Figure 7).

The final step is to produce a twist onto the straight gear mesh resulting in 
the helical gear mesh shown in Figure 8.

Figure 6: 3D mesh of the full gear boundary.

Figure 7: 3D tetrahedra mesh of a straight gear obtained with TetGen using the 
closed 3D boundary in Figure 6 as a datum.



46  |  Thermal Processing for Gear Solutions

Remark: We have not explained every Free-
fem++ keyword appearing in these scripts. Most 
of  them are self-explanatory but there are many 
fine points and keywords that admit their own 
different options. To learn more about this, the 
reader is referred to the various documentation 
available on the Internet (see, for instance, [1, 4, 
6, 7]).

In the same way, we may generate a 3D tet-
rahedra mesh for the coil. Figure 9 shows the 
3D skin mesh of  the coil-gear setting. Finally, we 
need a large enough set containing both, the gear 
and the coil. This set is where the magnetic vec-
tor potential is to be computed during the heat-
ing stage. We may choose the shape of  this set 
as simple as possible, for instance, a box or cube. 
Figure 10 shows the whole setting cube-coil-gear. 
Table 1 gives some information about the three 
generated meshes. It took Freefem++ 0.016275 
seconds to compile the script and 2.92382 sec-
onds to execute it on a MacBook Pro, taking into 
account the time spent on transferring the mesh 
files to the hard disk.

NUMERICAL SIMULATIONS
In this section we show some numerical simula-
tions using the meshes and setting described in 
the previous section. The heating stage takes Ta 
= 5:5 seconds and the frequency is ! = 900 Hz. 
The cooling stage takes another 9.5 seconds, that 
is Tm = 15 seconds. 

Figures 11:(a)-(f) show some numerical results 
at two different instants of  time, namely at the 
end of  the heating stage, t = 5:5, and at the end 
of  the cooling stage, t = 15 for the austenite, mar-
tensite and final temperature. As it is expected, 
induction hardening heats up the gear from the 
tooth tip downward, so that the whole tooth is 
austenized (Figure 11:(a),(b)) and transform into 
martensite after cooling (Figure 11:(d),(e)). Figure 
11:(c) shows that almost all the austenite has been 
transformed, retaining the workpiece a very small 
amount of  this phase fraction.

Another industrial technique used in the heat 
treatment of  gears is flame hardening. This pro-
cedure can be used for both small and large gears. 
Usually, two techniques can be utilized: spinning 
and progressive heating ([12, 13]).

Figure 12:(a)-(f) show some numerical results 
corresponding to a flame hardening simulation. 
A more uniform contour can be observed in this 
case for both the austenite and martensite pro-
files, which is in good agreement with experimen-
tal results.

CONCLUSIONS
Some simplified mathematical models arising in 
the industrial processes of  steel heat treating have 

been used for the numerical simulation of  the 
hardening (induction or flame) of  a helical gear. 
The numerical simulations have been performed 
with freeware packages available in the Internet, 
namely Freefem++, TetGen and gmsh. We have 
described how to do, step by step, a 3D mesh for 
a helical gear. This presentation should be consid-
ered at an academic level. We have tried to put 
in evidence the potentiality and performance of  
Freefem++ as a useful FEM tool to carry out fast 
and efficient numerical simulations in a complex 
3D geometry. Of  course, it is possible to consider 
more sophisticated models for the description of  
the industrial processes of  steel heat treating. For 
instance, by including mechanical effects, defor-
mations, stresses, etc., other phase fractions such 
as bainite and pearlite. This does not represent a 
constraint to Freefem++ since it can handle more 
complicate situations. Though the 3D meshes 
used here are coarse, in general the numerical 
results are in good agreement with known experi-
mental results. We hope that the reader gives a 
try to these packages and convinces himself  of  its 
easy-to-use, versatility, robustness and efficiency.
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Figure 10: Cube-coil-gear setting.

Figure 12: Flame Hardening. (a) Austenite at the end 
of the heating stage t = 5:5 s. (b) Austenite at the end 
of the heating stage t = 5:5 s. (c) Temperature at the 
end of the heating stage t = 5:5 s. (d) Martensite at 
the end of the cooling stage t = 15 s. (e) Martensite at 
the end of the cooling stage t = 15 s. (f) Temperature 
at the end of the cooling stage t = 15 s. 
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By  Larry Moore

Ipsen supports its equipment across the 
globe using the mGuard VPN router from 
Phoenix Contact, which allows secure 
remote access via the Internet.

Ipsen designs and manufactures indus-
trial vacuum furnaces (Figure 1), atmo-
sphere furnaces, and supervisory control 
systems for a wide variety of  thermal 
processing applications in the aerospace, 
commercial heat treating, medical, energy 
and automotive industries. 

Ipsen also employs a large and skilled 
aftermarket support team to help custom-
ers solve problems, plan furnace controls 
upgrades, replace hot zones, provide 
parts, and support maintenance and field 
service.

To help provide extraordinary customer 
service, Ipsen relies on the mGuard VPN 
router from Phoenix Contact to gain 

secure remote access to furnace control 
systems installed all over the world. 

HEAT TREATING CAN BE COMPLEX
A furnace control system does more than 
just control temperature. Ipsen’s 10-bar 
quench furnace control system, for ex-
ample, also has to control speed, pressure, 
flow direction, and other crucial variables 
throughout the quenching process be-
cause they directly affect load distortion 
in die casting operations. These param-
eters change from product to product, so 
furnace control systems need to allow the 
customer to develop and test batch recipes. 

Ipsen’s CompuVac® control system 
(Figure 2) provides a complete window 
into the furnace’s process with stan-
dard features that include an integrated 
touch-screen interface for monitoring the 

workload; display screens for program-
ming, running, and real-time and histori-
cal monitoring; virtually unlimited recipe 
creation, modification, and storage; and 
alarm displays, batch reports, QC audits, 
and record archiving.

Although the CompuVac control sys-
tem makes it easy for customers to create 
and run custom heat treating profiles 
and batches, they often have questions 
or need support from Ipsen engineers. 
Ipsen’s customer service group is pre-
pared to offer technical advice and help 
diagnose problems, and remote access to 
both control systems helps Ipsen technical 
personnel see what the system is doing.
In the past, Ipsen relied upon an Ethernet 
modem, which required an analog phone 
connection on both the customer and Ip-
sen sites. Phone modems are notoriously 

OEM furnace builder supports its equipment worldwide via remote access
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slow and, in some cases, providing the 
analog phone connection at the customer 
site proved difficult or impossible. A bet-
ter remote access solution was needed.

VIRTUAL PRIVATE NETWORK 
PROVIDES SECURITY
Ipsen reviewed several remote access solu-
tions and suppliers and chose the mGuard 
VPN router from Phoenix Contact, pri-
marily because of  the functionality, local 
distribution, and support.

The mGuard VPN allows Ipsen to con-
nect to a customer’s industrial network via 
the Internet with little intervention from 
the IT department. Secure communica-
tion is provided with the virtual private 
network and a stateful inspection firewall. 

The mGuard WAN port typically con-
nects to the customer’s company network, 

which gives it access to the Internet 
through their corporate firewall/router. 
By virtue of  the mGuard tunneling out-
bound—that is, back to Ipsen—there are 
no ports that need to be opened on the 
inbound side of  the customer’s network. 
This satisfies the customer’s IT department 
security requirements because outsiders 
cannot detect a port. 

Conversely, the mGuard can be connected 
directly to the Internet via its WAN port if  
the customer does not want to connect to its 
corporate network.

The mGuard has a digital input that can 
be wired to the switch or relay to activate the 
VPN tunnel. Ipsen offers this feature so that 
each customer can activate the tunnel when 
needed. This gives customers peace of  mind 
because they are in control of  the remote 
access connection. 

A stateful inspection firewall keeps track 
of  the state of  network connections, such as 
TCP streams or UDP communication, as 
they are traveling through it. The algorithm 
distinguishes legitimate packets for different 
types of  connections. Only packets matching 
a known connection state are allowed by the 
firewall — others are dropped or rejected. 
Ipsen and the customer jointly set up the 
rules so that no other entity can intrude on 
the system.

ACCESSING THE EQUIPMENT
After the connection is made, the 
mGuard’s high speed of  99 Mbps allows 
Ipsen engineers to view system data 
in real time and to download program 
changes when necessary. 

The mGuard router can be installed 
in the furnace control panel via a DIN 
rail module, a PCI card, or as a portable 
device that plugs into a USB port, de-
pending on the customer’s requirements. 
Typically, Ipsen installs one mGuard per 
furnace. Only one receiving mGuard is 
needed at Ipsen to accommodate up to 
250 simultaneous VPN connections.
     The remote access system is all hard-
ware — no software is required. This pro-
vides a high degree of  security because 
changes to hardware require deliberate 
effort that can be easily monitored, as 
opposed to software changes that can be 
performed at the touch of  a key.

There is an mGuard at each end of  the 
tunnel (that is, one mGuard for each cus-
tomer and one at Ipsen). The network is 
configured in such a way that Ipsen’s ser-
vice technicians can access each custom-
er’s VPN from their laptops. A technician 
can see all the customer furnaces that are 
tunneled back to the Ipsen mGuard in a 
“hub and spoke” topology. 

Figure 1 (left): Versions of this vacuum furnace have 
been shipped to customers in the USA, Germany, 
China, Mexico, India, Malaysia, Taiwan, Singapore, 
Russia and Poland. Those with mGuard routers can be 
supported via remote access over the Internet.

Figure 2: Data in a customer’s CompuVac furnace 
control system (top)—and all other devices on the 
furnace controls system local network—can be 
accessed remotely by Ipsen engineers by using the 
mGuard VPN router (remote access switch shown on 
the left).
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DIAGNOSING FROM AFAR
Once connected, the mGuard allows Ipsen 
engineers to access data from any Ethernet-
connected device on the furnace’s local 
network, including PLC (programmable 
logic controller), HMI (human machine 
interface), data acquisition instruments, 
and video graphic recorders. The mGuard 
configuration can also be accessed remotely 
through the VPN connection.

An mGuard can be used for start-up 
support, maintenance support, or customer 
requested enhancements. Although mGuard 
installations on equipment are relatively new, 
Ipsen has already performed many remote 
control modifications and diagnostics that 
previously would have required an on-site 
service technician. Saving the cost of  one 
service trip under warranty is enough to 
completely pay for the cost of  an mGuard 

system. Table 1 summarizes the advantages 
of  remote access to Ipsen.

Ipsen is currently providing mGuard 
VPN systems and Phoenix Contact Ethernet 
switches on new furnaces. Typically, the 
mGuard is installed by Ipsen’s panel builders 
and is configured and tested by Ipsen control 
technicians.

Remote access is a mature technology, 
but past iterations have often been lacking 
in terms of  performance, cost effectiveness, 
and security. Ipsen’s mGuard VPN remote 
access system overcomes these challenges, 
providing safe, secure, high-speed and low-
cost access to their equipment worldwide 
from a single mGuard located at their 
headquarters.   

MORE INFORMATION: Larry Moore is the 
electrical/software engineering manager for Ipsen 
Inc. Ipsen designs and manufactures industrial 
vacuum furnaces, atmosphere furnaces and 
supervisory control systems for a wide variety of 
thermal processing markets including: aerospace, 
commercial heat treating, medical, energy and 
automotive. With production locations in Europe, 
America, and Asia, along with representation in 
34 countries, choosing Ipsen means choosing a 
partner in success.
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Investigations on Tooth Root Bending 
Strength of Case Hardened Gears in 
the Range of High Cycle Fatigue
By Dr. Nick Bretl, Stefan Schurer, Dr. Thomas Tobie, Prof. Dr. Karsten Stahl and Prof. Dr. Bernd-Robert Höhn, 
Gear Research Centre (FZG)

Gears are one of  the critical components 
that determine the capability and reliability 
of  drive systems. Thus the tooth root load-
carrying capacity is one of  the determining 
factors in gear design. Continuous demand 
for higher efficiency, increased load-carrying 
capacity and endurance life, while at the 
same time, ensuring smaller size and low 
costs, increasingly often make the solid ex-
pertise of  fatigue mechanisms of  gears indis-
pensable. In addition to the strength of  the 
material itself, the existing state of  stress can 

significantly influence the tooth root load-
carrying capacity and the associated fracture 
mode.

According to the current state of  the art, 
case hardened gears for industrial gearbox 
applications often are peened for the clean-
ing process. Along with the effects of  clean-
ing, peening processes also substantially af-
fect the tooth root load-carrying capacity. 
Additionally, controlled shot-peening pro-
cesses lead to an increase of  the tooth root 
load-carrying capacity up to more than 15% 

[3] compared to blast cleaned gears. Based 
on extensive experimental investigations on 
gears different kinds of  fracture modes can 
be observed depending on the present state 
of  stress. According to the current state of  
knowledge it must be distinguished between 
breakages with an initiation of  fatigue cracks 
on and under the surface. Especially those 
breakages with an initiation of  cracks un-
der the surface have a negative effect on 
the tooth root load-carrying capacity in the 
range of  high cycle fatigue. The scope of  this 

G
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research project was to increase the knowl-
edge of  the tooth root load-carrying capac-
ity of  cylindrical gears with different residual 
stress conditions, especially in the range of  
high numbers of  load cycles up to 100 · 106. 
Therefore, an extensive program of  gear 
tests in pulsator test rigs has been carried out 
to verify on the one hand the different types 
of  tooth root fracture modes and, on the 
other hand, the associated dominating influ-
ences on high cycle fatigue of  gears.

INTERNAL FRACTURE MODE 
IN THE TOOTH ROOT
Due to common experience of  tooth root 
bending tests in pulsator test rigs, the endur-
ance limit of  the tooth root fatigue strength is 
usually considered to be 3 · 106 load cycles. As 
a result, suitable standard tooth root bending 
tests set the endurance limit at which a test is 
meant to be graded as fatigue resistant to 3-6 
· 106 cycles. In current and completed studies 
on tooth root load-carrying capacity at FZG, 
especially on case hardened gears, increas-
ingly frequent tooth root breakages were found 
that occurred in and above the range of  these 
ultimate numbers of  cycles. Analysis of  cor-
responding fracture surfaces show that these 
damages in the range of  high numbers of  load 
cycles often initiate from small inclusions or 
microstructural defects in the material. Similar 
damage patterns determined on simple speci-
mens exhibiting a small bright spot at the crack 
origin are well known from technical literature, 
the so called “fish-eye” (Figure 1).

Extensive studies [8], [9] on the initiation 
and propagation of  internal cracks in gears or 
simple specimens already exist. Most of  them 
describe the same propagation process of  fatigue 
crack initiation and essentially specify the three 

different areas of  the fish-eye failure according 
to Figure 2 [9]. The inclusion in the center sur-
rounded by the GBF (Granular Bright Facet), an 
area of  multiple microcracks, and the surface 
crack, as a result of  the subsurface cracks, form 
the typical appearance of  these failures. Surface 
crack initiation occurs at high stress levels and 
relatively low numbers of  load cycles, whereas 
subsurface crack initiation is mainly observed at 
lower stress levels and in the high cycle range. 
As a consequence, failures with a crack initia-
tion under the surface tend to decrease the tooth 
root load-carrying capacity in regions of  high 
numbers of  load cycles. As a result, the normally 
applied S-N curve has to be converted schemati-
cally to a stepwise S-N curve (Figure 3), which 
takes into consideration the possible reduction in 
load-carrying capacity in the high cycle range.

Relating to the different gear standards, ISO 
6336 [7] takes a decrease of  the tooth root load-
carrying capacity in high cycle areas into ac-
count. The corresponding life factor is based on 
AGMA 2001 [1] standard and considers various 
influences, such as cleanness of  material, resid-

Figure 1:  Example of tooth root breakage with “fish-
eye” failure.

Figure 3: Schematic illustration of stepwise S-N 
curve 8.

Figure 4: Schematic distributions of load stress, 
residual stress and hardness in tooth root area
of case hardened gears depending on material depth.

Figure 2: Schematic illustration of subsurface crack growth 9.



54  |  Thermal Processing for Gear Solutions

ual stresses or signs of  fatigue. This factor is the result of  assessments and 
experiences and is insufficiently secured by systematic experimental results 
in the high cycle range.

INFLUENCE OF THE EXISTING STATE OF STRESS 
IN THE TOOTH ROOT
Gears are exposed to different types of  stresses during their manufacture, 
for example from milling, heat treatment, grinding, shot peening. These 
stresses in the material overlap with applied stresses caused by the exist-
ing load. The different states of  stress affect the load-carrying capacity of  
gears in different ways. To evaluate the load-carrying capacity of  gears it is 
necessary to know the local stress situation and the associated strength of  
the material itself. The local load induced stresses mainly depend on the 
current load situation and the size of  the gear, whereas the local strength 
of  the material is primarily affected by base material, previous heat treat-
ment, peening conditions or irregularities in the material itself  (according 
to Figure 4).

Common calculation methods for tooth root bending stress, such as ISO 
6336-3 [7], apply the point of  contact of  the 30° tangent and the tooth root 
fillet to maximum local tooth root bending stress. The maximum local tooth 
root bending stress generally occurs on the surface of  the root fillet due to 
slip deformations, surface defects and additional notch effects.,Depending 
on the current state of  stress, different fracture modes can be determined 
on gears. Experimental investigations [3] regarding high cycle fatigue on 

gears of  various sizes, materials, and residual stress conditions showed that 
the main factors on high cycle fatigue of  external gears are residual stresses, 
tooth size, and the material cleanness. These influences are regarded more 
closely in the following.

RESIDUAL STRESSES
The state of  the art in industrial practice is often a cleaning process af-
ter previous heat treatment to remove scale layers and impurities of  case 
hardened gears with the help of  blast cleaning techniques. Besides the 
mentioned cleaning effects, an additional increase of  the tooth root load-
carrying capacity caused by residual compressive stresses can be noticed. 
This positive stress situation on and just below the tooth root surface coun-
teracts the tensile load stresses and leads, especially on the surface and in the 
near surface layer, to an increase of  the local fatigue strength. Therefore, 
the values of  the tooth root load-carrying capacity for case hardened gears, 
material quality MQ, published in the standard ISO 6336-5 [7], depend 
on gears that have been professionally blast cleaned under industrial stan-
dards. Furthermore, ISO 6336-5 [7] attributes case hardened and shot-
peened gears an increase of  the tooth root load-carrying capacity of  10% 
compared to blast cleaning. 

Concerning the major influence of  peening in general, extensive experi-
mental investigations in diverse studies [6], [10], [12] on gears and other 
components have been carried out. Figure 5 and Figure 6 contain exempla-
ry test results of  tooth root bending tests on unpeened and peened gears of  

Figure 7: Typical residual compressive stress progressions of non-peened, blast 
cleaned and shot-peened gears. Figure 8: Schematic S-N curves for unpeened gears.

Figure 5: Increasing tooth root load-carrying capacity because of peening 
process [10].

Figure   6: Experimental test results showing the influence of peening process on 
tooth root loadcarrying capacity of case hardened gears [12].
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different sizes and materials. The increase of  tooth load-carrying capacity 
of  peened gears can be observed. It should be noticed that these test results 
are based on standard tooth root bending test methods with an endurance 
limit of  6 · 106 load cycles.

In addition to the positive influence of  peening on the tooth root 
load-carrying capacity, based on standard test methods, the resulting 
residual compressive stresses also affect the high cycle fatigue. Typical 
distributions of  residual stresses due to different peening operations are 
shown in Figure 7. 

Residual compressive stresses influence the surface and near surface 
layer and subside very quickly into the depth of  the material. As a result 
the residual compressive stresses counteract the highest prevailing load 
stress conditions on and just below the surface, and may prevent an ini-
tiation of  cracks from the surface. However, in deeper parts of  the mate-
rial the local residual stresses subside much more quickly than the load 
stresses and cannot significantly contribute to the local material strength. 
As a consequence, the local stress can exceed the local endurance strength 
of  the material, especially with the presence of  defects in the material, 
which may lead to an initiation of  cracks under the surface. These cracks 
propagate slowly, depending on the current load, and may influence the 
high cycle fatigue.

Therefore one objective of  this study was to investigate the fatigue be-
havior of  case hardened gears of  various sizes, materials and peening con-
ditions. The following model representation was established based on the 
experimental results in order to interpret the test results in consideration of  
the current state of  the art.

The evaluation of  the experimental investigations resulted in the conclu-
sion that each breakage, with crack initiation on and under the surface, has 
its own S-N curve corresponding to the respective fracture mode. The posi-
tion of  these two S-N curves depends mainly on the current residual stress 
situation and the material cleanness. Thereby residual stresses primarily in-
fluence the position of  the S-N curve for surface fatigue, material cleanness 
the position of  the S-N curve for subsurface fatigue.

Due to the experimental results of  unpeened spur gears with residual 
compressive stresses < 400 N/mm², the S-N curve for surface fatigue is 
probably located below the S-N curve for subsurface fatigue (Figure 8). This 
means that these gears with normal material cleanness show either frac-
ture with crack initiation on the surface or fatigue resistance. The high load 
stresses on the surface and in the near surface layer cannot be sufficiently 
counteracted by the residual compressive stresses and thus exceed the local 
strength of  the material. Tooth root breakages with crack initiation on the 
surface are the result.

Blast cleaned gears, with typical residual compressive stresses of  400–900 
N/mm², show a strengthened surface layer because of  the increased re-
sidual compressive stresses. The S-N curve for surface fatigue of  these gears 
is consequently lifted up to a higher stress level. That means that both S-N 
curves (surface and subsurface) can be located on a similar stress level. The 
S-N curve for surface fatigue in this case can be located above, below or 
on the same level as the S-N curve for subsurface fatigue, depending on 
the present cleanness of  the material, the residual compressive stresses and 
load stresses (Figure 9). Thereby both fracture modes are possible, whereby 
high cycle fatigue normally will not be considerably reduced by common 
material cleanness.

The effect described above will even be strengthened by shot-peened 
gears with residual compressive stresses

> 900 N/mm². Based on the induced residual stresses, the surface and 
the surface layer experience a further strengthening and therefore the S-N 
curve for surface fatigue is additionally lifted up to a higher stress level (Fig-
ure 10). The result is that the difference of  the stress level between the two 
S-N curves varies widely, depending on the material cleanness, the residual 
compressive stress and the load stress.

Furthermore the appearance of  tooth root breakages with crack initia-
tion under the surface are promoted and at the same time leads to a more 
or less sharp decrease of  the tooth root load-carrying capacity in high cycle 
fatigue.

Based on the test results, shot-peened gears with a high material clean-
ness did not show breakages with crack initiation under the surface. Fol-

Figure 9: Schematic S-N curves for blast cleaned gears. Figure 10: Schematic S-N curves for blast cleaned gears.

Figure 11: Schematic S-N curves for shot-peened gears and influence of high 
cleanness of the material.
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lowing the established model representation, the S-N curve for the internal 
fracture mode is lifted up to a higher stress level and breakages with crack 
initiation under the surface can be avoided (Figure 11). As a result, the de-
sired increase of  the tooth root load-carrying capacity can be used even at 
high numbers of  cycles.

TOOTH SIZE
The influence of  the tooth size on the fatigue strength is essentially based on 
the following basic reasons: statistical, geometrical and technological influ-
ences as well as the influence of  stress distribution and surface condition 
[11]. The standard ISO 6336 [7] also takes these influences in form of  a size 
factor into account with a decrease of  tooth root load-carrying capacity on 
gears with a module larger than mn = 5 mm. The statistical influence takes, 
among other things, the presence of  defects on and below the surface of  
the material into account. Furthermore the different stress situation on and 
below the surface especially affect the tooth root load-carrying capacity and 
the damage pattern. To determinate the local stress condition in the mate-
rial depth it is important to know the load induced stresses, besides residual 
stresses.

Therefore, extensive theoretical investigations using FEM calculations 
were performed [10] by calculating the local load stress in the tooth root 
area and comparing the different load stresses distributions for gears of  dif-
ferent size. Figure 12 summarizes the main results of  the theoretical studies 
for 3 tooth size examples.

The local principal normal stresses at the tooth root area, perpendicular 
to the 30° tangent, refer to the maximum stress on the surface for each tooth 

size. At first it should be noticed that different tooth sizes result in different 
stress gradients. With a decrease of  tooth size the corresponding load stresses 
progressively subside into the depth of  the material. For equal load stress 
conditions on the surface provided, the larger the tooth size the higher the 
local load stress in comparable depths of  the material. Additionally, on the 
one hand the distribution for the hardness of  the material depends, among 
other things, on the tooth size and essentially determines the local strength 
of  the material. On the other hand, the distributions of  the residual stresses 
due to a peening process depend on the process itself  and are not signifi-
cantly influenced by the tooth size. The result is, with an increase of  tooth 
size the critical local strength in the depth of  the material can be exceeded by 
the local load stresses and leads to an initiation of  cracks under the surface.

CLEANNESS OF MATERIAL
The cleanness of  the material plays an important role in tooth root load-
carrying capacity. Small defects and non-metallic inclusions in the material 
can negatively affect the local stress condition on and below the surface. The 
results of  FEM calculations [2] (Figure 13) show that the local load stresses 
lead to stress peaks at and near these inclusions in the material.

These stress peaks may exceed the local strength of  the material and there-
fore lead to an initiation of  micro cracks. These micro cracks propagate in a 
very slow process during sustained applied stress cycles and form an internal 
crack, which finally leads to tooth root breakage in the range of  high num-
bers of  cycles. Especially peened gears with a strengthened surface and near 
surface layer due to residual compressive stress conditions are influenced by 
these defects of  the material. Therefore these defects essentially determine 
the high cycle fatigue of  case hardened and peened gears. In addition to the 
quantity of  material defects, the size of  the defects themselves is important. 
Calculations with different defect sizes in different depths of  the material 
show that the critical tooth root bending stress decreases with an increase of  
defect size and that large defects are still critical in deeper parts of  the mate-
rial [2], [3]. All in all it should be noticed that the less clean the material is, 
the greater the number and size of  inclusions can be found in the material. 
Large defects decrease the critical local stress, which may lead to a breakage 
with crack initiation under the surface, if  the critical local stress is exceeded. 
A greater number of  defects, on the other hand, increase the probability of  
the presence of  critical inclusions at critical depths of  the material.

EXPERIMENTAL TEST RESULTS
Within a research project [2], [3], an extensive test program has been carried 
out on case hardened spur gears of  various sizes, materials and residual stress 
conditions in a pulsator test rig. The main focus of  the test program was the 
tooth root bending strength in the range of  high numbers of  load cycles up 
to 100 · 106 to estimate relevant influences on the high cycle fatigue. Table 
1 contains the main geometrical data and heat treatment information of  the 
gears tested in this investigation. 

The bending tests have been consistently carried out in pulsator test rigs 
according to Figure 14.

The frequency of  the tests depended on the tested gear size and amount-
ed to 50–100 Hz. The test conditions were continuously monitored and re-
corded by computer and oscilloscope systems. The clamping of  the gears 
was made symmetrically between two parallel plane jaws (Figure 15). The 
number of  clamped teeth was chosen in such a way that the force of  the 
pulsator was set in the range of  the external point of  single contact. With the 
help of  a special designed device a reproducible clamping could be ensured. 
The evaluation of  the test results and the determination of  tooth root nor-
mal bending stress were performed according to [7] or rather [5].

Besides the experimental tests in the pulsator test rig, extensive metallo-
graphic investigations, including among other things residual stress measur-

Figure 12: Schematic distributions of load stresses for different tooth sizes 
(modeled after [10]).

Figure 13: Stress peaks at defects of the material because of tensile load (1st 
principal stress).
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ing, hardness distributions, microstructure assessment and material clean-
ness, were carried out to evaluate the pulsator test results.

The following selected test results represent only a small amount of  the 
experimental investigations performed. The model representation already 
presented is based on these test results and the presented main influences 
on high cycle fatigue have been derived. Figure 16 and Figure 17 contain 
the test results of  two variants (16MnCr5 – typical case hardened steel for 
middle size gears) with tooth size module mn = 5 mm, with equal mate-
rial cleanness (sulfide SS inclusions, size 3.9 according to [4]), in unpeened 
and shot-peened condition. Both test series are from one material batch and 
from the same heat treatment lot. Figure 18 additionally shows the associ-
ated residual compressive stress curves.

The unpeened variant shows no breakages with crack initiation under 
the surface. All of  these tooth root breakages were due to surface cracks 
and are located, except for two breakages, in a usual range of  load cycles. 
Referring to the model representation, the test results show a damage behav-
ior according to Figure 8. In contrast to the unpeened variant, shot-peened 
variant generally shows an increase in the tooth root load-carrying capac-

ity. Thereby, in the range of  high number of  load cycles, only tooth root 
breakages with crack initiation under the surface occurred, which mainly 
influenced the high cycle fatigue of  this variant. These test results support 
the assertion of  the model representation in Figure 10. The tooth root load-
carrying capacity of  the shot-peened variant is strongly influenced by these 
late breakages and results in a decrease of  nearly 15% compared to usual 
cycle limits of  3-6 · 106. Nevertheless, in consideration of  the subsurface 
fatigue in the range of  high numbers of  load cycles, the shot-peened variant 

Figure 14: Schematic illustration of a pulsator test rig.

Figure 15: Clamping of test gears in pulsator test rig (schematic).

Figure 16: Tooth root bending test results of an unpeened variant at a cycle limit 
of 100Å~106.  [3]

Figure 17: Tooth root bending test results of a shot-peened variant at a cycle limit 
of 100Å~106.  [3]

Figure 18: Measured residual stress distributions of unpeened and shot-peened 
variant.
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shows an increase in the tooth root load-carrying 
capacity of  nearly 25% compared to the un-
peened variant. All breakages of  the shot-peened 
variant have been examined with the aid of  scan-
ning electron microscopy. The detected inclusions 
have been analyzed concerning their chemical 
structure, size and location. In this the inclusions 
mainly involve MnS, as well as a combination of  
Al, Ca and Mg. The average size was 0.03 mm 
with an average depth of  0.16 mm in regards to 
the surface (CHD550HV ≈ 0.8 mm). Thus all of  
the examined internal cracks are located within 
the case hardened layer, but at a material depth 
with relatively low residual compressive stresses. 
The location of  these crack initiations basically 
differs from typical depth location of  failures 
known from the tooth flank. Figure 19 shows an 
example of  a breakage with crack initiation un-
der the surface. The typical fish-eye structure can 
be mentioned.

The test results demonstrate the influence of  
residual compressive stress, not only on the load-
carrying capacity but also on the fracture mode 
and resultant high cycle fatigue. The assumption 
of  a stepwise SN curve with different stress lev-
els between the two curves and their impact on 
the fracture mode can be confirmed by these and 
other results.

Besides the influence of  residual stresses, 
the influence of  the material cleanness on the 
tooth root loadcarrying capacity in high cycle 
range was investigated. Therefore, variants of  
the same size (module mn = 5 mm), material 
(18CrNiMo7-6) and residual stress conditions 
(shot-peened, according to Figure 22), but dif-
ferent material cleanness were examined. The 
corresponding tooth root bending test results 
are illustrated in Figure 20 and Figure 21. Al-
though the two variants are from different ma-
terial batches and different heat treatment lots, 

the analysis of  the hardness distributions and 
the microstructure assessment of  these variants 
show comparable results.

Both variants show tooth root breakages in the 
range of  high cycle fatigue, but only the variant 
with low material cleanness shows breakages with 
crack initiation under the surface and the con-
nected decrease of  high cycle fatigue (see also 
model representation in Figure 10) compared to 
the variant with high material cleanness. The test 
results conclude that the variant with high clean-
ness does not show inclusions of  critical size in the 
critical surface layer, which results in crack initia-
tion under the surface because of  the local stress 
situation. The result is that the load-carrying po-
tential of  shot peening can be used even in the 
range of  high load cycles and subsurface fatigue 
seems to be avoided because of  a high material 
cleanness (according to the model representation 
shown in Figure 11).

The test results show that the residual stresses 
and the material cleanness or rather the presence 
of  inclusions of  critical size in the material associ-
ated with the local load stresses, have a dominant 
and direct influence on internal fracture mode 
and resultant high cycle fatigue. In view of  the 
experimental results, it becomes obvious that the 
initiation of  internal cracks not only depends on 
the residual stress condition or the presence of  in-
clusions. It seems rather to be an interaction of  
state of  load stress, state of  residual compressive 
stress and critical inclusions in the material.

In general, the experimental test results do not 
show an appreciable decrease of  the tooth root 
load-carrying capacity with a fatigue cycle limit 
of  100 · 106 compared to standard methods on 
gears with residual compressive stresses < 900 N/
mm² (typical clean blasted condition). According 
to this, the values of  the tooth root load-carrying 
capacity for material quality MQ published in 
the standard ISO 6336-5 [7] remain valid for 
the examined tooth sizes and common material 
cleanness even for a fatigue cycle limit of  100 · 
106. A further increase of  the load-carrying ca-
pacity due to shot-peening can be confirmed by 
the achieved test results. Nevertheless, especially 
for case hardened, shot-peened gears, additional 
influences on the high cycle fatigue should be 
taken into account.

SUMMARY
The tooth root load-carrying capacity is one of  
the determining factors in gear design. Besides 
the strength of  the material itself, the existing 
state of  stress (load induced stresses and residual 
stresses) significantly influences the tooth root 
load-carrying capacity, also in particular the high 
cycle fatigue and the related fracture mode. In 
order to verify the high cycle fatigue behavior of  

the tooth root of  case hardened gears, substantial 
theoretical studies as well as an extensive program 
of  tooth bending tests have been carried out on 
case hardened gears of  various sizes, materials 
and residual stress conditions.

Based on the test results and the knowledge of  
further investigations taken from the literature, a 
model representation was established to interpret 
the influence of  different local stress situations on 
the tooth root load-carrying capacity and differ-
ent fracture modes in high cycle ranges. There-
fore, the idea of  a stepwise S-N curve, already 
known from a variety of  investigations in the lit-
erature for simpler specimens [8], [9], can also be 
transferred to gears. The different level locations 
of  these two S-N curves for the different fracture 
modes mainly depend on the current residual 
stress condition, as well as on the material clean-
ness. They describe the occurrence of  tooth root 
breakages with crack initiation on and below the 
surface and the related high cycle fatigue of  case 
hardened gears.

The experimental test results have shown the 
high potential regarding tooth root load-carrying 
capacity due to peening operations in high cycle 
ranges up to 100 · 106 cycles. Additionally, the 
experimental test results confirm the theoretical 
statements of  the presence of  a stepwise S-N 
curve behavior of  case hardened, peened gears 
and the appearance of  different fracture modes. 
Furthermore, the test results confirm the pub-
lished values of  the standard ISO 6336-5 [7] 
regarding tooth root load-carrying capacity of  
typically cleaned (case hardened) gears even for 
fatigue cycle limit up to 100 · 106 cycles. Never-
theless, especially for case hardened, shot-peened 
gears, additional influences on the high cycle fa-
tigue should be taken into account.

In conclusion, the theoretical and experimen-
tal results of  the research project have shown that 
the initiation of  internal cracks and high cycle 
fatigue of  case hardened gears not only depends 
on the residual stress condition or the presence of  
inclusions. It seems rather to be an interaction of  
state of  load stress, state of  residual compressive 
stress and critical inclusions in the material.
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Figure 20: Tooth root bending test results of variant with low material cleanness 
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Figure 21: Tooth root bending test results of variant with high material cleanness 
at a cycle limit of 100Å~106.  [3]

Figure 22: Measured residual stress regressions of shot-peened variants with 
different material cleanness.
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BATCH OVENS & BOX TEMPERING FURNACES
8” 18” 8”  Lucifer  Elec. 1250 F.   REF #103
12” 16” 18”  Lindberg  Elec. 1200 F. REF #103
12” 16” 18”  Lindberg (3) Elec. 1250 F. REF #103
12” 18” 12”  Lucifer Elec 1250 F. REF #103
14” 14” 14”  Gruenberg -Solvent Elec. 450 F. REF #103
15” 24” 12”  Sunbeam (N2) Elec. 1200 F.  REF #103
19” 19” 19”  Prec.Scientific Elec. 617 F.  REF #103
20” 18” 20”  Blue-M (2) Elec. 400 F.  REF #103
20” 18” 20”  Blue-M (2) Elec. 400 F.  REF #103
20” 18” 20”  Blue-M (Inert) Elec. 600 F.  REF #103
20” 18” 20”  Despatch (Solvent) - 2 Avail Elec. 650 F.  REF #103
20” 18” 20”  Blue-M Elec. 800 F.  REF #103
20” 18” 20”  Blue-M Elec. 1200 F.  REF #103
20” 20” 20”  Grieve Elec. 500 F.  REF #103
20” 20” 20”  Michigan/Grieve Elec. 1000 F.  REF #103
20” 20” 20”  Grieve Elec. 1250 F  REF #103
24” 24” 36”  New England Elec. 800 F.   REF #103
24” 26” 24”  Grieve Gas 500 F.   REF #103
24” 36” 24”  Demtec (N2) Elec. 500 F.   REF #103
24” 36” 24”  Grieve Elec. 850 F.   REF #103
24” 36” 24”  Paulo Gas 1250 F.  REF #103
25” 20” 20”  Blue-M Elec. 650 F.   REF #103
25” 20” 20”  Blue-M Elec. 650 F.   REF #103
25” 20” 20”  Blue-M - Inert Elec. 1100 F.   REF #103
25” 20” 25”  Gruenberg Elec. 500 F.   REF #103
26” 26” 38”  Grieve (2) Elec. 850 F.   REF #103
28” 24” 18”  Grieve Elec. 350 F.   REF #103
28” 48” 28”  Wisconsin (3) Elec. 800 F.   REF #103
30” 30” 30”  Hevi-Duty Elec. 1500 F.   REF #103
30” 38” 48”  Gruenberg (2) M21 Elec. 450 F.   REF #103
30” 48” 22”  Dow Elec. 1250 F.   REF #103
34” 19” 33”  Poll.Ctrls Burnoff Gas 900 F.   REF #103
36” 36” 35”  Despatch Elec. 400 F.   REF #103
36” 36” 120”  Steelman Elec. 450 F.   REF #103
36” 48” 36”  Grieve Elec. 350 F.   REF #103

36” 60” 36” CEC (2) Elec. 650 F.   REF #103
37” 19” 25” Despatch Elec. 500 F.  REF #103
37” 25” 37” Despatch Elec. 850 F.   REF #103
37” 25” 50” Despatch Elec. 500 F.   REF #103
38” 20” 24” Blue-M Elec. 1200 F.   REF #103
38” 26” 38” Grieve Elec. 1000 F.   REF #103
48” 24” 48” Blue-M Elec. 600 F.   REF #103
48” 30” 42” Despatch Gas 850 F.   REF #103
48” 48” 48” CEC (N2) Elec. 1000 F.   REF #103
48” 48” 60” Gasmac Burnoff (2) Gas 850 F.   REF #103
48” 48” 72” Despatch (2) Elec. 500 F.   REF #103
48” 48” 72” Lydon Elec. 500 F.   REF #103
54” 68” 66” Despatch Elec. 500 F.   REF #103
54” 108” 72” Despatch Elec. 500 F.   REF #103
56” 30” 60” Gruenberg Elec. 450 F.   REF #103
60” 60” 72” ACE Burnoff Gas 850 F.   REF #103
72” 72” 72” Michigan Gas 500 F.   REF #103
120” 168” 120” Wisconsin Oven Gas 500 F.   REF #103

BOX FURNACES
J.L. Becker Slot Forge Furnace, 1986, Brand New, Never  
Used  REF #101
L & L Special Furnace Electrically Heated Box Furnace,  
1991  REF #101
J.L. Becker Box Temper Furnace, 1989  REF #101
Sunbeam Electric Box Furnace, good running condition  REF #101
Surface 30-48-30 Electric Temper Furnace, good/ very good condition  
REF #101
Atmosphere Furnace Co. 36-48-30 Electric Temper Furnace, good/ very 
good condition  REF #101
Atmosphere Furnace Co. 36-48-30 Electric Temper Furnace, good/ very 
good condition  REF #101
Atmosphere Furnace Co. 36-48-30 Electric Temper Furnace, good/ very 
good condition  REF #101
Surface Combustion 30-48-30 Gas Fired Temper Furnace, good/ very 
good condition  REF #101
Surface 30-48-30 Gas Fired Temper Furnace, good/ very  
good condition  REF #101 
8” 18” 8”  Blue-M Elec. 2000 F. REF #103
12” 24” 8”  Lucifer-Up/Down (Retort) Elec. 2150/1400 F.  REF #103
12” 24” 8”  C.I. Hayes (Atmos) Elec. 1800 F.  REF #103
12” 24” 12”  Hevi-Duty (2) Elec. 1950 F. REF #103
12” 24” 12”  Lucifer-Up/Down Elec. 2400/1400 F. REF #103
3” 24” 12”  Electra-Up/Down Elec. 2000/1200 F. REF #103
15” 30” 12”  Lindberg (Atmos) - Retort Elec. 2000 F. REF #103
17” 14.5” 12”  L & L (New) Elec. 2350 F. REF #103
22” 36” 17.5” Lindberg (Atmos) Elec. 2050 F. REF #103
24” 36” 18”  Thermnlyne (2) - Unused Elec. 1800 F. REF #103
36” 48” 24”  Sunbeam (N2) Elec. 1950 F. REF #103
36” 72” 42”  Eisenmann Kiln (Car) Gas 3100 F. REF #103
60” 48” 48”  Recco (1998) Gas 2000 F. REF #103
60” 96” 60”  Park Thermal Elec. 1850/2200 F. REF #103 
126” 420” 72”  Drever ”Lift Off”-Atmos (2 Avail) Gas 1450 F. REF 
#103
13” 14” 12” ELECTRIC 1300ºF REF #104
10” 10” 18” ELECTRIC 2000ºF REF #104
22” 36” 22” ELECTRIC 1600ºF REF #104
12” 6” 8” ELECTRIC 2000ºF REF #104
12” 8” 18” ELECTRIC 2800ºF REF #104
20” 13” 36” ELECTRIC 1850ºF REF #104
12” 18” 18” ELECTRIC 1250ºF REF #104
4” 10” 4” ELECTRIC 2000ºF REF #104
22” 10” 8” ELECTRIC - C/W STAND 1250-2000ºF REF #104
15” 8” 30” ELECTRIC - ATMOSPHERE 1950ºF  REF #104
11” 11” 17” ELECTRIC - CABINET 2000ºF REF #104
33” 40” 48” ELECTRIC 500ºF REF #104
18” 18” 30” ELECTRIC - GLO BAR 2900ºF REF #104

30” 30” 54” ELECTRIC - AGING 500ºF REF #104
30” 30” 54” R ELECTRIC - AGING 500ºF EF #104
30” 30” 54” ELECTRIC 500ºF REF #104
24” 18” 24” NATURAL GAS - BATCH FURNACE REF #104
24” 18” 24” NATURAL GAS - BATCH FURNACE REF #104
36” 30” 84” ELECTRIC 1200ºF REF #104
24” 24” 24” ELECTRIC 2000ºF REF #104
29” 22” 36” NATURAL GAS 1250ºF REF #104
12” 11” 24” ELECTRIC - BOX 2000ºFREF #104
24” 24” 24” ELECTRIC - GAS MAC 850ºF REF #104
18” 12” 12” ELECTRIC 2100ºF  REF #104
48” 30” 36” ELECTRIC - ATMOSPHERE TEMPERING REF #104
50” 24” 29” NATURAL GAS 1250ºF REF #104
36” 18” 24” ELECTRIC 1250ºF REF #104
17” 17” 36” NATURAL GAS 1250ºF REF #104
15” 6” 10” ELECTRIC 1850ºF REF #104
6” DIA 48” ELECTRIC - TUBE FURNACE 1200ºC REF #104
7” 4” 14” GAS REF #104
10” DIA 18” GAS - FORGE FURNACE REF #104
9” 6” 15” GAS - FORGE FURNACE REF #104
6” 6” 15” GAS - FORGE FURNACE REF #104
12” 10” 20” ELECTRIC - SPEEDY MELT FURNACE 2000ºF REF #104
12” 9” 18” ELECTRIC REF #104
12” 12” 18” NATURAL GAS 1250ºF REF #104
14” 14” 18” ELECTRIC - GLOBAR 2500ºF REF #104
17” 17” 17” ELECTRIC - HITEMP KILN 2200ºF REF #104
35” 24” 60” ELECTRIC 1430ºF REF #104
10” 9” 14” ELECTRIC - FRONT DOOR LOADING 2000ºF REF #104
12” 12” 24” ELECTRIC - 13KW 2300ºF REF #104
12” 12” 24” ELECTRIC - 20KW 2000ºF REF #104
18” 12” 24” ELECTRIC 2000ºF REF #104
36” 24” 56” ELECTRIC 800ºF REF #104
24” 24” 36” ELECTRIC - CYCLONE 1250ºF REF #104
24” 36” 30” ELECTRIC RE-CIRC. BOX FURNACE 2000ºF REF #104
18” 20” 45” ELECT. RE-CIRC. W/ FLAME CURTAIN & BASKET 2000ºF REF #104
12” 12” 18” ELECT. RE-CIRC. BATCH (MATCH PAIR WITH I3958) 1250ºF 
REF #104
12” 12” 18” ELECT. RE-CIRC. BATCH (MATCH PAIR WITH I3957.) 1250ºF 
REF #104

CAR BOTTOM FURNACES
Holcroft 48-144-48 Car Bottom Furnace  REF #101
Sauder 48-144-48 Car Bottom Furnace  REF #101
48” 48” 72” GAS FIRED CAR BOTTOM 2000ºF REF #104
130” 72” 216” GAS FIRED CAR BOTTOM 2000ºF REF #104
130” 72” 215” GAS FIRED CAR BOTTOM 2400ºF REF #104
108” 36” 192” GAS FIRED CAR BOTTOM 2400ºF REF #104
72” 48” 216” GAS FIRED CAR BOTTOM 2000ºF REF #104

CHARGE CARS
Surface Combustion 30-48 Charge Car (Double Ended),  
fairly good condition  REF #101
Atmosphere Furnace Company 36-48 Charge Car (Double  
Ended)  REF #101
Surface Combustion 30-48 Charge Car (Double Ended)  REF #101

CONTINUOUS ANNEALING FURNACES
Wellman Continuous Mesh Belt Annealing Furnace  REF #101
Aichelin-Stahl Continuous Roller Hearth Furnace & Conveying  
System, 1996  REF #101
Park Thermal Continuous Mesh Belt Furnace, 2005,  
Excellent Condition – New – Never been used  REF #101

CONTINUOUS HQT FURNACES
Tokyo Gasden Ro Continuous Mesh Belt HQWT Furnace  
Line, 1989  REF #101

Heat Treat Equipment – REF #101
Phone: 734-331-3939 • Fax: 734-331-3915
Email: john@heattreatequip.com
Website: www.heattreatequip.com

Summit Products, Inc. – REF #102
65 Greenside Drive, Grand Island, NY 14072
Phone: 716-867-4312 • Fax: 716-867-4312
Email: summit@roadrunner.com

The W.H. Kay Company – REF #103
30925 Aurora Road, Cleveland, OH 44139
Phone: 440-519-3800 • Fax: 440-519-1455
Email: sales@whkay.com
Website: www.whkay.com

EQUIPMENT

Park Thermal – REF #104
257 Elmwood Ave #300, Buffalo, NY 14222
Phone: 905-877-5254 • Fax: 905-877-6205
Email: jmistry@parkthermal.com
Website: www.parkthermal.com

mailto:john@heattreatequip.com?subject=Referred by Thermal Processing for Gear Solutions
http://www.heattreatequip.com
mailto:summit@roadrunner.com?subject=Referred by Thermal Processing for Gear Solutions
mailto:sales@whkay.com?subject=Referred by Thermal Processing for Gear Solutions
http://www.whkay.com
mailto:jmistry@parkthermal.com?subject=Referred by Thermal Processing for Gear Solutions
http://www.parkthermal.com


thermalprocessing.com  |  61

CONTINUOUS TEMPERING FURNACES
Surface Combustion Mesh Belt Temper Furnace  REF #101
J.L. Becker Conveyor-Type Temper Furnace with Ambient  
Air Cool Continuous Belt, 1997 IQ Furnaces  REF #101
Surface Combustion 30-48-30 Pro-Electric IQ Furnace  REF #101
AFC 36-48-30 IQ Furnace with Top Cool  REF #101
AFC 36-48-30 IQ Furnace  REF #101
Surface Combustion 30-48-30 IQ with Top Cool, Excellent  
Condition, 2000  REF #101
Surface Combustion 30-48-30 IQ Furnace, Excellent  
Condition  REF #101

DRAW TEMPER FURNACES
18” 12” 30” ELECTRIC 1250ºF REF #104
16” 15” 12” ELECTRIC - BOX DRAW 1250ºF REF #104
36” 16” 24” ELECTRIC - BOX DRAW 1250ºF REF #104
12” 18” 16” ELECTRIC - BOX DRAW 1400ºF REF #104
30” 20” 48” ELECTRIC - BOX DRAW 1250ºF REF #104
24” 18” 36” NATURAL GAS ROLLER DRAW 1400ºF REF #104
30” 30” 48” NATURAL GAS 1200ºF REF #104
60” 40” 60” NATURAL GAS - DRAW FURNACE 800ºF REF #104
29” 16” 36” ELECTRIC - DRAW/TEMPER 1400ºF REF #104
54” 54” 150” ELECTRIC 900ºF REF #104
24” 18” 10 FEET ELECTRIC 500ºF REF #104
30” 24” 72” GAS - GRAVITY FEED DRAW 1350ºF REF #104
12” 14” 12” ELECTRIC - WATER COOLED FAN 1200ºF REF #104

ENDOTHERMIC GAS GENERATORS
Lindberg 1500 CFH Endothermic Gas Generator, 1992,  
good condition  REF #101
Lindberg 1500 CFH Endothermic Gas Generator, 1996,  
excellent condition  REF #101
Surface Combustion 5600 CFH Endo. Gas Generator  REF #101
Surface Combustion 5600 CFH Endo. Gas Generator  REF #101
Surface Combustion 5600 CFH Endo. Gas Generator  REF #101
Surface Combustion 5600 CFH Endo. Gas Generator  REF #101

EXOTHERMIC GAS GENERATORS
J.L. Becker 12,000 CFH Exothermic Gas Generator w/  
Dryer, w  REF #101
Thermal Transfer 30,000 CFH Exothermic Gas Generator,  
1994, excellent condition  REF #101

FLUIDIZING BED FURNACE
14” 30 DIA 5” ELECTRIC 1600ºF REF #104

FREEZERS
Webber 36-48-36 Chamber Freezer, 1980  REF #101
Cincinnati Sub Zero 36-48-36 Chamber Freezer, 1995  REF #101

MESH BELT FURNACES
17” 8” 10’ ELECTRIC 600ºF REF #104
23” 4” 10’ NATURAL GAS 1250ºF REF #104
24” 12” 96” ELECTRIC 500ºF REF #104

MESH BELT BRAZING FURNACES
Lindberg Continuous Mesh Belt Brazing Furnace  REF #101
J.L. Becker 26” Mesh Belt Brazing Annealing Furnace,  
2007  REF #101
10” J.L. Becker Mesh Belt Furnace with Muffle, 1988  REF #101
24” J.L. Becker Mesh Belt Furnace  REF #101

MISC. EQUIPMENT
Atmosphere Furnace Co. 36-48 Stationary Holding  
Stations, 1987, 36”W x 48”L work area  REF #101
Atmosphere Furnace Co. 36-48 Stationary Holding  
Stations, 1987, 36”W x 48”L work area  REF #101

Atmosphere Furnace Co. 36-48 Stationary Holding  
Stations, 1987, 36”W x 48”L work area  REF #101
Atmosphere Furnace Co. 36-48 Scissors Lift Holding  
Stations, 1987, 36”W x 48”L work area  REF #101
Atmosphere Furnace Co. 36-48 Scissors Lift Holding  
Stations, 1987, 36”W x 48”L work area  REF #101
Surface Combustion 30-96 Stationary Load Tables, 96-inch  
rail length, 15-inch rail centers  REF #101
Surface Combustion 30-96 Stationary Load Tables, 96-inch  
rail length, 15-inch rail centers  REF #101
Surface Combustion 30-96 Stationary Load Tables, 96-inch  
rail length, 15-inch rail centers  REF #101
Surface Combustion 30-48 Scissors Lift Table, 48-inch rail  
length  REF #101
8xxx 2.400 CFH 12 oz (2) North American 1/3HP REF #103
8xxx 3.000 CFH 12 oz (3) North American 1/2HP REF #103
8xxx 5.400 CFH 4 oz North American 1/3HP REF #103
8236 12.000 CFH 12oz (3) North American 1/2HP REF #103 
8712 15.600 CFH 37 oz, North American 5HP REF #103
8193 19.500 CFH 32 oz, Spencer 5HP REF #103
8245 23.400 CFH 8 oz. North American 1,5HP REF #103
8185 24.000 CFH 24 oz. Buffalo Forge 7.5HP REF #103
8251 45.600 CFH 16 oz. Spencer 5HP REF #103
8252 66.000 CFH 24 oz . Snencer(New) 10HP REF #103
8253 66.000 CFH 24 oz. Spencer 10HP REF #103
8250 150.000 CFH 16 oz. Hauck 15HP REF #103 

OVER - UNDER FURNACES
12” 11” 48” GLO BAR ELECTRIC 3000ºF REF #104
9.5” 9.5” 18” COILED ELEMENTS ELECTRIC 2300ºF REF #104
22” 11” 14” COILED ELEMENTS ELECTRIC 2200ºF REF #104
12” 7” 30” ELECTRIC - CRESS REF #104
18” 12” 24” ELECTRIC 2100/1250ºF REF #104
12” 12” 36” ELECTRIC 2300/1250ºF REF #104

PARTS WASHERS
J.L.Becker Gas-Fired Tub Washer  REF #101
48-72-48 Gas Fired Spray Washer  REF #101
Dow Furnace Co. 30-48-30 Electrically Heated Spray, Dunk  
& Agitate Washer  REF #101
Atmosphere Furnace Co. 36-48-30 Spray/Dunk Washer  REF #101
Atmosphere Furnace Co. 36-48-30 Spray/Dunk Washer  REF #101
Surface Combustion 30-48-30 Electrically Heated Spray  
Dunk/ Dunk Washer  REF #101
Surface Combustion 30-48-30 Electrically Heated Washer   
REF #101

PIT FURNACES
Lindberg 28” x 28” Pit-Type Temper Furnace  REF #101 
14” 60”  Procedyne - Fluidised Bed Elec. 1850 F.  REF #103
16” 20”  Lindberg Elec. 1250 F.  REF #103
22” 26”  L & N Elec. 1200 F.  REF #103 
28” 48”  Lindberg Elec. 1400 F.  REF #103
38” 48”  Lindberg Elec. 1400 F.  REF #103
40” 60”  L & N -Steam/N2 Elec. 1400 F.  REF #103
40” 60”  Wellman-Steam/N2 Elec. 1400 F.  REF #103 
48” 48”  Lindberg (Atmos) - Fan Elec. 1850 F.  REF #103
20” 48” ELECTRIC 1200ºF REF #104
30” 36” NATURAL GAS 1250ºF REF #104
24” 30” ELECTRIC 1400ºF REF #104
16” 18” GAS - CYCLONE 1300ºF REF #104
28” 96” NATURAL GAS 1400ºF REF #104
24” 28” ELECTRIC - HOMO CARBURIZING 1400ºF REF #104
16” 30” ELECTRIC SALT POT 1650ºF REF #104
22” 36” 22” ELECTRIC SQUARE PIT 1600ºF REF #104
6” 4” 16” ELECTRIC VACUUM PIT 2400ºF REF #104
24” 24” ELECTRIC 1400ºF REF #104
12” dia 18” ELECTRIC - HOMO PIT 1200ºF REF #104

30” 30” 30” ELECTRIC 800ºF REF #104
30” DIA 30” ELECTRIC - PIT CYCLONE 1250ºF REF #104
12” 20” ELECTRIC - KEYHOLE 1250ºF REF #104
4.5” 24” 4” ELECTRIC - SQUARE PIT REF #104
24” 48” 24” ELECTRIC - SQUARE PIT 1200ºF REF #104
18” 18” 18” ELECTRIC - TOP LOAD 2000ºF REF #104
16” Dia. 20” ELECTRIC - CYCLONE 1250ºF REF #104
22” Dia 26” ELECTRIC - CYCLONE 1250ºF REF #104
22”Dia 26” ELECTRIC 1250ºF REF #104
8”dia 9”deep ELECTRIC - TEMPERING 1250ºF REF #104
35” 60” GAS REF #104
28”DIA 28” ELECTRIC - CYCLONE PIT 1250ºF REF #104

VACUUM FURNACES
Brew/Thermal Technology Vacuum Furnace  REF #101
Abar Ipsen 2-Bar Vacuum Furnace, 1986, good condition   
REF #101
24”W x 36”D x 18”H Hayes (Oil Quench) Elec. 2400 F. REF #103
48” Dia 60”  High Ipsen (Bottom Load) Elec. 2400 F.  REF #103
Lindberg, 24”W x 18”H x 36”L, Vacuum Furnace, 2400°F, 

ATOMOSPHERE GENERATORS
750 CFH Endothermic Dow Elec. REF #103
750 CFH Endothermic Insen Gas REF #103
1000 CFH Exothermic Gas Atmosphere REF #103
1000 CFH Ammonia Dissociator Lindberg Elec. REF #103
1000 CFH Ammonia Dissociator Drever Elec. REF #103
1500 CFH Endothermic (Air Cooled) Ipsen Elec. REF #103
1500 CFH Endothermic Ipsen Gas REF #103
3000 CFH Endothermic air Cooled) Lindberg Gas REF #103
3000 CFH Endothermic (Air Cooled) Lindberg (2) Gas REF #103
3000 CFH Endothermic (Air Cooled) Lindhera Gas REF #103
3600 CFH Fnclothermic (Air Cooled) Surface (2) Gas REF #103
3600 CFH Endothermic Surface Gas REF #103
5600 CFH Endothermic Surface (3) Gas REF #103
6000 CFH Nitrogen Generator (2000) Gas Atmospheres Gas REF #103
10 000 CFH Exothermic Seco-Warwick Gas REF #103

INTERNAL QUENCH FURNACES
24”W 36”D 18”H Dow (Slow Cool) Line Elec. 2000 F. REF #103
24”W 36”D 1 8”H Ispen T-4 - Air Cooled Gas 1850 F. REF #103
24”W 36”D 18”H Ispen T-4 - Air Cooled Gas 1850 F. REF #103
24”W 36”D 18”H Isoen T-4 - Air Cooled Gas 1850 F. REF #103
24”W 36”D 18”H Ispen T-4 - Air Cooled Gas 1850 F REF #103
30”W 48”D 30”H Surface Allcase Elec. 1750 F. REF #103
30” 30” 48” NATURAL GAS 1750ºF REF #104
12” 10” 24” ELECTRIC - BABY PACEMAKER 1850ºF REF #104
45” 40” 72” ELECTRIC - ALUMINUM QUENCH 1250ºF REF #104
12” 9” 18” IPSEN 2000ºF REF #104
87” 36” 87” SURFACE COMBUSTION W/ 12,500G. QUENCH 1850ºF 
REF #104
62” 36” 62” SURFACE COMBUSTION W/ 9,500G. QUENCH 1850ºF 
REF #104
62” 36” 62” SURFACE COMBUSTION W/ 9,500G. QUENCH 1850ºF 
REF #104
15” 12” 30” Electric c/w load carts 1850ºF REF #104

CONTINUOUS/BELT FURNACES + OVENS
5”W 36”D 2”H BTU Systems (Inert Gas) Rec. 1922ºF REF #103
12”W 48”D 2”H Lindberg (Inert Gas) Elec. 1022ºF. REF #103
12”W 15’D 4”H Sargent&Wilbur’94(Mufflel) Gas 2100ºF. REF #103
16”W 24’D 4”H Abbott-Retort (1996) Elec 2400ºF. REF #103
24”W 12’D 6”H Heat Industries Elec. 750ºF. REF #103
24”W 40’D 18”H Despatch Elec. 500ºF. REF #103
24”W 40’D 18”H Despatch Gas 650ºF REF #103
60”W 45’D 12”H Roller Hearth Annealer (Atmos) Gas 1700ºF REF #103
72”W 30’D 15”H Unitherm Gas 500ºF REF #103
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Manufacturing excellence
through quality, integration, materials, 
maintenance, education, and speed.
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www.luciferfurnaces.com • 800-378-0095

HEAT TREATING 
FURNACES and OVENS

Lucifer Furnaces, Inc.

B O S
Services Company

HEAT TREATING AND GRIT BLASTING

BOS Services Company is celebrating 44 years of excellence 
in heat treating and metal cleaning services. We have earned 

a reputation for being responsive to our customers’ needs, 
and we deliver what we promise.

We would be pleased to hear from you! Please let us know 
what your needs and questions are, we will be more than 

happy to help.

4741 East 355th Street
Willoughby, OH 44094
440.946.5101  •  440.946.5103
www.bosservicesheattreating.com
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When you turn to Castalloy’s line of quality castings 
and fabrications for the thermal processing industry,  
you will experience increased productivity that will 
impact your company’s bottom line. Our products are 
expertly designed to offer energy savings, minimize 
fixture weights, maximize service life and improve 
furnace throughput.

Castalloy products provide the flexibility to handle 
multiple part numbers on common fixtures, reducing 
upfront alloy costs. Our fixtures can also be designed to 
help automate your part handling to reduce labor costs.

Whether you choose our standard products or work with 
our engineers to customize fixtures for your application, 
Castalloy can take the heat. As a leader in the industry, 
Castalloy continues to offer quality products, at 
competitive prices and better value. 

CASTALLOY
Your Single Source for Thermal Processing Products

ph 262-547-0070 
or 800-211-0900
fax 262-547-2215

email: castalloy@castalloycorp.com

1701 Industrial Lane
PO Box 827

Waukesha, WI 53189
www.castalloycorp.com

When you turn to Castalloy’s line of quality castings 
and fabrications for the thermal processing industry,  
you will experience increased productivity that will 
impact your company’s bottom line. Our products are 
expertly designed to offer energy savings, minimize 
fixture weights, maximize service life and improve 
furnace throughput.

Castalloy products provide the flexibility to handle 
multiple part numbers on common fixtures, reducing 
upfront alloy costs. Our fixtures can also be designed to 
help automate your part handling to reduce labor costs.

Whether you choose our standard products or work with 
our engineers to customize fixtures for your application, 
Castalloy can take the heat. As a leader in the industry, 
Castalloy continues to offer quality products, at 
competitive prices and better value. 

CASTALLOY
Your Single Source for Thermal Processing Products

ph 262-547-0070 
or 800-211-0900
fax 262-547-2215

email: castalloy@castalloycorp.com

1701 Industrial Lane
PO Box 827

Waukesha, WI 53189
www.castalloycorp.com

CASTALLOYCORP.COM

Your Single Source for 
Thermal Processing Products

http://www.storloc.com
http://www.luciferfurnaces.com
http://www.bosservicesheattreating.com
http://www.solaratm.com
http://www.ceia-usa.com
http://castalloycorp.com
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B O S
Services Company

HEAT TREATING AND GRIT BLASTING

BOS Services Company is celebrating 44 years of excellence 
in heat treating and metal cleaning services. We have earned 

a reputation for being responsive to our customers’ needs, 
and we deliver what we promise.

We would be pleased to hear from you! Please let us know 
what your needs and questions are, we will be more than 

happy to help.
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Willoughby, OH 44094
440.946.5101  •  440.946.5103
www.bosservicesheattreating.com

Deep Case Carburizing
Stop-Off Paint

Less Expensive

✓ Domestically manufactured
✓ Single-day delivery
✓ Guaranteed 50% savings off 
 published competitor’s price

COPPER LABELAsk for                                      Stop-Off Coating

Avion Manufacturing
2950 Westway Drive • Suite 106 • Brunswick, Ohio 44212
Ph: 330-220-2779 • Fax: 330-220-3709 • www.avionmfg.com

50%
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Tell me a little about the history of  
Dry Coolers, Inc.
We started in 1985 to provide cooling water 
solutions for heat treating equipment—for 
vacuum furnaces, induction systems, and 
convection fans on atmosphere furnaces. We 
have diligently applied that trade for many 
years and, since then, we’ve broken out into 
other operations related to high-temperature 
metals.

What exactly is a dry cooler?
They are similar, in theory, to a large 
radiator in a car — copper tubes, aluminum 
fins, and fans that blow over them. When you 
close the loop with a pressure relief  valve, 
like you seal the system in your car with a 
radiator cap, you can keep all the oxygen 
out of  the water, preventing corrosion and 
biological problems that scale up the inside 
of  the furnace with minerals. It protects 
the equipment, cools it more cheaply, and 
conserves resources.

That was only the beginning, though...
That was our starting base, right. Then, we 
expanded into doing evaporative cooling 
systems, with cooling towers and tanks and 
pumps, still keeping the closed loop concept 
for the furnaces. 

Our customers then led us, by request, 
into making mechanical chillers—
refrigeration machines to cool water even 
colder. With a dry cooler, you can only get 

down to close to whatever the outdoor air 
temperature is—whatever the thermometer 
says. With an evaporative cooling tower, 
you can go a little below that down to the 
evaporating temperature, a little below what 
the thermometer says. But if  you need some 
60°F water, you still have to refrigerate it. 

Now we make all those things, including 
some gas coolers. We also do heat recovery 
and hybrid systems with chillers and air-
cooled heat exchangers—what we call a “free 
cooler” in the winter. We combined different 
designs to get the best, most efficient reliable 
experience for a customer.

Tell me about your employees. What 
kinds of  engineers do you have working 
there?
We have four mechanical engineers and 
several designers. Our chief  engineer, Matt 
Reid, has been with us 15 years. Gary 
Burwick is another, an engineer experienced 
in air-cooled heat exchangers, especially for 
heat treating equipment. Phil Siemen has 
a great deal of  experience in institutional 
cooling—almost high end commercial grade 
systems. We build all of  our own control 
patterns. They’re all UL-508A certified. The 
company is ISO 9001:2008, recertified every 
year.

Dry coolers has an overseas presence 
as well, don’t you?
Market forces led us to participate in a 
joint venture with M&C Pumps in China 
called DCMC Thermal Technologies. A 
lot of  businesses have moved to Asia—in 
the 80’s and 90’s we were exporting a lot of  
equipment to China through our furnace 
OEMs in America and in Europe. Many 
of  our customers would build a green field 
facility in Europe and wouldn’t want to take 
a chance with the local cooling system, so 
they’d package our equipment with their 
whole furnace line and ship it over there. 

As that business started to go away, many of  
the furnace companies have opened factories 
in China, notably Ipsen, Seco Warwick, and 
AFC. They’ve requested that we help them 
over there. So we teamed up with a pump 

manufacturer there, who is our joint venture 
partner. Now we’re actively selling quench 
oil coolers and vacuum furnace cooling 
systems in China.

How do you see your industry 
continuing to spread? 
I think the expertise in metallurgy in general, 
whether it’s for forging or gears or just heat 
treating, is a pretty small group of  people, 
really. It’s a global industry, so that expertise 
is spreading around the world. 

There’s always a strong market in North 
America and Europe, but there are also 
other areas of  the world. We found that 
we were welcomed in open arms in China, 
either by domestic Chinese companies or 
wholly owned foreign enterprise furnace 
manufacturers. We’ve been well received 
because we have a good reputation from 
being in this business for so long. Many of  
our first customers that we started with—
AFC, Surface Combustion, Ipsen—they 
were our original OEMs and we still sell to 
them today. To have a good long track record 
and be a good partner with the customer, 
they’ll want to take that overseas. 

Tell our readers about the software you 
use to design the dry coolers:
For heat exchanger selection and thermal 
calculations, we’ve written almost all that 
software internally. For design we use 3D 
CAD modeling for all our products, mostly 
solid works. We use AutoCad electrical for 
designing the electrical pads and circuits. 
And we have an ERP (Enterprise Resource 
Planning) system that runs a database that 
we’ve created. We’ve been computerized 
since the beginning, so we have all of  our 
records, all the machines we’ve ever built 
from the beginning. It makes for a pretty 
efficient process. We’ve always tried to stay 
at the cutting edge of  electronic technology. 
Now we’re finally at the point where we’re 
putting some of  our software on the web 
for our customers, so they can go create 
their own proposals. We’re starting out with 
the air-cooled quench oil coolers, and we’ll 
branch out from there.    

BRIAN RUSSELL
PRESIDENT, DRY COOLERS, INC.

FOR MORE INFORMATION: For more information on Dry Coolers products and services, visit them online at www.drycoolers.com or call (800) 525 8173. 

http://www.drycoolers.com


The Brightest Solutions 
Through Ingenuity

20 bar gas pressure opens a world of possibilities.

what would your future look like with fast, forceful gas cooling? the  
ingenuity team at solar Manufacturing has made it possible now. the 
new ssQ-iQ model vacuum furnace cranks up gas pressure to 20 bar 
with its high performance motor to produce turbulent, high velocity          
gas quenching for hardening. Coupled with available carburizing, the 
ssQ-iQ is a powerful tool for gear processing. 

To view technical specifications and versatile   
options for the SSQ-IQ, Super Quench series visit:                      
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When you look closer at SECO/WARWICK’s 
atmosphere furnace designs, you discover custom engineered 

equipment that meets your production requirements at a 

reasonable cost.

Most heat treating processes can be accomplished in a 

variety of batch and continuous equipment designs and we 

have the technical experience to select the most innovative 

design to produce repeatable, quality heat treatment results 

for years of reliable service.

If you are looking for the equipment value and energy 

savings only atmosphere furnaces can offer, take a look at 

SECO/WARWICK on our website, www.secowarwick.com, or 

call our Thermal Process Group at 814-332-8400.
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