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PREFACE

The success of the 1982 edition of the Hear Treater's Guide: Standard Practices and Procedures for Steel is
largely a tribute to its editors who came up with a unique, easy-to-use format. They packaged practical, how-to
information in brief articles (typically Iess than a page) on each of the 280 standard AISI grades of carbon, alloy,
tocl, and stainless steels available at the time.

Brevity was further promoted by standardizing the information presented in each article, namely: chemical
composition, alternative U.S. and foreign grades, characteristics related to heat treating, forging practice (where
applicable}), recommended heat treating practice, and recommended processing sequence.

The concept is carried forward in this new edition. In preparing for it, all existing articles were reviewed and
updated where necessary, i.e., new AISI-UNS chemical compositions replace obsolete compositions, RH grades
of steel are identified, and aerospace practice for heat treating carbon and alloy steels is presented. Other changes
include:

¢ Steels not covered in the prior edition are added to the mix, i.e., ultrahigh strength steels, cast irons (gray,
ductile, and malleable types), and P/M steels (ferrous,.stainless steel, and tool steel types).

o Topics not in the *82 edition are addressed, such as the use of statistical process contro! in heat treating,
and practical applications of the computer in heat treating.

o New information is also provided by a number of short articles that focus on major trends and current

developments in heat treating practice. this information is in support of topics that are part of the
standard format, i.e., normalizing, annealing, surface hardening, quenching/quenchants, tempering,
cold/cryogenic treatments, and furnace atmospheres.
The number of steels represented in standard format articles has been increased from 280 to around 350.
Also new to this edition are more than 50 short articles on timely topics ranging from back-to-the basics
look at causes of distortion and cracking in quenching to a survey of all available surface hardening
processes.

s Access to articles is improved by restyled contents pages.
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Heat Treating Processes and Related Technology

Introduction

Heat treating is defined as heating and cooling a solid metal or alloy in e
such a way as to obtain desired conditions or properties.
Reasons for heat treating include the following:

o Remove stresses, such as those developed in processing a part

Beef up the properties of an economical grade of steel, making it
possible to replace a more expensive steel and reduce material costs in a
given application

Increase toughness by providing a combination of high tensile strength
and good ductility to enhance impact strength

® Refine the grain structure of the steel used in a part

e Add wear resistance to the surface of a part by increasing its hardness,
and, at the same time, increase its resistance to impacts by maintaining

a soft, ductile core

associated with getting the desired result.

® Improve the cutting properties of tool steels
Upgrade electrical properties
o Change or modify magnetic properties

The focus in this chapter is on heat treatments and the technology
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'Heat Treater’s Guide

First, key components of the heat treating process are summarized in
siracts on:

Normalizing

Annealing

Stress relieving

Surface hardening
Quenching/quenchants
Tempering
Cold/cryogenic treatments
Furnace atmospheres

Second, practical, how-to information is provided by overview articles on:

Causes of distortion and cracking in quenching
Stress relief heat treating

Furnace atmospheres

Cold and cryogenic treatments of steel
Representative applications of heat treating furnaces
Statistical process control of heat treating operations
Practical applications of the computer in heat treating

ieat Treating Processes

ormalizing

The term normalize does not characterize the nature of this process. More
curately, it is 2 homogenizing or grain refining treatment, with the aim
ing uniformity in composition throughout a part. In the thermal sense,
wmalizing is an austenitizing heating cycle followed by cooling in still or
ightly agitated air. Typically, work is heated to a temperature of approxi-
ately 55 °C (100 °F) above the upper critical line of the irqn-iron carbide
tase diagram, and the heating portion of the process must produce a
smogeneous austenitic phase. The aciual temperature used depends upon
e composition of the steel; but the usual temperature is around 870 °C
600 °F). Because of characteristics inherent in cast steel, normalizing is
mmeonly applied to ingots prior to working, and to steel castings and
rgings, prior to hardening. Air hardening steels are not classified as
smalized steels because they do not have the normal pearlitic microstruc-
re typical of normalized steels.

nnealing

A generic term denoting a treatment consisting of heating to and holding
a suitable temperature, followed by cooling at a suitable rate; used
imarily to soften metals and to simultaneously produce desired changes
other properties or in microstructures. Reasons for annealing include
wprovement of machinability, facilitation of cold work, improvement in
echanical or elecirical properties, and to increase dimensional stability.
\ ferrous alloys, annealing usually is done above the upper critical tem-
srature, but time-temperature cycles vary widely in maximum tempera-
re and in cooling rate, depending onr composition of the steel, condition
" the steel, and results desired. When the term is used without qualifica-
an, full annealing is implied. When the only purpose is relief of stresses,

e process is called stress relieving or stress relief annealing.

In full annealing steel is heated 90 to 180 °C (160 to 325 °F) above the
3 for hypoentectoid steels and above the A for hypereutectoid steels, and
ow cooled, making the material easier to cut and to bend. In full anneal-
iz, the rate of cooling must be very slow, to allow the formation of coarse
aarlite. In process annealing, slow cooling is not essential becavse any
soling rate from temperatures below A results in the same microstructure
1d hardness.

itress Relieving

Residual stresses can be created in 4 number of ways, ranging from ingot
rocessing in the miil to the manufacture of the finished product. Sources
iclude rolling, casting, forging, bending, quenching, grinding, and weld-
1. In the stress relief process, steel is heated to around 595 °C (1105 °F),
nsuring that the entire part is heated uniformly, then cooled slowly back
y room temperature. Procedure is called stress relief annealing, or simply
ress relieving, Care must be taken to ensure uniform cooling, especially
‘hen a part has varying section sizes, If the cooling rate is not constant and
niform, new residual siresses, equal to or greater than existing originally,
an be the result. Resiclual stresses in ferritic steel cause significant reduc-

tion in resistance to brittle fracture. If a steel, such as austenitic stainless
steel, is not prone to brittle fracture, residual stresses can cause stress-cor-
rasion cracking (SCC). Warping is the common problem.

Surface Hardening

These treatments, numbering more than a dozen, impart a hard, wear
resistant surface to parts, while maintaining softer, tough interior which
gives resistance to breakage due to impacts. Hardness is obtained through
quenching, which provides rapid cooling above a steel’s transformation
temperature. Parts in this condition can crack if dropped. Ductility is
obtained via tempering. The hardened surface of the part is referred to as
the case, and its softer interior is known as the core.

Gas carburizing is one of the most widely used surface hardening
processes. Carbon is added to the surface of low-carbon steels at tempera-
tures ranging from 850 to 950 °C (1560 to 1740 °F). At these temperatures
austenite has high solubility for carbon. In quenching, austenite is replaced
by martensite. The result is a high-carbon, martensitic case. Carburizing
steels for case hardening usually have carbon conlents of approximately
0.2%. Carbon content of a carburized case is usually controlled between
0.8 to 1% carbon. Cther methods of case hardening low-carbon steels
include cyaniding, ferritic nitrocarburizing, and carbonitriding.

Quenching/Quenchants

Steel parts are rapidly cooled from the austenitizing or solution treating
temperature, typically from within the range of 815 to 870 °C (1500 to
1600 °F), Stainless and high-alloy steels may be quenched to mirimize the
presence of grain boundary carbides or to improve the ferrite distribution,
but most steels, including carbon, low-alloy, and tool steels, are quenched
to produce controlled amounts of martensite in the microstructure. Objec-
tives are to obtain a required microstructure, hardness, strength, or tough-
ness, while minimizing residual stresses, distortion, and the possibility of
cracking, The ability of a quenchant to harden steel depends upon the
cooling characteristics of the quenching medium. Quenching effectiveness
is dependent upon steel composition, type of quenchant, or quenchant use
conditions. The design of a quenching sysiemn and its maintenance are also
keys to success.

Quenching Media

Selection here depends on the hardenability of the steel, the section
thickness and shape involved, and the cooling rates needed to get the
desired microstructure, Typically, quenchants are liquids or gases.

Commen liquid quenchants are:

Qil that may contain a variety of additives
Water

Aqueous polymer solutions

Water that may contain salt or caustic additives

o & & O

Most common gaseous quenchants are inert gases, including helium,
argon, and nitrogen. They are sometimes used after austenitizing in a
vacuum.

A number of other quenching media and methods are available, includ-
ing fogs, sprays, quenching in dry dies and fluidized beds. In addition,
some processes, such as electron-beam hardening and high frequency pulse
hardening are self-quenching. Very high temperatures are reached in the
fraction of a second, and metal adjoining the small, localized heating area
acts as a heat sink, resulting in ultrarapid cooling.

Tempering

In this process, a previously hardened or nermalized steel is usually
heated to a temperature below the lower critical temperature and cooled at
a suitable rate, primarily to increase ductility and toughness, but also to
increase grain size of the matrix. Steels are tempered by reheating after
hardening to obtain specific values of mechanical properties and to relieve
quenching stresses and ensure dimensional stability. Tempering usually
follows quenching from above the upper critical temperature.

Most steels are heated to a temperature of 205 to 595 °C (400 to 1105 °F)
and held at that temperatre for an hour or more. Higher temperatures
increase toughness and resistance to shock, but reductions in hardness and
strength are tradeoffs. Hardened steels have a fully martensitic structure,
which is produced in quenching. A steel containing 100% martensite is in
its strongest possible condition, but freshly quenched martensite is brittle.
The microstructure of quenched and tempered steel is teferred to as tem-
pered martensite,

Martempering of Steel. The term describes an interrupted quench
from the austenitizing temperature of certain alloy, cast, tool, and stainless
steels. The concept is to delay cooling just above martensitic transforma-
tion for a period of time to equalize the temperature throughout the piece.
Minimizing distortion, cracking, and residual stress is the payoff. The term
is not descriptive of the process and is better described as marquenching.
The microstructure after martempering is essentially primary mariensite
that is untemnpered and brittle.

Austempering of Steel. Ferrous alloys are isothermally transformed
at a temperature below that for pearlite formation and above that of
martensite formation. Steel is heated to a temperature within the austenitiz-
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ing range, usually 790 to 915 °C (1455 to 1680 °F); then quenched in a bath
maintained at a constant temperature, usually in the range of 26010 400 °C
(500 to 750 °F); allowed to transform isothermally to bainite in this bath;
then cooled to room temperature. Benefits of the process are increased
ductility, toughness, and strength at a given hardness; plus reduced distor-
tion that lessens subsequent machining time, stock removal, sorting, in-
spection, and scrap. Austempering also provides the shortest possible
overall time cycle to through harden within the hardness range of 35 to 55
HRC. Savings in energy and capital investment are realized.

Maraging Steels. These highly alloyed, low-carbon, iron-nickel
martensites have an excellent combination of strength and toughness that
is superior to that of most carbon hardened steels, and are alternatives to
hardened carbon steels in critical applications where high strength and
good toughness and ductility are required. Hardened carbon steels derive
their strength from transformation hardening mechanisms, such as marten-
site and bainite formation, and the subsequent precipitation of carbides
during tempering. Maraging steels, by contrast, get their strength from the
formation of a very low-carbon, tough, and ductile iron-nickel martensite,
which can be further strengthened by subsequent precipitation of intermet-
allic compounds during age hardening. The term marage was suggested by
the age hardening of the martensitic structure.

Cold and Cryogenic Treatment of Steel

Cold treatment can be used to enhance the transformation of austenite to
martensite in case hardening and to improve the stress relief of castings and
machined parts. Practice identifies -84 °C (~120 °F) as the optimum cold
treatment temperature, By comparison, cryogenic treatment at a tempera-
wre of aronnd —190 °C (=310 °F), improves certain properties beyond the
capability of cold treatment.

Furnace Atmospheres. Atmospheres serve a variety of functions:
acting as carriers for elements used in some heat treating processes, clean-
ing surfaces of parts being treated in other processes, and providing a
protective environment to guard against adverse effects of air when parts
are exposed to elevated temperatures. Principal gases and vapors are air,
oxygen, nitrogen, carbon dioxide and carbon monoxide, hydrogen, hydro-
carhons (i.e., methane, propare, and butane), and inert gases, such as argon
and heliam. -

Causes of Distortion and Cracking during Quenching

This problem usually is the result of an imbalance in internal residual
stresses that can lead to cracking, ranging from microcracking to bulk
failure of a part, Ref 1.

Factors, singly or in combination, that can influence the nature and extent
of shape distortion during quenching include:

e Steel composition and hardenability
® Geometry of part

e Mechanical handling

o Type of quenching fluid

o ‘Termnperature of quenchant

o Condition of quenchant

e Circulation (agitation) of quenchant

Composition and Hardenability
The quenchant selected should:

1. Just exceed the critical cooling rate of the steel used
2. Provide a low cooling rate in the M; to My transformation range

Compromises in cooling rate often are necessary to accommodate a
range of steels with a range of cooling rate.

Part Geometry

Two considerations here:

1. Quenching at the slowest possible speed as dictated by thickest section
of the part
2., Or resorting to hot oi} quenching techniques (more later)

Mechanical Handling

Care is advised because steel in the austenitic condition is only one-tenth
as strong as it is at room temperature. Avoid dropping parts into the bottom
of a quench tank; and when continuous furnaces are used, quench chute
design can cause damage when thin section parts strike pick-up slots in
conveyor systems (see Figure).

Type of Quenching Fluid

The importance of the characteristics of a quenchant during the three
stages of cooling (vapor phase, boiling phase, and convection phase) is
illustrated by an example involving precision auto transmission gears (see
Figure). During oil quenching, vapor retention in tooth roots, combined
with the onset of boiling on flanks can cause “unwinding” of thin section
gears. Use of accelerated oils with special additives that reduce the stability
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Schematic continuous heat treatment installation. Ref 1
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A typice! arrangement of a quenching system in a continuous belt or cast link furnace,

Vapor retention in gear tooth roots during oil quenching. Ref 1
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f the vapor phase and promote boiling is one remedy. Greater uniformity
tcooling is the payoff.

sonvection Phase Characieristics

A temperature of 300 °C (570 °F) generally is accepted as the norm for
soling in this phase because it is within the Ms-Mg temperature range of a
umber of different engineering steels, and therefore a critical considera-
on in controlling distortion.

Typical values for several types of quenchants are as follows:

uenchant Cooling rate at 300 °C (570 °F) °Cfs
ormal speed oil 5-15

ccelerated oil 10-15

slymers

PAG (polyalkylene glycol) 30-80

ACR (sodium polyacrylate) 10-25

PVP (polyvinyl pyrrolidene) 10-25

PEO (polyethyl oxazolene) 10-30

Example: Because PAG (a polymer quenchant) has higher cooling
rates than oils in the convection phase, parts are more susceptible to
distortion. Use of PAG requires careful consideration to steel hardenability,
part section size(s), and surface finishes. By comparison, other polymer
quenchants (ACR, PVP, PEQ) have cooling rates similar to those of oils,
which means they can be applied in treating critical alloy steel parts outside
the scope of PAG quenchants, which are suitable in quenching plain
carbon, low-alloy, carburized steels, or higher alloy steel parts with thick
section sizes.

Quenchant Temperature

In conventional quenching, the surface and thinner sections of a part cool
to the M; temperature and are beginning to transform while center and
thicker sections are still in the soft, austenitic condition. This means that
when soft sections begin to transform, their changes in volume are re-
stricted by the hard, brittle martensite previously formed on surfaces and
thin sections, creating stresses that can lead to distortion or to quench
cracking,

Hot oil quenching, a two-step process, is one remedy. Parts are first
quenched in specially formulated oils, usuaily at temperatures within the
range of 120 to 200 °C (250 to 390 °F}, depending on part complexity and
tendency to distort. Holding time at the temperature chosen is based on the
time required to obtain a uniform temperatre throughout a part. In the next
step, parts are removed from the oil and cooled slowly in a furnace
comtaining an atmosphere {(see Figure).

Hot oil quenching techniques to reduce distortion. Ref 1

HOT OIL QUENCHING

TEMPERATURE —

M

TIME (LOGARITHMIC SCALE) —

An alternative is marquenching in hot oil {150 to 200 °C, or 300 to 390 °F).
The M, temperature of typical engineering steels is in the 250 to 350 °C
range (480 to 660 °F).

Condition of Quenchant

Regular monitoring of the quenching fluid is preferred practice. The
minimum: testing for acidity and water content of guenching oil and
checking the conceniration of polymer quenchants. An added controk:
periodic evaluation of quenching characteristics.

Increases in quenching speeds, especially in the convection phase, are a
common problem. Possible causes include:

¢ Contamination of quenching oils with water, As little a5 0.05% water can
have a dramatic effect on the maximum coocling rate and on the corvec-
tion phase cooling rate.

¢ Oxidation of mineral oils reduces the stability of the vapor phase and
accelerates maximum cooling rates.

¢ Contamination or thermal degradation of polymer quenchants increases
the cooling rate in the convection phase. Higher polymer concentrations
are a partial solution,

Circulation of quenchant is important in maintaining a uniform bath
temperature and in assisting the breakdown of the vapor phase. The degree
of agitation has a significant influence on the cooling rates of both quench-
ing oils and polymer quenchants.

With increases in the agitation of oil, three things happen:

s Duration of the vapor phase is shortened
e Maximum cooling rate rises
e Cooling rate in the convection phase also goes up

The last named effect adds to the risk of cracking, meaning that excessive
agitation of cils should be aveided.

Agitation of polymer quenchants has a pronounced effect on the vapor
phase and maximum cooling rate, but little effect on the cooling rate in the
convection phase. Vigorous agitation of polymer quenchants normally is
recommended to ensure uniform quenching characteristics, a practice that
does not enhance the risk of cracking.
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Finally, the direction of quenchant flow over the workpiece can have an
influence on distortion. Reversing the direction of flow, for example, can
provide relief.
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Stress Relief Heat Treating of Steel

Residual stresses are built up in a part during the course of 2 manufac-
turing sequence. Technically, a part is stressed beyond its elastic limit and
plastic flow occurs.

Causes

Bending, quenching, grinding, and welding are among the major causes
of the problem (see adjoining Figure).

Bending a bar during fabrication at a temperature where recovery cannot
oceur (as in cold forming) can cause a buildup on residual tensile stresses
in one location, and a second location, 180° from the first location, will
contain residual compressive stresses (Ref 1).

Quenching of thick sections results in high residual compressive stresses
on the surface of a part. They are balanced by residual tensile stresses in
the interior of the part (Ref 2).

Residual stresses caused by grinding can be compressive or tensile in
nature, depending on the grinding operation, Such stresses tend to be
shallow in depth, but they can cause warping of thin parts (Ref 3).

In welding, residual stresses are associated with steep thermal gradients
inherent in the process, Stresses may be on a macro-scale over a relatively

long distance or highly localized. Postweld heat treating has two objec-
tives: relief of residual stresses and the development of a specific metallur-
gical structure of properties (Ref 4, 5).

Relieving Residual Stresses

Relief is a time-temperature related phenomenon (see Figure), paramet-
rically correlated by the Larson-Miller equation:

Thermal effect =T (log t +20y 1073

where T is the temperature (Rankin) and t is time in bours, Example: holding
apart at 595 °C (1105 °F} for 6  provides the same result as heating at 650 °C
{1200 °F) for 1 h.

Other Factors. Creep resistant materials such as chromium bearing,
low-alloy steel and chromium rich, high-atloy stegl normally require higher
stress relief temperatures than conventional low-alloy steels. Typical treat-
ment temperatures for low-alloys are between 595 and 675 °C (1105 and
1245 °F). Temperatures required for the treatment of high ailoys, by
comparison, range from 900 to 1065 °C (1650 to 1950 °F).

due to welding. {c) Residual stresses due to grinding
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Relationship between time and temperature in the relief of re-
sidual stresses in steel

Stress-relieving temperatu re, °F
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High alloys such as austenitic stainless steels are sometimes treated at
‘mperatures as low as 400 °C (750 °F). But in this instance stress reduction
~modest. Better results are obtained at temperatures ranging from 480 to

925 °C (895 to 1695 °F). However, at the higher end of this range
stress-corrosion cracking can occur (Ref 6). Solution annealing tempera-
tures of approximately 1065 °C (1950 °F) are frequently used to reduce
residual stresses in these alloys to acceptably low levels,
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‘urnace Atmospheres .

Properties of common gases and vapors are listed in Table 1. They
clude air, oxygen, nitrogen, carbon dioxide, carbon monoxide, hydrogen,
ater vapor, hydrocarbons, and inert gases. Ref 1.
Air provides atmospheres in furnaces in which protective atmospheres
e not used. Air is also the major constituent in many prepared atmos-
ieres. The composition of air is approximately 79% nitrogen and 21%
ygen, with trace elements of carbon dioxide. As an atmosphere, air
haves like oxygen, the most reactive constituent in air.
Oxygen reacts with most metals to form oxides. It also reacts with
rbon dissolved in steel, lowering surface carbon content.
Nitrogen in its molecular state is passive to ferrite and can be used as
atmosphere in annealing low-carbon steels; as a protective atmosphere
heat treating high-carbon steels, nitrogen must be completely dry—
1all amounts of water vapor in nitrogen cause decarburization. Molecular
rogen is reactive with many stainless steels and can’t be used to heat treat
‘m. Atomic nitrogen, which is created at normal heat treating tempera-
es, is not a protective gas—it combines with iron, forming finely divided
rides that reduce surface hardness.

ble1 Properties of Common Gases and Vapors

Carbon dioxide and carbon monoxide are used in steel process-
ing atmospheres. At austenitizing temperatures, carbon dioxide reacts with
surface carbon to produce carbon monoxide, a reaction that continues until
the supply of carbon dioxide is exhausted and the steel surface is free of
carbon.

Hydrogen reduces iron oxide to iron. Under certain conditions, hydro-
gen can decarburize steel, an effect that depends on furnace temperature,
moisture content (of gas and furnace), time at temperature, and carbon
content of the steel.

Water vapor is oxidizing to iron and combines with carbon in steel to
form carbon monoxide and hydrogen. It is reactive with steel surfaces at
very low temperatures and partial pressures. It is also the principal cause
of bluing during cooling cycles.

Carbon hydrocarbons are methane (CHj), ethane (C2Hg), propane
(C3Hsg), and butane (C4H)). They impart a carburizing tendency to furnace
atmospheres.

Inert gases are especially useful as protective atmospheres in the ther-
mal processing of metals and alloys that can’t tolerate the usual constitu-

Approximate !

Chemical molecular Density(a) SPe_ﬂfi“

5 symbol weight kg/m? 1b/ft? gravity(b)
28.97(c) 1.293 0.0807 1.000
monia NH3 17.03 0.760 0.0474 0588
on Ar 39.95 0.178 0.0111 1.380
bon dioxide CO» 44.02 1.965 0.1228 1.520
bon monoxide co 28.01 1.250 0.0780 0.967
ium He 4.00 0.179 0.0112 0.138
lrogen H; 2.02 0.090 0.0056 0.070
hane CH4 16.04 0.716 0.0447 0.552
ogen N2 28.01 1.250 0.0780 0.968
gen 0z 32.00 1.429 0.0892 L1105
yane C3Hg 44,09 1.968 0.1229 1.522
ur dioxide 50; 64.06 2.860 0.1785 2212

tandard temperature and pressure: 0 °C (32 °F) and 760 mm Hg. (b) Relative density compared to air. (c) Because air is a mixture, it does not have a true molecular weight. This

* average molecular weight of its constituents.
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Table2 Classification and Application of Principal Furnace Atmospheres

Nominal composition, vol %

Class Description Common application N; Co €0, H; CH,
101  Leanexothermic Oxide coating of steel 86.8 15 105 12

102 Rich exothermic Bright annealing; copper brazing; sintering 715 105 50 125 05
201 Lean prepared nitrogen Neutral heating 97.1 17 1.2

202  Rich prepared nitrogen Annealing, brazing stainless steel 75.3 110 13.2 0.5
301  Lean endothermic Clean hardening 45.1 196 04 34.6 03
302  Richendothermic Gas carburizing 39.8 207 BE 387 0.8
402  Charcoal Carburizing 64.1 u7 12 w5

501 Leanexothermic-endothermic  Clean hardening 63.0 170 200

502  Richexothermic-endothermic  Gas carburizing 60.0 190 21.0

601  Dissociated ammonia Brazing, sintering 25.0 " 75.0

621  Lean combusted ammonia Neutral heating 99.0 i 1.0

622 Richcombusted ammonia Sintering stainless powders 80.0 5 ™ 200

ents in protective reactive metals and their alloys. Argon costs about half
as much as helium, and is frequently favored:; air contains approximately
0.93% argon by volume, and is recovered by liquefying air, followed by
the fractionation of liquid air; helium is recovered from natural gas deposits
by cryogenic methods.

Classifications of Prepared Atmospheres

The American Gas Association is the source of the following classifica-
tions:

® Class 100, exothermic base: formed by the combustion of a gas/air
mixture; water vapor in the gas can be removed to get the required dew
point

® Class 200, prepared nitrogen base: carbon dioxide and water vapor have
been removed

¢ Class 300, endothermic base: formed by the reaction of a fuel gas/air
mixture in a heated, catalyst filler chamber

® Class 400, charcoal base: air is passed through a bed of incandescent
charcoal

® Class 500, exothermic-endothermic base: formed by the combustion of
amixture of fuel gas and air; water vapor is removed and carbon dioxide
is reformed to carbon monoxide by reaction with fuel gas in a heated,
catalyst filled chamber

¢ Class 600, ammonia base: can consist of raw ammonia, dissociated
ammonia, or combusted dissociated ammonia with a regulated dew
point

Subclassifications supplement the six basic classifications for prepared
atmospheres—the two zeros in the latter are replaced by the two-digit

Iumbers that follow. These atmospheres are prepared by special tech-
niques.

* O1: prepared from a lean air and gas mixture

® 02: prepared from a rich air and gas mixture

* 03 and 04: preparation is completed within the furnace itself without the
use of a special machine or generator

® 05 and 06: original base gas is subsequently passed through incandes-
cent charcoal before admission to work chamber

* 07 and 08: raw hydrocarbon fuel gas is added to base gas before
admission to work chamber

* 09 and 10: raw hydrocarbon fuel gas and raw dry anhydrous ammonia
are added to base gas before admission to work chamber

5 1_1 and 12: combustible mixture of chlorine, hydrocarbon fuel gas and
air is added to base gas before admission to work chamber

* 13 and 14: all sulfur or all sulfur and odors are removed from gas before
dmission to work chamber

* 15,16, 17 and 18: lithium vapor is added to base gas before admission
10 work chamber

* 19and 20: gas preparation is completed inside the furnace chamber with

- the addition of lithium vapor

Table 3 Potential Hazards and Functions of Heat
Treating Atmosphere-Constituent Gases

Potential hazard
Simple Atmosphere
Gas Flammable  Toxic  asphyxiant funetion
Nitrogen % Yes  Inert _
Hydrogen Yes - Yes Strongl_y_reducmg :
Carbon monoxide Yes Yes . Carbun_zmg and mildly
reducing
Carbon dioxide i Yes Yes  Oxidizing and
decarburizing
Natural gas Yes s Yes  Strongly carburizing and
deoxidizing
Ammonia Yes Yes Strongly nilridi_ng
Methanol Yes Yes e Carbon monoxide and
hydrogen generating
Table 4 Physiological Effects of Ammonia
Concentration,
ppm Physiological effects
20 First perceptible odor )
40 Slighteye rritation in  few individuals
100 Noticeable iritation of eyes and nasal passages after a few
minutes of exposure
400 Severe imitation of the throat, nasal passages, and upper
respiratory ract . o
700 Severe eye imitation; no permanent effect if the exposure is limited
tolessthan %4 h
1700 Serious coughing, bronchial spasms; less than Y4 h of exposure
may be fatal . .
5000 Serious edema, strangulation, asphyxia; almost immediately fatal

® 21 and 22: base gas is given an additional special treatment before
admission to work chamber o ) )

® 23 and 24: steam and air are added and in conjunction with a_cata!lyst in
a generator convert carbon monoxide to carbon dioxide, which is then
removed . )

® 25 and 26: steam is added to 2 generator containing a catalyst, converting
CHa to Ha and COy, which is then removed

Few of the atmospheres in the subclassification category are commer-
cially important. Principal fumace temperatures and their common appli-
cations are listed in Table 2. Potential hazards in the use of constituents in
heat treating atmospheres and their functions are listed in Table 3. Physi-
ological effects of ammonia are listed in Table 4, and physiological effects
of carbon monoxide are given in Table 5.
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Explosive ranges of typical ammosphere constituents are: their use as intentional surface oxidizing agents or in special, low tempera-

Table8 Compositions of Reactive Atmospheres for Brazing and Sintering Applications

ture operations.
n e Furnace atmosphere analysis, %
drogen ConcentrationinAir % Endothermic-Based Atmospheres Trace impurities
rhon monoxide 12.5-74 These atmospheres are suitable for practically all furnace processes Application Inputatmosphere N I Cco CHls H:0 CO:
sthane 5530 1_)4 requiring strong reducing conditions. Their most common applications are Copper braze carbon stec] Exothermic-rich 70 14 1 1 0.05 4
naomnia 15.0-28 as carrier gases in gas carburizing and carbonitriding operations. Other Endothermic 40 39 19 2 0.05 0.1
sthano] 6.7-36 applications include bright hardening of steel, carbon restoration in forg- Ny-5% H, 95 5 0.001
N2-3% CH;0H 9 6 3 0.001 0.01
Silver braze stainless steel Dissociated ammonia 25 75 e 0.001
xothermic-Based Atmospheres " ) gg-zs‘{f»Hé A HO gg glg 2-001
Class 100 atmospheres of this type are widely used as lower cost Table 5 Physiological Effects of Carbon Monoxide Metallize coramics Nfﬁ%ﬁf Ez_g%f?{‘;%“ : 90 10 2
ernatives to other atmospheres. They are available in two classes: rich Concentration, Glass-to-metal seal Exothermic 75 g 7 3 6
ass 102) and lean {class 101). The rich types have moderate reducing ppm Physiological effects N3-10% Hy-2% H,0 88 10 2
pabilities of 10 to 21% combined carbon monoxide and hydrogen. The Carbon steel sintering (6.4to 6.8 glomd, or  Endothermic 40 39 19 2 005 0.1
n types, usually with 1 to 4% combined carbon monoxide and hydrogen, 100 Allowable for an exposure of several !wurs 0.23 t0 25 Ib/in.3 density, <0.4% C)
ve minimal reducing qualities. ggg gan be ifﬂ;ﬁle;i for1h ‘{Vlgllouicgppfef‘ilabl';eifem 22;15";’;:”2 _ ?1(5) 33 T 5 gg{s)f s
i ; inlv i ; auses a barely appreciable effect after 1 h of exposure ndothermic . :
51801111 tz;;icl)ltherfr‘mc atmospheres are used mainly in the tempering of stecl 1000 Causes unpleasant symptoms, but not dangerous after 1 h Carbon steel sintering (6.8t0 7.2 g/emd, or  Ny-endotherrnic 87 8 4 1 0.01 0.05
g of powder metal compacts. 1500 Dan f f1h 02510 0.26 1b/in.3 density, >0.4% C)

Heat treating applications of lean exothermic atmospheres are generally EOrouS Tor EXpOsure 0 ' T N.-8% CH.OH 7% 16 5 1 0.005 0.05
. . . . . 4000 Faial for exposure of less than 1 h 27076 Lty - -
aited, particularly in the treatment of ferrous metals. Exceptions include N,-8% H,-2% CH, 90 8 1 1 0.005 0.01

Brass, bronze sintering Dissociated ammonia 25 75 s 0.001
Endothermic 40 39 19 2 0.05 03
N,-10% H, 90 10 0.001
‘ Staindess steel sintering Dissociated ammonia 25 75 e - 0.001
Ible 6 Comparison of Generated Atmosphere Systems Versus Commercial Nitrogen-Based Systems Tungsten carbide Hy 100 0.001
Generated atmosphere Nitrogen-based atmosphere Sintering and brazing Dissociated ammonia 25 75 Ve e 0.001
peof Nominal composition, % Nominal composition, % Sintering H, 100 0.001
nosphere Application Designation N: H: Cco Designation N: H; co CH; Presintering N;-20% Hy 80 20 0.001
Nickel sintering Dissociated ammonia 25 75 0.001
itective Annealing Exothermic 70-100 0-16 0-11 Nirogen-hydrogen 90-100 0-10 - N,-10% H, 90 10 0.001
Nitrogen-methanol 91-100 0-6 0-3 :
Dissociated ammonia 25 15 - Nitrogen-hydrogen 60-90 10-40
active Brazing Exothermic 70-80 10-16 8-11 Nitrogen-hydrogen 95 5 . e
Dissociated ammonia 25 75 . : .
Sintering Endothermic 40 40 20 Nitrogen-hydrogen 95 5 . I . - Sy .
Dissociated ammonia 25 75 Nitrogen-methanol 85 10 5 ings and bar stock, and the sintering of powder metallurgy compacts Protective atmospheres prevent oxidation or decarburization dur-
‘bon controlled Hardening Endothermic 40 40 20 Nitrogen-methane 97 1 1 i requiring a reducing atiosphere. ing heat treatment. Typical applications include batch and continuous
Carburizing  Endothermic 40 40 20 Nifrogen-methanol 40 40 20 annealing of most ferrous metals.
Decarburizing Exothermic 85 5 3 Nitrogen-hydrogen 90 10 Prepared Nitrogen-Based Atmospheres Reactive atmospheres have concentrations of reactive gases greater than

5%—to reduce metal oxides or to transfer small amounts of catbon to
ferrous surfaces. Hydrogen and carbon monoxide are usual reactive com-
ponents, Typical applications: brazing, sintering powder metal compacts,

Applications in this instance extend to almost all heat treatments that do
not require highly reducing atmospheres. They are not decarburizing and

ble7 Compositions of Protective Generated Atmosphere and Commercial Nitrogen-Based Atmosphere Systems

Furnace atmosphere analysis, %

Trace impurities
plication Input atmosphere N2 H; cO CH., H.0 CO;
‘bon steel sheet, tube, wire  Exothermic-purified 80 12 g 0.01 0.5

N,-5% H. 95 5 0.001
‘bon steck rod Exothermic-purified 100 e 0.01 0.5
Exothermic-endothermic blend 75 15 8 2 0.01 0.3
Np-1% C3Hyg 97 1 1 1 0.001 0.01
Ny-5% H,-3% CH, 90 7 2 1 0.001 00
N,-3% CH;0H 91 6 3 0.001 0.m
per wire, rod Exothermic-lean 86 - 3 I}
Np-1% H, 99 1 0.001
rninum sheet Exothermic-lean 86 3 11
N, 100 . 0.001
inless steel sheet, wire Dissociated ammonia 25 75 0.001
H, .. 100 0.0005
N3-40% Hy 60 40 0.0005
inless steel tube Disscciated ammonia 25 75 0.001
H, v 100 0.0005
Na-25% H, 75 25 0.005
lleable iron anneal Exothermic-purified 98 . 2 . 0.01 0.5
N,-1% C3Hyg 97 [ i 1 0.001 02
kel-iron laminations Dissociated ammonia 25 75 0.001
Ny-15% H, &3 15 0.001

AR

can be used in annealing, normalizing, and hardening of medium- and
high-carbon steels; the low carbon monoxide content of lean gases makes
them suitable for heat treating low-carbon steels. Because of their low dew
point and virtual absence of carbon dioxide, these atmospheres (in the
absence of oxygen-bearing contaminants introduced in furnace operations)
are neither oxidizing or decarburizing, in contrast with exothermic-based
atmospheres, In addition, they are lower in cost than all but one type of
protective atmosphere: the exothermics.

Nitrogen-based atmospheres enriched with methane or other hydrocar-
bons are used occasionally as carrier gases in annealing, gas carburizing,
and carbon restoration; but endothermic and other protective atmospheres
are generally preferred for their high carbon potentials and greater ease of
conirol.

Lean, nitrogen-based atrmospheres are also used in large, semi-continu-
ous and continuous annealing fummaces. Their rich counterparts can be used
in the sintering of iron powder compacts.

Generated atmosphere systems and commercial, nitrogen-based systems
are compared in Table 6,

Commercial Nitrogen-Based Atmospheres

These products fall into three major categories, based on function:
protective atmospheres, reactive atmospheres, and carbon-controlled at-
mospheres.

and powder metal reduction.

Carbon-Controlied Atmospheres. Their main function is to react
with steel in a controlled manner so that significant amounts of carbon can
be added to or removed from the surface of a steel. Typical atmosphere
compenents can include up to 50% hydrogen, 5 to 20% carbon monoxide,
and traces (up to 3%) of carbon dicxide and water vapor.

Most common applications are carburizing and carbonitriding machined
parts, neutral hardening, decarburization of electrical laminations, sinter-
ing of powder metals, and carbon restoration of hot worked or forged
materials.

Advantages of commercial, nitrogen-based atmospheres include the
technical viability of substituting them for generated atmospheres in most
heat treating operations.

Compositions of protective generated atmospheres and commercial,
nitrogen-based systems are listed in Table 7. Compositions of reactive
atmospheres for brazing and sintering are given in Table 8. Compositions
of carbon-controlled atmospheres for selected applications are summarized
in Table 9.

Dissociated, Ammonia-Based Atmospheres

Applications include: bright heat treating of some nickel alloys and
carbon sieels; bright annealing of electrical components, and use as a
carrier mixed gas for certain nitriding processes, including the Floe nitrid-
ing system, a method of controlling the formation of white layer.
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’le9 Compositions of Carbon-Controlled Atmospheres for Selected Applications

Furnace atmosphere analysis, %

Trace impurities
Hication Input atmosphere N: H; cO CH, H0 cQ,
tral harden Endothermic + CH, 39 40 19 2 0.05 0.1
N,-2% CH,, or 1% C;Hy 97 i 1 1 0.001 0.01
Np-5% CH3;0H-1% CH, 84 10 5 1 0.005 0.01
yurize Endothermic + CH; 37 40 18 5 0.05 0.1
N,-20% CH,OH +CH, 37 40 18 5 0.05 0.1
N3-17% CH,-4% CQ, 70 16 7 7 0.005 0.05
Np-20% CH,;-5% HyO 55 28 10 7 0.01 0.05
yomitride Endothermic + CH, + NH; 36 49 18 5 0.05 0.1
N,-20% CH30H + CH, + NH; 36 40 18 5 0.05 0.1
N,p-17% CHy-4% CO, + NH; 68 18 7 7 0.005 .05
N»-20% CH4-5% Ho(O + NH, 53 30 10 7 0.01 0.05
ination decarburize  Exothermic+ H,O 75 9 7 . 3 6
N4-10% Hz-4% H,0 83 10 i - 3 3
Ny-5% CH30H-4% H,0 79 10 2 3 6

sle 10 Physiological Effects of Contamination of Air
Ammonia in Various Concentrations

Table 11 Equipment Requirements for Sintering
Stainless Steel Powder Metallurgy Parts in Hydrogen

monia concentration
I, ppm Physiclogical effect
Smallest concentration at which odor can be detected
Maximum concentration allowable for prolonged
exposure
500 Malﬁimum concentration allowable for short exposure
(A-1h)

Least amount causing immediate irritation to the throat
Least amount causing immediate irritation to the eye

) Least amount causing coughing

4500 Dangerous for short exposure (4 h)

10,000 Rapidly fatal for short exposure

his atmosphere (class 601) is a medium cost product which provides a
carbon-free source of reducing gas. Typical composition: 75% hydro-
» 23% nitrogen, less than 300 ppm residual ammonia. Dew point is less
130 °C (- 60 °F).

igh hydrogen content provides a strong decxidizing potential, an ad-
lage in removing surface oxides or preventing oxide formation during
1 temperature heat treatment. Care is advised in selecting heat process-
applications that might resuit in unwanted hydrogen embrittlement or
ace nitriding reactions.

hysiological effects of the contamination of air with ammonia in differ-
concentrations are set forth in Table 10.

drogen Atmospheres

he commercially available product is 98 to 99.9% pure. All cylinder
rogen contains traces of water vapor and oxygen. Methane, nitrogen,
on monoxide, and carbon dioxide may be present in very small
unts as impurities.

ydrogen is a powerful deoxidizer, and its deoxidizing potential is
ted by moisture content only. Its thermal conductivity is about seven
s that of air. Its main disadvantage is that it is readily absorbed by most
mon metals, either by occlusion or by chemical composition at ele-
d temperature. Absorption can result in serious embrittlement, espe-
y in high-carbon steels. It may also reduce oxide inclusions in steel to
1 water, which builds sufficient pressure at elevated temperatures to
ie intergranular fracture of steel. Dry hydrogen will decarburize high-
on steels at elevated temperature by reacting with carbon to form

lane.

Production requirements

Load weight, kg (b} 920

Heating cycle, min 40

Output per hour, kg (1b) 14(30)

Equipment requirements

Burnoff furnace Pusher, electrically heated; forced circulation

Size of hearth, mm (in.) 255by 150 by 915 (10 by 6 by 36)
Length of cooling chamber, m (ft) 1.8 (6)

Power, hp (kW) 27(20)
Operating temperature, °C (°F) 425 (800)
Atmosphere, m3/h (ftalh) Dissociated ammonia, 4.2 (150)

High-heat fumace Open chamber, electrically heated; front
push, rear pull

255 by 61010 by 24) (preheating)

255 by 915 (10 by 36) (high heating)

Length of cooling chamber, mm (ft) 2.4 (8)

Power, hp (kW) 47(35)

Operating temperature, °C (°F) 1275 (2325)

Size of hearth, mm (in.)

Hydrogen best snited for metallurgical purposes is made by the electroly-
sis of distilled water. In most heat treating procedures requiring hydrogen,
water vapor and oxygen are objectionable, and hydrogen must be purified
before it can be used.

Applications for dry hydrogen include the annealing of stainless steels,
low-carbon steels, electrical steels, some tool steels, nickel brazing of
stainless steel and heat resisting alloys, the annealing of metal powders, and
the sintering of powder metal compacts,

Equipment requirements for sintering stainless steel powder metaflurgy
parts in hydrogen are found in Table 11..

Steam Atmospheres

Scale-free tempering and stress relieving of ferrous metals in the tem-
perature range of 345 to 650 °C (655 to 1200 °F) are among the applica-
tions here. Steam causes a thin, hard, and tenacious blue-black oxide to
form on a metal surface. The film, approximately 0.00127 to 0.008 mm
{0.00005 to 0.0003 in.) thick, improves properties of various metal parts.

Steam treating decreases the porosity of sintered iron compacts and
provides increased compressive sirength and resistance to wear and corro-
sion. Steam penetrates the pores of compacts and forms the oxide internally
as well as on the surface. The oxide seals pores and partiaily fills voids.

Heat Treating Processes and Related Technology / 11

1001

Exothermic and Endothermic Furnace Atmospheres. Source: Electric Fumace Co.
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Cast iron and steel parts, treated at 345 °C (655 °F) or higher, have
increased resistance to wear and corrosion.

Before parts are processed their surfaces must be clean and oxide-free,
to permit the formation of a unique coating. To prevent condensation and
rusting, steam should not be admitted until workpiece surfaces are above
100 °C (210 °F). Air must be purged from the furnace before the tempera-
ture exceeds 423 °C (795 °F), to prevent the formation of a brown coating
instead of the desired blue-black coating.

Charcoal-Based Atmospheres

These atmospheres (AGA classes 402 and 421) are on the way to
becoming obsolete. Their main use currently is by smail manufacturing

’

plants wanting a generater low in initial cost and for intermittent use.
Principal uses today are in the manufacture of malleable iron castings and
as atmospheres in small toolroom, heat treating furnaces.

Exothermic-Endothermic-Based Atmospheres

These atmospheres (classes 501 and 502) are re-formed exothermic-
based types and are less reducing than conventional endothermic-based
atmospheres, Potentially, they can be substituted for exothermic, endother-
mic, and nitrogen-based atmospheres in virtually all applications for which
any one of the three atmospheres is recommended. Also, they are used as
carrier gas in carburizing and carbonitriding.

st
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uipment requirements for hardening small parts made of 1070 steel in
wermic-endothermic atmospheres are provided in Table 12.

10spheres for Backfilling and
anching in Vacuum

ckfilling with a cooling gas in a vacuum furnace speeds up the cooling
Other uses of backfilling include: sappressing the vaporization of oil
tegral quench vacuum furnaces and providing an atmosphere for
irizing and nitriding.

it gases, nitrogen, and hydrogen (rarely) are used for cooling; con-
1ants in cooling gases must be held to a minimum to maintain the
ce integrity of workpieces and to avoid damage to furnace parts.
ckfilling and forced circulation increase cooling rates, aid in harden-
mnd in some instances are used to anneal metal alloys. Cooling gas is
Iy introduced into a vacuum chamber at the end of the high tempera-
ioaking period.

cuam furnaces can be used for carburizing by the injection of any one
veral atmospheres that induce carburizing at appropriate temperatures.
gen enriched with & hydrocarbon gas is most frequently used.
rburizing is normally carried out in the range of 870 to 980 °C (1600
795 °F). In the carburizing and diffusion process, surface carbon
:nt of 19 or more is formed initially. The high-carbon case is then
sed in vacuum to the desired surface content and case depth.

Carburizing Atmospheres

wydrocarbon gas that is fonized by a high voltage system in a vacuum
uitable atmosphere for this process. Methane is frequently used. The
:85 is faster than conventional atmosphere carburizing, and surface
m content approaches saturation. For carbon control, other diluting
» are added.

AISI 1018 steel can be ion carburized to a depth of 1.0 mm (0.040
7ith a 10 min cycle in an atmosphere of methane at 1.3 to 2.7 kPa (10
torr) and a temperature of 1050 °C (1920 °F). Carburizing is followed
30 min diffusion cycle in vacuum at the same temperature. About 400
eeded to produce the plasma.

Table 12 Equipment Requirements for Hardening
Small Parts Made of 1070 Steel in an Exothermic-
Endothermic Atmosphere

Production requirements

Number of parts perload 2625

Weight of each part, kg (Ib) 0.0069(0.015)

Maximum net weight of load, kg (Ib) 18 {(40)

Production rate, kg (Ib) 7.5 loads (135, or 300) perh

Equipment requirements
Hardening fumnace Gas-fired radiant-tube single-row pusher type
with antornatic quench
Size of hearth, m (f1) 0.9 (3) wide by 2.9 (9'4) long
Heat input, W/h (Btu/h) 2.2 % 105 Watts (7.5 X 105)
Operating temperature, °C (°F) 900 (1650
Capacity of generator, m*h ({t3/h) 68 (2400)
Type of atmosphere Class 502

Capacity of oil-quench tank, L{gal)  1250(330)

Type of oil, °C (°F) Fast, 180 (360) flash point
TFemperature of oil, °C {°F) 70{160) (controlled)
Qil agitation Medium

lon Nitriding Atmospheres

The process is similar to that of ion carburizing, except that the atmos-
phere gas generates nitrogen ions, and the process is carried out at lower
temperatures. Suitable sources for nitrogen ions are ammonia or mixtures
of hydrogen and nitrogen. A typical cycle of § h at 510 °C (950 °F) with a
mixture of 75% hydrogen and 25% nitrogen at a pressure of 0.9 kPa (7 torr)
and a current density of 0.8 mA/em? will produce a nitrided case of 0.30
mm ((.012 in.) in AISI 4140 steel. About 400 V is needed to generate the
plasma,

Reference
1. ASM Metals Handbook, Vol 4, 10th ed, ASM International

id and Cryogenic Treatment

mmon practice for cold treatment is regarded to be —84 °C (-120 °F).
rogenic treating, parts are chilled to approximately —190 °C (=310 °F).

nefits from cold treatment range from enhancing transformation from
nite to martensite to improving the stress relief of castings and ma-
d patts. In each case, even greater gains are realized via cryogenic
nent.

d Treating

a rule, 1 h for each inch of cross section is adequate. All hardened
-treated in this manner have less tendency to develop grinding cracks
mind easier after retained austenite and untempered martensite are
nated—100% transformation to martensite in hardening is rare.

1d Treating vs. Tempering. The best opportunity for maximum
‘ormation to martensite is to cold treat parts immediately after hard-
: {and before tempering) when parts cool down to room temperatore,
a temperature within the range for quenching, A caveat is attached to
wocedure: cracking could result. For this reason, it is important to
e that the grade of steel and product design will tolerate immediate
reating, rather than immediate tempering. Some steels must be trans-

of Steel

ferred to a tempering furnace when they are still warm to the touch to
minimize chances of cracking. Design features such as sharp corners and
abrupt changes in section create stress concentrations and promote crack-
ing.

in most instances, cold treating does not precede tempering. In several
applications, tempering is followed by deep freezing and retempering
without delay. Such parts as gages and pistons are treated in this manner
for dimensional stability. In critical applications, multiple freeze-temper
cycles are used.

In addition, in cases where retained austenite could result in excessive
wear, the wear resistance for several different materials is improved, ie.,
tool steels; high-carbon, martensitic stainless steels, and carburized alloy
steels (see adjoining table).

Process Limitations

In some applications, explicit amounts of retained austenite are consid-
ered beneficial, and treatment could be detrimental. Also, multiple temper-
ing, rather than alternate freeze-temper cycles, is generally more practical
in transforming retained austenite in high speed and high-carbon/high-
chromium steels.

Hardness Testing. Lower than expected HRC values may indicate
excessive retained austenite. Significant increases in hardness readings
following cold treatment indicate conversions from austenite to martensite.

Precipitation-Hardening Steels. Specifications for these steels may
include a mandatory deep freeze after solution treatrnent and prior to aging.

Shrink Fits. This result can be obtained by cooling the inner member
of a complex part. Care is advised to avoid brittle cracking when the inner
member is made of heat treated steel containing large amounts of retained
austenite, which converts to martensite in subzero cooling.

Stress Relief. Cold treating is beneficial in stress relieving castings
and machined parts of even or nonuniform cross section. Features of the
treatment include:

@ Transformation of ail layers is accomplished when the material reaches
—84 °C (120 °F)

o The increase in volume of the outer martensite is somewhat counteracted
by the initial contraction due to chilling

e Rewarm time is more easily controlled than cooling time, allowing
equipment flexibility

© The expansion of the inner core due to transformation is somewhat
balanced by the expansion of the outer shell

® The chilled parts are more easily handled

e The surface is unaffecied by low temperature

e Parts that contain various alloying elements and that are of different sizes
and weights can be chilled simultanecusly

Advantages of Cold Treating

Success depends only on reaching the minimum low temperature, and
there is no penalty for a lower temperature. As long as —80 °C (~115 °F) is
reached transformation takes place. Reversal is not caused by additional
chilling. Also, materials with different compositions and different configu-
rations can be chilled at the same time, even though each may have a
different high temperature transformation point.

Cryogenic Treatment

A typical treatment consists of a slow cool-down rate (2.5 °C/min
equivalent to 4.5 °F/min) from ambient temperature to the temperature of
liquid nitrogen. When the material reaches approximately 80 K (<313 °F),
it is soaked for an appropriate time (generally 24 h). Then the part is
removed from the liquid nitrogen and allowed to warm to room tempera-
ture in ambient air. The temperature-time plot for this treatment is shown
in the adjoining Figure. By using gaseous nitrogen in the cool-down cycle,
temperatures can be controlled accurately, to avoid thermal shock.

Single cycle tempering usually is the next step—to improve impact
resistance, although double or triple tempering cycles are sometimes used
for the same reason.

Kinetics of Cryogenic Treatment

According to one theory with this treatment, transformation of retained
austenite is nearly complete—a conclusion that has been verified by x-ray
diffraction measurements. Another theory is based on sirengthening a
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Wear Resistance as a Function of Cryegenic Soak
Temperature for Five High-Carbon Steels

Wear resistance, Rw(a)

Soaked
Alloy Untreated -84°C (-120°F) -190°C (-310°F)
52100 252 493 135
D2 224 308 878
A2 856 1749 565
M2 1961 2308 3993
ol 237 382 996

(a) By, = FV/WH,, where F is the normal force in newtons, N, pressing the surfaces to-
gether; Vis the sliding velocity inmm/s; Wis the wearrate in mm®/s; and Hy, is the Vick-
ers hardness in MPa. Ry, is dimensionless. Source: Ref 3

Plot of temperature vs. time for the cryogenic treatment proc-
ess. Source: Ref 2
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material via the precipitation of submicroscopic carbides. An added benefit
is said to be a reduction in internal stresses in the martensite developed
during carbide precipitation. Lower interior stresses may also reduce ten-
dencies to microcrack.

References

1. ASM Merals Handbook, Heat Treating, Vol 4, 10th ed., ASM Interna-
tional

2. R.E. Barron and R.H. Thompson, Effect of Cryogenic Treatment on
Corrosion Resistance, in Advances in Cryogenic Engineering, Vol 30,
Plenum Press, 1990, p 1375-1379

3. R.E Barron, “How Cryogenic Treatment Controls Wear,” 21st Inter-
Plant Tool and Gage Conference, Western Electric Company, Shreve-
port, LA, 1982

Representative Applications of Heat Treating Furnaces

Representative applications of 36 different types of heat treating fur-
naces, reported by suppliers of equipment, are lsted in this section. Ref 1.
Soaking Pit Furnaces

Normalizing
Stress relieving

Reheating

Batch or In-and-Out Furnaces

Normalizing
Annealing
Aging
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Carburizing (diffusion phase)
Stress telieving

ox Furnaces

Annealing

Tempering

Hardening
Normalizing

Stress relieving
Aging

Carburizing
Malleabilizing
Solution heat treating

arbon Bottom Furnaces

Annealing, L.e., coatings
Hardening

Normalizing
Malleabilizing

Stress relieving
Carburizing

Tempering
Spheroidizing
Homogenizing

i Furnaces

Anneating, including long cycle annealing of ferrous parts
Hardening
Tempering
Normalizing

stress relieving
Steam treating
Homnogenizing
Zarburizing
Zarbonitriding
Carbon restoration
Bluing

Nitriding

Solution heat treating

zll and Hood Furnaces

Hardening

Nitriding

4ging

Bluing

lempering

3tress relieving
Jolution heat treating

evating Hearth Furnaces

Solution heat treating
Hardening

Aging

Malleabilizing
fempering

Annealing

Stress relieving

Lab work

tegral Quench Furnaces

Zase hardening
Neutral hardening
Zlean hardening

Normalizing
Carburizing
Nitrocarburizing
Carbonitriding
Annealing

Carbon restoration
Stress relieving
Austenitizing

Tip-Up Furnaces

Annealing, i.e., wire, long bars, rods, pipe
Hardening

Spheroidizing

Normalizing

Malleabilizing

Tempering

Stress relieving

Wraparound and Split Furnaces

Annealing
Stress relieving

. Vertical Furnaces

Annealing
Hardening
Normalizing
Malleabilizing
Tempering
Stress relieving
Austempering
Carburizing

Continuous Slab and Billet Heating Furnaces

Solution heat treating
Homogenizing
Carburizing

Walking Beam Furnaces

Hardening

Annealing

Tempering

Stress relieving

Normalizing

Sintering stainless steel compacts

Rotary Hearth Furnaces

Hardening
Annealing
Carburizing
Carbonitriding
Carbon restoration
Malleabilizing
Tempering
Austemnpering

Pusher Furnaces

Annealing
Carbonitriding
Carburizing
Hardening
Normalizing
Clean hardening

Ferritic nitrocarburizing
Malleabilizing

Solution heat treating
Tempering

Stress relieving

Carbon restoration
Sphercidizing

Roller Hearth Furnaces

Solution heat treating
Stress relieving
Bluing
Spheroidizing
Tempering
Normalizing
Malleabilizing
Hardening, i.e., clean hardening
Tempering
Carburizing
Carbonitriding
Carbon restoration

Conveyor Hearth Furnaces

Tempering

Hardening, i.e., clean hardening
Carbon restoration

Annealing, i.¢., bright annealing
Carbonitriding

Austemnpering

Carburizing

Spheroidizing

Homogenizing

Humpback Furnaces

Applications requiring hydrogen cover gas
Heat treating stainless steel

Annealing

Stress relieving

Carburizing

Hardening

Shaker Hearth Furnaces

Hardening, i.e., neutral hardening carbon steel and light case hardening
Carburizing

Carbonitriding

Stress relieving

Normalizing

Annealing

Tempering

Austempering

Rotary Hearth Furnaces

Small ferrous parts

Process and production testing
Small volume production
Hardening

Tempering

Austempering

Annealing

Carburizing

Carbon restoration
Carbonitriding
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Screw Conveyor Furnaces

Hardening
Tempering
Annealing
Stress relieving

Slotted Roof, Monorail Conveyor Furnaces

Annealing, i.e., large castings, crankshafts, chains, and other long and
unusuatly shaped parts

Hardening

Tempering

Annealing

Normalizing

Stress relieving

lon Nitriding/Carburizing Furnaces

Nitriding, i.¢., extrusions and D2 tool steels
Carburizing steel parts

Vacuum Furnaces

Annealing, i.e., bright annealing
Hardening

Tempering

Stress relieving

Carburizing

Carbonitriding

Degassing

Carbon deposition

Fluidized Bed Furnaces ,

Nitrocarburizing
Nitriding
Carbonitriding

Steam oxidizing
Carburizing
Hardening, bright type
Tempering

Salt Bath Pot Furnaces

Austempering
Martempering
Hardening
Tempering
Carburizing
Cyaniding

Salt Bath Furnaces: Batch Austemper System

Austempering, i.¢., ductile iron. steel
Carburizing

Carbonitriding

Nitrocarburizing

Normalizing

Neutral hardening

Salt Bath Furnaces: Mesh Belt
Austemper System

Austempering, i.e., ductile iron, steel
Carboaustemnpering steel
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utral Salt Based Furnaces

1stempering
artempering
wrdening

anide Based Salt Type Furnaces

wburizing

1se Hardening

rrel Furnaces

cat treating, continuous long lengths of pipe, turbine, bars, rods, billets
cluded in quench and temper lines for high grades of oil country tubing
wwerleaf Furnaces

ardening
ormalizing
:mpering
arburizing
nnealing
arbonitriding
arbon restoration

setron Beam Surface Treating Equipment

urface hardening primarily, i.e., martensitically hardenable ferrous
metals

ser Heat Treating Furnaces

nnealing

Quartz Tube Furnaces

Sintering
Heat treating

Rotating Finger Furnaces

Hardening
Normalizing
Tempering
Annealing
Stress relieving

Induction Heat Treating Systems

Hardening, i.e., surface and localized types
Tempering

Resistance Heating Systems

Aging

Stress relieving

Hardening ¢

Annealing, i.e., bright annealing
Carbonitriding

Normalizing

Reference

1. Joseph H. Greenberg, Industrial Thermal Processing Equipment Hand-
book, ASM International, 1994

tatistical Process Control of Heat Treating Operations

tatistical process control (SPC) is being applied to advantage in heat
ting shops with continuous, batch, and single part operations. {A case
ory of how one shop has integrated this technology into its operations
:ported in a sidebar feature to this article, In many instances, as in this
, teamning SPC with the computer is the next step). Ref 1.

rontinuous equipment, such as rotary retorts, pusher carburizers,
. belt furnaces, offer the most straightforward approach to applying both
istical quality control (SQC) and SPC techniques to improve process
formance. The high volume of work handled by continuous equipment
vides many opportunities for sampling key product characteristics.

Problems can be predicted and corrective action taken in a timely manner.
Also, special causes of problems are often more tdentifiable because
process variables are steadier in continuous processes than they are in batch
operations.

Batch operations allow a significant amount of sampling and analy-
sis within a load. However, the only net payoff is a degree of confidence in
treating an entire load. Process variables must be monitored and analyzed
to ensure that the process is under control, and that there is load-to-load and
day-to-day repeatability—especially when each load is different in terms
of part geometry, material, and/or specification.

ntribution of Selected Parameters to Variations in Effective Case Depth for Required 0.85 to 1.00% Surface Carbon

vel at 870 °C (1600 °F} Processing Temperature

Variation in case depth for selected parameters, % (a}

Temperature variation (AT) Carbon variation (AC)

Casedepth nec 28°C 56°C Time variation (A 1) Atmosphere Quench uniformity(b)
mm in, (20°F) (50°F}  (100°F) Smin 10min  30min 0.10% 0.15% 0.25% 0.05% 0.10% 0.20%
0.51 0.020 6 14 33 3 7 20 g 13 27 it 23 45
1.02 0.040 6 i6 34 1 2 5 8 13 27 i1 23 45
1.52 0.060 7 17 35 >1 1 2 8 13 27 11 23 45
2.03 0.080 9 19 36 >1 >1 1 8 13 27 11 23 45

Total process variation =VAZ + B + C> + D" ... + 22, where A, B, C, D, and Z are % variations attributed to A, A +, atmosphere AC, quench uniformity AC, and additional vari-

35, respectively (b) Variation in case carbon level when quenched to 50 HRC
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Final hardness distribution analysis for a typical quench and temper operation

MIDLAND METAL TREATING, INC.
VARIABLE DiSTRIBUTION ANALYSIS

CUSTOMER

ABC COMPANY
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tdentification of heat-treating variables for the neutral hardening process

Heating

Washing

Atmosphere

Hardening Quench

Time

Maintenance

Temperature

Circulating fans

Time

Cycie

Energy usage

Carbon
concentration

Temperature

Water
temperature

Circulating fans

Temperature Temperature
Time

Sosk time

Time

Endogas Soak time

MNatural gas
Total time
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Variation in natural gas composition monitored in the Canton, OH, area over nearly a 214-year period
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ot of furnace temperature versus elapsed time to show that
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Single part treatment, as with induction or flame treating, does not
1d itself to using part evaluation techniques to predict negative results,
1e focus must be shifted to SPC and to the identification, monitoring, and
ntrol of process variables to ensure repeatability of results. Some vari-
les that need to be considered are electrical power, flame temperature,
an speed, coil dimension, part positioning, and quenchant temperature.
ending of process variables can be utilized to determine special causes.
Process deterioration is another factor that must also be taken into
count in all types of heat reating operations. The challenge is to counter
:ar and tear on equipment with corrective action before out-of-specifica-
m parts are produced.

Key process variables fall into three categories: those which are control-
sle, those which aren’t, and those which are secondary.

Controilable variables include temperature, atmosphere carbon po-
itial, and quenchant temperature.

Plot of furnace temperature versus elapsed time to show ef-
fect of load size on heat balance equilibrium

000 1
1832 Tl T T T T =
{ d i Set point / <
_ 8O0 Py Heavy load
£ (1472) \ / Light load
)
G (11{?302? = Terr;perature
E| = = — — 100
© | Firing rate N
§ 00— 80
g (752} >/ ~ 60 2
8 ! Heavy load 7 ~d 60 2
/ ! — g
200 {— | pacnt mpigenis KB
(392) Light load ~] -120 o
0 I 0 E
1] 0.5 1 1.5 2 25 3

Elapsed time, h

Uncontrollable variables include quench transfer time, temperature -

recovery time, and quench temperature rise. However, suitable conrses of
action are available. Examples follow:

e With most furnace systems, control of quench transfer time is not
possible, but is often a critical parameter in producing good parts. A
possible course of action is to monitor and analyze transfer time to get
an early warning of trouble.

¢ One automatic contrel system compares maximum allowable transfer
time needed to get the desired result with actual transfer times; an alarm
is triggered when the maximum is exceeded, indicating a mechanical
failure or deterioration in the system.

¢ Temperature recovery time can be determined, for instance, by measur-
ing and analyzing the time taken by a batch furnace (with a standard load
weight or empty) to reach set temperature. In this manner, trends, plotted
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Calculated CCT diagram from actual part composition with modeled part cooling rates. Ac,: temperature at which austenite begins
to form during heating. Ac3: temperature at which transformation of ferrite to austenite is completed during heating
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on an SPC chart, may indicate a loss in furnace performance which, via
investigation, could be traceable to damaged insulation, poor door seals,
or heating system malfunction, for example.

o Knowing how quench temperature eycles from quernch to quench can be
important. Findings may trigger an investigation of the entire quenching
system, which may suggest problems with quench agitation or quench
cooling, for example. Furnace overloading is another possibility.

Secondary process variables, such as fuel consumption and addi-
tive atmosphere gas, are caused by deterioration in control Ioops. By
monitoring gas or electrical consumption for a standardized furnace cycle
and loading (or the furnace could be empty), diminished performance in
the heating system can be detected.

By monitoring and trending the amount of natural gas or propane
addition required to control a given carbon potential setpoint, deterioration
of furnace atmosphere integrity can be detected.

Examples of parameters with an influence on effective case depth are
given in an adjoining Table.

A variable distribution analysis of hardness of a job is shown in an
adjoining Figure.

Heat treating variables involved in nentral hardening are given in an
adjoining Figure.

Changes in natural gas composition over an extended period are plotted
in an adjoining Figore.

How heat input equilibrium lags setpoint temperature after a furnace is
loaded is shown in an adjoining Figure.

Effect of load size on heat balance equilibrium is indicated in an adjoin-
ing Figure.

Integrating SPC and SQC

Potentials for real time process improvement can be realized by combin-
ing the disciplines of SPC, which focus on process variables, and SQC,
which focus on product quality. The computer is needed to statistically
analyze data in a way that allows timely adjustment of process.

As a product characteristic (as-quenched hardness, for example) is
shown to be trending away from average, a special cause, such as quench
temperature, may be identifjed quickly. Ability to compare process variable
trend charts to the product characteristic trend chan, for the same time
period, offers a valuable too! for continuing improvement.

Information can be valuable even if no special cause can be identified
among monitored process variables to correlate with a change in product
quality. Such knowledge could lead the heat treater to an uncontrollable
variable, such as material, more quickly than he could otherwise.

An example of how the computer is being utilized is shown in an
adjoining Figure.

Reference
1. Metals Handbook, 10 ed, Vol 4, Heat Treating, ASM International
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Variation in natural gas composition monitored in the Canton, OH, area over nearly a 2V4-year period
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Single part treatment, as with induction or flame treating, does not
1d itself to using part evaluation techniques to predict negative results,
ie focus must be shifted to SPC and to the identification, monitoring, and
ntrol of process variables to ensure repeatability of results. Some vari-
les that need to be considered are electrical power, flame temperature,
an speed, coil dimension, part positioning, and quenchant temperature.
ending of process variables can be utilized to determine special causes.
Process deterioration is another factor that must also be taken into
count in all types of heat treating operations. The challenge is to counter
:ar and tear on equipment with corrective action before out-of-specifica-
n parts are produced.

Key process variables fall into three categories: those which are control-
sle, those which aren’t, and those which are secondary.

Controllable variables include temperature, atmosphere carbon po-
itial, and quenchant temperature.

Plot of furnace temperature versus elapsed time to show ef-
fect of load size on heat balance equilibrium
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Uncontrollable variables include quench transfer time, temperature -

recovery time, and quench temperature rise, However, suitable courses of
action are available. Examples follow:

With most furnace systems, control of quench transfer time is not
possible, but is often a critical parameter in producing good parts. A
possible course of action is to monitor and analyze transfer time to get
an early waming of trouble.

One automatic control system compares maximum allowable transfer
time needed to get the desired result with actual transfer times; an alarm
is triggered when the maximum is exceeded, indicating a mechanical
failure or deterioration in the system.

Temperature recovery time can be determined, for instance, by measur-
ing and analyzing the time taken by a batch furnace (with a standard load
weight or empty) to reach set temperature. In this manner, trends, plotted
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Calculated CCT diagram from actual part composition with modeled part cooling rates. Ac,: temperature at which austenite begins
to form during heating. Ac3: temperature at which transformation of ferrite to austenite is completed during heating
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on an SPC chart, may indicate a loss in furnace performance which, via
investigation, could be traceable to damaged insulation, poor door seals,
or heating system malfunction, for example.

s Knowing how quench temperature cycles from quench to quench can be
important, Findings may trigger an investigation of the entire quenching
system, which may suggest problems with quench agitation or quench
cooling, for example. Furnace overloading is another possibility.

Secondary process variables, such as fuel consumption and addi-
tive atmosphere gas, are caused by deterioration in control loops. By
monitoring gas or electrical consumption for a standardized furnace cycle
and loading (or the furnace could be empty), diminished performance in
the heating system can be detected.

By monitoring and trending the amount of natural gas or propane
addition required to conirol a given carbon potential setpoint, deterioration
of furnace atmosphere integrity can be detected.

Examples of parameters with an influence on effective case depth are
given in an adjoining Table.

A variable distribution analysis of hardness of a job is shown in an
adjoining Figure.

Heat treating variables involved in neutral hardening are given in an
adjoining Figure.

Changes in natural gas composition over an extended period are plotted
in an adjoining Figure.

How heat input equilibrium lags setpoint temperature after a furnace is
loaded is shown in an adjoining Figure.

Efiect of load size on heat balance equilibrium is indicated in an adjoin-
ing Figure.

Integrating SPC and SQC

Potentials for real time process improvement can be realized by combin-
ing the disciplines of SPC, which focus on process variables, and SQC,
which focus on product quality. The computer is needed to statistically
analyze data in a way that allows timely adjustment of process.

As a product characteristic (as-quenched hardness, for example) is
shown to be trending away from average, a special cause, such as quench
temperature, may be identified quickly. Ability to compare process variable
trend charts to the product characteristic trend chart, for the same time
period, offers a valuable tool for continuing improvement.

Information can be valuable even if no special cause can be identified
among monitored process variables to correlate with a change in product
quality. Such knowledge could lead the heat treater to an uncontrollable
variable, such as material, more quickly than he could otherwise,

An example of how the computer is being utilized is shown in an
adjoining Figure.

Reference
1. Metals Handbook, 10 ed, Vol 4, Heat Treating, ASM International
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An early control chart shows large variations, with a low
process capability caused by poor understanding of

variables
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Tighter control and more-predictable process results have reduced the number of reworks required by a factor of four

30

25

28

15

1991

11n0h

1992

Shallow case depth and operator error were the most common reasons for rework in 1992 (30 reworks total)

Reworks: 30

Operator, 20%

Case hardness,

Case depth, 23.3%

Depth and hardness,
10%

Material, 10%

Customer,
3.33%

Furnace, 3.33%

Microstructure, 6.67%

Hardness at depth, 10%
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Process capability study for December 1990 shows that this furnace is well within the required ranges of carbon poten-'
tial after improved process control. A year before, this furnace had a €, 0of 0.55 and C, of 0.63

Example of how computer is utilized

#37 Carbon 12/8/90 to 1/12/91  Ref #6
1st cell begins at -6

No. Cells: 13
Cell size 1.0

FORD MOTOR COMPANY
TICKET 1877 FCE 37

LTL: -12.0 UTL: +12.0

200

File name: 601

Nao. subgroups: 106
Subgroup size: 1
] No. values: 106

ND: +0.00

Max value: 6
Min value: -6
Range: 12

Average: 0.9

Pop. Std. Dev.: 2.6
Using total variation
Process cap: 15.8

Atmos & Temp (X 10)

Cpx index: 1.41
P.C.index: 1.52

P.C. index formula:
(UTL-LTL)6 Std.Dev.
Skewness: —(.1399

1234 56{7891111
0123

0 I!lIIIlklIIIIlII!!I?lJIIIIIIIIIIIIIEIIII}lIlII?J‘lIlI‘!l]II

13:08 14:00 15:00

Kurtosis: 2.3648
Geary's Z: 2.40
Assuming Normality:
% above UTL: 0.00%

Time

16:00 17:90

% below LTL: 0.00%

A quick overview of available simulation software for on-line programs
that control processes and those that assist in decision-making and process
alysis is provided by the adjoining Table, which also lists and describes
available databases developed by computers.

Software programs can be subdivided as follows:

Property prediction programs

Process planning programs

Material selection programs and their databases

Programs for special technical and economic programs related to heat-
treating, such as energy consumption for a given process or calculating
the expense of a heat treatment

 distortion and dimensional control of parts
Simulation modeling with the computer can be subdivided thusly:

Static models based on empirical formulas

Finite element analysis for modeling the effects of quench severity or

Treating

# Dynamic models based on differential equations or differential equation
systems
e Programs with both static and dynamic models

Static models are based on simple empirical formulas that can be
derived by physical principles and observation or from statistical methods.
Generally, regression analysis is used in statistical modeling.

Example: Formulation or prediction of Jominy hardenability from
austenitic grain size and chemical composition (Ref 1-3),

Dynamic models are based on the solution of differential equations,
differential equation systems, or finite element analysis.

Examples of the differential equation approach: predicting carbon and
nitrogen profiles (Ref 4-6) phenomenological models that describe the
transformation of austenite under nonisothermal conditions (Ref 7-11).

Finite element analysis is used, for example, to predict residual stress and
distortion (Ref 12-14) and in determining suitable quenchants (gas, oil, or
water) for a given alloy (Ref 12).




| / Heat Treater’s Guide

xamples of Available Computer Programs and Databases Pertaining to Steel Selection, Microstructure, Properties,
nd Heat-Treatment Technologies

ame of the software

Availability

Features

omputerized materials properties storage, retrieval, and use

[atDB ASM International, U.S.A.

QUIST2.0 SACIT Steel Advisory Centre for Industrial
Technologies, Hungary

latabase SteelMaster ~ Dr. P. Sommer
Werkstofftechnik
GmbH, Germany

ERITUS Matsel Systems Ltd., Great Britain

{META SACIT Steel Advisory Centre for Industrial
Technologies, Hungary

OR SACIT Steel Advisory Centre for Industrial

Technologies, Hungary

Materials data base management program containing the designations, chemical compositions, forms
(sheet, bar and so forth), and properties (up to 40 properties). It is designed to select alloys on the
basis of many characteristics

Contains the chemical compositions, mechanical properties, application fields, and the international
comparison (equivalent steels) of 6500 standard steels from 18 countries

Contains compositions, mechanical properties, heat-treatment parameters, CCT diagrams, tempering
charts for commonly used German structural and tool steels. The heat-treatment technologies
designed by the user of the software can be stored and retrieved

This data base provides engineers with up-to-date information about materials ranging from traditional
metals to new polymers. The range of information: mechanical and physical properties,
environmental resistance, material forms, processing methods, trade names, and standards

This data base of individual measured steel properties contains data collected from laboratories of
industry quality control departments, The range of data: steel designation, heat number, dimensions
of the machine part, composition, heat treatment of the part, results of tensile tests, impact test results,
measured Jominy curve of the heat, and other tests. The system makes statistical analysis of the data

KOR is a corrosion information system, which contains a data base of 300 corrosive media, more than
15 000 individual corrosion dataset, 150 metallic structural materials, and 200 isocorrosion
diagrams. Structural material selection is possible according to prescribed mechanical, physical,
technological properties, or it is possible to find a suitable resisting material for a corrosive medium
with given temperature and concentration. The system will also accept the user’s own data

>omputer programs for calculation of processes occurring in steels during heat treatment

'REDIC & TECH SACIT Steel Advisory Centre for Industrial
Technologies, Hungary
AC3 Marathon Monitors Ltd., Great Britain

“ETIM-SICLOP

Centre Technique des Industries Mechaniques
PROGETIM, France

steCal Comline Engineering Software, Great Britain
and ASM International

REVERT Creusot-Loire Industries, France

CHAT International Harvester Company, U.S.A.

VIINITECH Minitech Limited, Canada

PREDCARB SACIT Steel Advisory Centre for Industrial
Technologies, Hungary

SIMULAN Lammar, Ensam Bordeaux, France

CARBCALC Marathon Monitors Ltd., Great Britain

CARBODIFF Process Electronic, Germany

Carbo-O-Proof Ipsen Industries Ltd., U.S.A.

SYSWELD Framasoft, Great Britain

Simulates the cooling, transformation of austenite in cylindrical, plate-shaped workpieces, Jominy
specimens made of case-hardenable and quenched and tempered low-alloy steels and calculates the
microstructure and mechanical properties in any location of the cross section of the workpiece taking
into account the actual chemical composition, dimensions, austenitizing temperature, durations,
cooling intensity of quenchant, tempering temperature, and time. The same program works as
technology planning program if the prescribed mechanical properties and composition are given

Hardenability model designed to predict the response to quenching of through-hardening and
carburized low-alloy steels in terms of microstructure and hardness distribution

Contains a steel data base for the selection of structural and tool steels and calculates the mechanical
properties along the cross section of workpieces

Calculates the heat-treatment response and properties of low-alloy steels from composition

Calculates the microstructure and mechanical properties of quenched and tempered low-alloy steels
from composition and heat-treating parameters

CHAT is a two-part system for selecting the optimum steel composition to be used where heat treating
is performed to develop required engineering properties

The Minitech Alloy Steel Information System consists of twelve computer programs which generate a
series of hardenability-related properties of steels, such as Jominy curves, hardenability bands,
mechanical properties of hotrolled products, hardness distributions for quenched and tempered and
carburized products

This computer program determines the gas carburizing technology and calculates the carbon profile
and hardness distribution in the case and core on the basis of chemical composition, dimensions of
the workpiece, cooling intensity of the quenchant, prescribed characteristics of the case

Simulates the gas carburization and induction hardening process, and calculates the carbon and the
hardness profile

Simulates the carburizing reactions between a steel and surrounding atmosphere. It calculates the
carbon profile

Monitoring of carbon profile during carburizing and prediction of hardness distribution after
quenching of case-hardened steels

This software is able to optimize the carburizing process, calculates continuously the carbon profile,
and regulates the process in accordance with program target values

This system is based on finite-element technique and simulates the transformation processes in steel
during heat treatment or welding. The program calculates the temperature distribution,
microstructure, hardness, and stresses

Examples of programs based on finite element analysis include:

e CONTA program—for calculating surface heat fluxes (Ref 13)
e TOPAZ 2D program—for calculating temperatures (Ref 14)

e NIKE 2D program—for calculating stresses (Ref 15)

State of the Art Uses of Computer Simulation

tinuous cooling transformation (CCT) curves. Databases can be loaded
with the results of user process planning.

Example: Research workers at Minitech Ltd (Canada) designed a soft-
ware package to estimate such properties as weldability, phase diagrams,
and hardenability of low-, medium-, and high-carbon steels (Ref 16).

Example: Chrysler Corporation developed an interactive system that
makes it possible for designers and technologists to get material informa-
tion on their own local computer terminals (Ref 16).

General overviews of the subject are found in Ref 16 and 17.

Database systems containing the main characteristics of several
metal alloys are being marketed. Information that can be retrieved from
them include chemical composition, mechanical characteristics, and con-

Example: Utilization of databases of measured steel properties is dis-
cussed in Ref 18.

The CETIM Institute (France) has developed a program for the planning
of heat treatment technology and for steel selection. An essential part of the

'}

software is a database containing chemical composition, mechanical prop-
erties, and Jominy curves of the most often used quenched and tempered

. and case hardened steels as a function of section size (Ref 19).

Hardenability prediction has been of longstanding theoretical and
practical interest (Ref 20-24).

In applying a static model, Murry et al. (Ref 25) developed a computing
method for predicting the hardness of cylindrical workpieces along their
cross section after quenching. Input data are: chemical composition,
austenite grain size, geometrical characteristics, and cooling time from 700
to 400 °C (1290 to 750 °F).

Creusot-Loire (Ref 16 and 26) used nonlinear multiple regression analy-
sis to derive a series of formulas for the estimation of critical cooling rates
from 700 °C (1290 °F). The steelmaker also published equations to calcu-

| late as-quenched and tempered hardness from chemical composition and

cooling rate from 700 °C (1290 °F).

Starting from a thermodynamic basis, researchers at McMaster Univer-
sity (Hamilton, Ontario, Canada) developed methods for the computer-
aided determination of equilibrium diagrams of multicomponent steel
alloys and for the calculation of starting curves (incubation time) of
isothermal transformation diagrams as well (Ref 17, 23, 27). They also

| investigated the tempering process and developed usable computer pro-

grams for the prediction of hardenability and its application in steelmaking.

Programs for material selection and/or analysis of heat treat-
ment processes usually contain a system for property or hardenability
prediction. Liscic and Filetin (Ref 21, 22), for example, published a

. computerized process designing a system for the heat treatment of

quenched and tempered steels. The system is suitable for the determination
of technological parameters (austenitization and tempering temperatures),
knowing the steel type and required properties.

More sophisticated models based on finite element analysis are being
investigated as a way of modeling distortion and analyzing quenching
methods (Ref 12).

Analysis of residual stresses and distortion generally involves
finite element analysis of internal stresses developed during transformation
sequences. Typical examples are given in Ref 12, 38-40.

A method of calculating transformation sequences in quenched steels is
found in Ref 41.

A software package has been developed for the prediction of residual
stresses in case hardened steels by tracing the transformation of the case
and core of the workpiece (Ref 42 and 43).

Simulation of Case Hardening. New type models predict carbon
and nitrogen profiles during and after gas carburizing and nitriding (Ref 5,
6,28-34). In this field, calculation methods can be used to model case depth
and hardness profiles (Ref 30, 35, 36). Ingham and Clarke developed a
computerized method of predicting the microstructure and hardness profile
of case hardened parts. Methods of microstructure prediction are described
in Ref 8 and 37.

A description of how a commercial heat treater is using SQC, SPC, and
the computer is found in the article, “Statistical Process Control in Heat
Treating Operations,” preceding this one.

This article is based on article, “Computerized Properties Prediction and
Technology Planning in Heat Treatment of Steel,” ASM Metals Handbook,
Heat Treating, Vol 4, 10 ed., Heat Trearing Handbook, ASM International.
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Introduction

icles in this chapter address the hands-on aspects of:

e Quenching/quenchants (articles on eight conventional processes and 17
other processes)

e Tempering (including articles on martempering and austempering)

1ge of Applications

he Normalizing Process

is process is often considered from both thermal and microstructural

the thermal sense, normalizing is an austenitizing heating cycle,
wed by cooling in still or agitated air. Typical normalizing tempera-
l‘_ﬁ_'._S_:fOI‘ many standard steels are given in an accompanying Table.
In terms of microstructure, areas that contain about 0.8% C are pearlitic.
2 low in carbon are ferritic.

i_':standa:d, low~carbon, medium-carbon, and high-carbon wrought
s can be normalized, as well as many steel castings, Many weldments
ormalized to refine the structure within the weld-affected zone, and
pging steels either can't be normalized or are not usually normalized.
00l steels are generally annealed by the supplier.

Reasons for normalizing are diverse: for example, to increase or decrease
and hardness, depending on the thermal and mechanical history of

Comparison of time-temperature cycles for normalizing and
full annealing. The slower cooling of annealing results in higher
mperature transformation to ferrite and pearlite and coarser mi-
structures than does normalizing. Source: Ref 1

A Heating ' Cooling
cycle | cycle
i
Normalizing
Annealing Ferrite +

austenite

Temperature
2z
e R
|
1
1
1
1
1
1
1
1
|
1
1
| 1

Pearlite +
austenite

Y

Time

In addition, normalizing functions may overlap with or be confused with
annealing, hardening, and stress relieving. Normalizing is applied, for
example, to improve the machinability of a part, or to refine its grain
structure, or to homogenize its grain structure or to reduce residual stresses.
Time-temperature cycles for normalizing and full annealing are compared
in an adjoining Figure.

Castings are homogenized by normalizing to break up or refine their
dendritic structure and to facilitate a more even response (o subsequent
hardening. ' _

Wrought products may be normalized, for example, to help reduce
banded grain structure due to hot rolling and small grain size due to forging.

Details of three applications are given in adjoining Table, including
mechanical properties in the normalized and tempered condition.

Normalizing and tempering can be substituted for conventional harden-
ing when parts are complex in shape or have sharp changes in section.
Otherwise, in conventional hardening such parts would be susceptible to
cracking, distortion, or excessive dimensional changes in quenching.

Rate of cooling in normalizing generally is not critical. However, when
parts have great variations in section size, thermal stresses can cause
distortion.

Time at temperature is critical only in that it must be sufficient to cause
homogenization. Generally, a time that is sufficient to complete austeniti-
zation is all that is required. One hour at temperature, after a furnace has
recovered, per inch of part thickness, is standard.

Rate of cooling is significantly influenced by amount of pearlite, its size,
and spacing of pearlite lamellae. At higher cooling rates more pearlite
forms and lamellae are finer and more closely spaced. Both the increase in
pearlite and its greater fineness result in higher strength and hardness.
Lower cooling rates mean softer parts. Cooling rates can be enhanced with
fans to increase the strength and hardness of parts, or to reduce the time
required, following the furnace operation, for sufficient cooling to allow
workpieces to be handled.

After parts cool uniformly through their cross section to black heat below
Ary, they may be water or oil quenched to reduce total cooling time.
Cooling center material in heavy sections to black heat can take consider-
able time.

Carbon Steels

Steels containing 0.20% C or less usually are not treated beyond normal-
izing, By comparison, medium- and high-carbon steels are often tempered
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Typical Normalizing Temperatures for Standard Carbon and Alloy Steels

Temperature(a) Temperature(a) Temperature(a} Temperature(a)

Grade °C °F Grade °C °F Grade “C °F Grade °C °F
Plain carbon steels Standard alloy steels (continued) Standard alloy steels (continued) Standard alloy steels {continued)
1015 915 1675 4027 900 1650 4817 925 £700 8645 870 1600
1020 915 1675 4028 900 1650 4820 925 1700 8650 870 1600
1022 915 1675 4032 900 1650 5046 870 1600 8655 870 1600
1425 900 1650 4037 870 1600 5120 925 1700 8660 870 1600
14330 900 1650 4042 370 1600 5130 900 1650 8720 925 1700
1035 885 1625 4047 870 1600 5132 920 1650 8740 925 1700
1040 860 1575 4063 870 1600 5135 870 1600 8742 870 1600
1045 860 1575 4118 925 1700 5140 870 1600 8822 925 1700
1050 860 1575 4130 900 1650 5145 370 1600 9255 200 1650
1060 830 1525 4135 870 1600 5147 370 1600 9260 900 1650
1080 830 1525 4137 870 1600 5150 870 1600 9262 S00 1650
1090 830 1525 4140 370 1600 5155 870 1600 9310 925 1700
1095 845 1550 4142 870 1600 5160 870 1600 o840 870 1600
1117 900 1650 4145 870 1600 6118 925 1700 9850 870 1600
1137 885 1625 4147 870 1600 6120 925 F700 50B40 870 1600
1141 860 1575 4150 870 1600 6150 any 1650 50B44 870 1600
1144 860 1575 4320 925 1700 8617 925 1700 50B46 870 1600
Standard alloy steels 4337 870 1600 8620 925 1700 50B50 870 1600
1330 900 1650 4340 870 1600 8622 925 1700 60B&0 870 1600
1335 370 1600 4520 925 1700 8625 200 1650 81845 870 1600
1340 370 1600 4620 925 1700 8627 900 1650 86BR45 870 1600
3135 870 1600 4621 625 1700 8630 200 1650 94B15 925 1700
3140 70 1600 4718 925 1700 8637 870 1600 94817 925 1700
3310 95 1700 4720 925 1700 8640 870 1600 94830 500 1650
4815 925 1700 8642 870 1600 G4B40 %00 1650

(a) Based on production experience, normalizing temperature may vary from as much as 28 °C (50 °F) below, 1o asmuch as 55 °C (100 °F) above, indicated temperature. The steel

should be cooled in still air from indicated ternperature.

Typical Applications of Normalizing and Tempering of Steel Components

Part Steel Heat treatment

Properties after treatment Reason for normalizing

Cast 50 mm (2 in.) valve body, 19t025

mm{¥ 1o 1in.) in section thickness nomnalized at 870 °C (1600 °F),
ternpered at 665 °C (1225 °F)
Forged flange 4137 Normalized a1 870 °C (1600 °F),
tempered at 570 °C (1060 °F)
Valve-bonnet forging 4140 Normalized at 870 °C (1604 °F) and

tempered

Ni-Cr-Mo  Full annealed at 955 °C {1750 °F),

Tensile swength, 620 MPa (90 ksi);
0.2% yield strength, 415 MPa (60 ksi);
elongation in 50 mum, or 2 in., 20%;
reduction in area, 40%

Hardness, 200 to 225 HB

‘To meet mechanical-properiy
requirernents

To refine grain size and obtain required
hardness

To obtain uniform structure, improved
machinability, and required hardness

Hardness, 220to 240HB

after normalizing, i.e., to get specific properties such as lower hardness
prior to straightening, cold working, or machining.

Alloy Steels

Forgings, rolled products, and alloy steel castings are often normalized
as a conditioning treatment before final heat treatment. Normalizing also
refines grain structures in forgings, rolled products, and castings that have
been cooled nonuniformly from high ternperatures.

Some alloys require more care in heating to prevent cracking from
thermal shock. They also require long soaking times because of lower
austenitizing and solution rates for carbon. Cooling rates in air to room
temperature for many alloys must be carefully controlled, Some alloys are
forced air cooled from the normalizing temperature to develop specific
mechanical properties.

Forgings

When forgings are normalized prior to carburizing or before hardening
and tempering, the upper range of normalizing temperatures is used. But

when normalizing is the final heat treatment, the lower temperature range
is used. Small forgings are typically normalized as-received from the forge
shop.

rometrically controlled to a narrow temperature range,
Low-carbon steel forgings containing 0.25% C or Iess are seldom nos-
malized.

Multiple Treatments. Carbon and low alloy steel forgings with large

dimensions are double normalized when forging temperatures are ex-

remely high (Ref 2) to obtain, for example, a uniform fine grain structure .

to get specific properties such as impact strength to subzero terperatures.

Bar and Tubular Products

Normalizing is not necessary and may be inadvisable when properties of
these products obtained in the finishing stages of hot mill operation are
close to those produced in normalizing. But reasons for normalizing bar
and tube are generally the same as those that apply to other steel products.

Large, open die forgings are usually normalized in batch furnaces py- |

“Castings

::'.; In industrial practice, castings may be normalized in car bottom, box, pit,
“and continuous furnaces. Heat treatment principles are standard for all
~ these furnaces.

When higher alloy castings, such as C5, C12, and WC9, are loaded,

-Z'fumace temperatures should be controlled to avoid thermal shock that
“ could cause metal failure. A safe loading temperature in this instance is in
‘the range of 315 to 425 °C (600 to 795 °F). Lower alloy grades tolerate
‘ farnace temperatures as high as 650 °C (1200 °F). Carbon and low-alloy
: steel castings can be charged at normalizing temperatures.

After charging, fumace temperatures are increased at a rate of approxi-

] mately 225 °C (400 °F) per h, until the normalizing temperature is reached.
' Depending on steel composition and casting configuration, the heating rate
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may be reduced to approximately 28 to 55 °C (50 to 100 °F) per h, to avoid
cracking. Exwemely large castings may be heated more slowly to prevent
the development of extreme temperature gradients.

After normalizing temperature is reached, castings are soaked for a
period that ensures complete austenitization and carbide solution.

After soaking, parts are unloaded and allowed to cool in still air. Use of
fans, air blasts, or other means of speeding up the cooling process should
be avoided.

References

1. G. Krauss, Steels: Heat Treatment and Processing Principles, ASM
International, Metals Park, OH, 1990
2. A.K. Sinha, Ferrous Physical Metallurgy, Butterworths, 1989

Annealing of Steel

In this process, steels are heated to a specific temperature, held at that

" temperature for a specific time, then cooled at a specific rate.

Generally, in treating plain carbon steels, a ferrite-pearlite microstructure

‘is produced (see adjoining Figure). Softening is the primary reason for
“annealing., Other important applications are to facilitate cold work or
.- machining, to improve mechanical or electrical properties, or to promote
- dimensional stability.

Annealing Cycles

Cycles fall into three categories, based on heating temperatures and
-* cooling methods (see accompanying table):

- Subcritical annealing—the maximum temperature may be below the

lower critical temperature, Aj

"o Intercritical annealing—the maximum temperature is above Aj, but

below the upper critical temperature, Az, for hypoeutectic steels, or Acm
for hypereutectic steels

o Full annealing—the maximum temperature is above A3

Austenite is present at temperatures above Aj, so cooling practice (see

" Table) through transformation is a critical factor in getting the desired
- microstructure and properties. Steels heated above Aj are subjected to
= slow, continuous cooling, or to isothermal freatment at a temperature below

A fully annealed 1040 steel showing a ferrite-pearlite micro-
structure. Etched in 4% picral plus 2% nital. 500x

A1, at which transformation to the microstructure wanted can occur in a
reasonable time. In some applications, two or more annealing cycles are
combined or used in succession to get a specified result.

Subcritical Annealing

Auslenite is not formed in this type of treatment. The prior condition of
a steel is modified by such processes as recovery, recrystallization, grain
growth, and agglomeration of carbides. The prior history of a steel is
important in subcritical annealing.

In treating as-rolled or forged hypoeutectoid steels containing ferrite and
pearlite, the hardnesses of both constituents can be adjusted. Butif substan-
tial softening is the objective, times at temperature can be excessively lorg.
Subcritical annealing is most effective on hardened or cold worked steels,
which recrystallize readily to form new ferrite grains. The rate of softening
increases rapidly as the temperature approaches A1, A more detailed dis-
cussion of subcritical annealing is found in Ref 1.

Intercritical Annealing

Austenite begins to form: when the temperature of the steel exceeds A1,
Carbon solubility rises abruptly (nearly 1%) near the A) temperature. In
hypoeutectoid steels, the equilibrium structure in the intercritical range
between A) and A3z consists of ferrite and austenite, and above A3, the
structure becomes totally austenitic. But the equilibrium mixture of ferrite
and austenite is not obtained immediately. For example, the rate of solution
for a typical eutectoid steel is shown in an accompanying Figure.

In hypereutectoid steels, carbide and austenite coexist in the intercritical
range between A| and Acm. The most homogeneous structure developed at
higher austenitizing temperatures tends to promote lamellar carbide struc-
tures on cooling, while lower austenitizing temperatures result in less
homogenous austenite, which promotes the formation of spheroidal car-
bides.

Temperature-time plots showing the progress of austenite formation
under isothermal (IT) or continuous transformation (CT) conditions many
steels have been published (Ref 2, 3).

Cooling After Full Transformation. After complete transformation
to austenite, little else of metallurgical consequence can occur during
cooling to room temperature. Extremely slow cooling can cause some
agglomeration of carbides, and, consequently, some slight additional soft-
ening of the steel; but in this case, such slow cooling is less effective than
high-temperature transformation. This means there is no reason for slow
cooling after transformation is completed and cooling from the transforma-
tion temperature may be as rapid as is feasible to minimize the time needed
for the operation.




30 / Heat Treater’'s Guide

Approximate Critical Temperatures for Selected Carbon and Low-alloy Steels
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he iron-carbon binary phase diagram showing region of temperatures for full annealing (Ref 4)

Critical temperatures on heating at 28 °C/h (50 °F/h) Critical temperatures on cooling at 28 °C/h (50 °Ffh) 1160
Ac; AC;; A!‘j Al'] —1 ags0
Steel °C °F °C °F °C °F °C °F 1100
1010 725 1335 875 1610 850 1560 680 1260 / L [
1020 725 1335 845 1555 815 1500 680 1260 1050 Ve
1030 725 1340 815 1495 790 1450 675 1250 tyFe)
1040 725 1340 795 1460 755 1395 670 1240 1000 Austenite / —1 1850
1050 725 1340 770 1415 740 1365 680 1260 /
1050 725 1340 745 1375 725 1340 685 1265 A N
1070 725 1340 730 1350 710 1310 690 1275 950 ] o 1750
1080 730 1345 735 1335 700 1290 695 1280 ' / Austenite
1340 715 1320 775 1430 720 1330 620 1150 900 ) s 1650
3140 735 1355 765 . 1410 720 1330 660 1220 cementite
4027 725 1340 8Os 1485 760 1400 670 1240
4042 725 1340 795 1460 730 1350 655 1210 850 = w80
4130 760 1395 810 1490 755 1390 695 1280 L Y
4140 730 1350 805 1480 745 1370 680 1255 ¢ 800 g
4150 745 1370 765 1410 730 1345 670 1240 2 Austenite 7} 1450 2
4340 725 1335 775 1425 710 1310 655 1210 g + g
4615 725 1340 810 1490 760 1400 650 1200 g T80 ferite 50 5
5046 715 1320 770 1420 730 1350 680 1260 2 Ay =
5120 763 1410 840 1540 800 1470 700 1290 700
5140 740 1360 790 1450 725 1340 695 1280 - 1250
5160 710 1310 765 1410 715 1320 673 1250 650
52100 725 1340 770 1415 715 1320 690 1270 (o Fel
6150 750 1380 790 1450 745 1370 695 1280 Ferrite 1180
8115 720 1300 840 1540 790 1450 670 1240 600
8620 730 1350 830 1525 770 1415 650 1220
8640 730 1350 780 1435 725 1340 665 1230 550 B
9260 745 1370 815 1500 750 1380 715 1315
Ferrite Cementite — @50
500 + +
pearlite pearlite
450 = 850
Austenitizing rate-temperature curves for commercial plain carbon eutectoid steel. Prior treatment was normalizing from 875 °C.
(1605 °F); initial structure, fine pearlite. First curve at left shows beginning of disappearance of pearlite; second curve, final disappearance.. 400 _ 750
of pearlite; third curve, final disappearance of carbide; fourth curve, final disappearance of carbon concentration gradients. o 02 04 06 8 1 12 12 16 18 _ 2 22
840 ‘ l Weight percent carbon
s \ A
99.5% A %
/austenite '-\ \\ Homogeneous
1Y A austenite
Y Y -1 1500
\‘ \\
AY
0.5% \\ N ecommended Temperatures and Cooling Cycles for Full Annealing of Small Carbon Steel Forgings
austenite 5 \\ re for forgings up to 75 mm (3 in.} in section thickness. Time at temperature usually is a minimum of 1 h for sections up to 25 mm {1in.)
800 % N Y2 his added for each additional 25 mm (1 in.) of thickness.
\ \‘\
AN . S, -} 1450 Cooling cycle{a)
\ Austenite AN Annealing temperature °C F Hardness
\\ ] with carbo_n_ ~. S B P -
. inhomogeneities C ¥ From To From To range, HB
hY
o Austenite and N\, " 855-900 1575-1650 855 705 1575 1300 111-149
= residual carbide N s 855.900 1575-1650 855 700 1575 1290 111-149
5 N 5 855-900 1575-1650 855 700 1575 1290 111-149
£ 750 bl 1400 & 855-900 1575-1650 855 700 1575 1290 111-187
2 S g 845-885 1550-1625 845 650 1550 1200 126-197
g N § $45-885 1550-1625 845 650 1550 1200 137-207
a Pearlite and austenite . k- 790-870 1450-1600 790 650 1450 1260 137207
and residual carbide RN 790-870 1450-1600 790 650 1450 1200 156-217
790-870 1450-1600 790 650 1450 1200 156-217
. 790-843 1450-1550 790 650 1450 1200 156-217
Pearlite 790-845 1450-1550 790 650 1450 1200 167-229
1350 790-845 14501550 790 650 1450 1200 167-229
Ay 790-830 1450-1525 790 6350 1450 1200 167-229
o 1 — 790-830 14501525 790 635 1450 1215 167-229
1 10 102 103 104
Time ce cooling at 28 °C/h (50 °F/h)
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Recommended Annealing Temperatures for Alloy Steels

(Furnace Cooling)

AISI/SAE Annealing temperature Hardness
Steel °«C °F (max), HB
1330 845-900 1550-1650 179
1335 845-900 1550-1650 187
1340 845-900 1550-1650 192
1345 845-900 1550-1650 s
3140 815-870 1500-1600 187
4037 815-855 1500-1575 183
4042 815-855 1500-1575 192
4047 790-845 1450-1550 201
4063 790-845 1450-1550 223
4130 790-845 1450-1550 174
4135 790-845 1450-1550 ™
4137 790-845 1450-1550 192
4140 790-845 1450-1550 197
4145 790-845 1450-1550 207
4147 790-845 1450-1550 e
4150 790-845 1450-1550 212
4161 790-845 1450-1550

4337 790-845 1450-1550 i
4340 790-845 1450-1550 223
50B40 815-870 1500-1600 187
50B44 815-870 1500-1600 197
5046 815-870 1500-1600 192
50B46 815-870 1500-1600 192
50B50 815-870 1500-1600 201
50B60 815-870 1500-1600 217
5130 790-845 1450-1550 170
5132 790-845 1450-1550 170
5135 815-870 1500-1600 174
5140 815-870 1500-1600 187
5145 815-870 1500-1600 197
5147 815-870 1500-1600 197
5150 815-870 1500-1600 201
5155 815-870 1500-1600 217
5160 815-870 1500-1600 223
51B60 815-870 1500-1600 223
50100 730-790 1350-1450 197
51100 730-790 1350-1450 197
52100 730-790 1350-1450 207
6150 845-900 1550-1650 201
81B45 845-900 1550-1650 192
8627 815-870 1500-1600 174
8630 790-845 1450-1550 179
8637 815-870 1500-1600 192
8640 815-870 1500-1600 197
8642 815-870 1500-1600 201
8645 815-870 1500-1600 207
86B45 815-870 1500-1600 207
8650 815-870 1500-1600 212
8655 815-870 1500-1600 223
8660 815-870 1500-1600 229
8740 815-870 1500-1600 202
8742 815-870 1500-1600 s
9260 815-870 1500-1600 229
94B30 790-845 1450-1550 174
94B40 790-845 1450-1550 192
9840 790-845 1450-1550 207

Spheroidized microstructure of 1040 steel after 21 h at 700 °C
(1290 °F). 4% picral etch. 1000x

\.D g L oL ¥ w0y . I - B

Supercritical or Full Annealing

Full annealing, a common practice, is obtained by heating hypoeutectoid
steels above the upper critical temperature, A3. In treating these steels (they

adjoining Figure, the annealing temperature range for full annealing is
superimposed on an iron-carbon, binary phase diagram.

Austenitizing Time and Dead Soft Steel. Hypereutectoid ~ steels
can be made extremely soft by holding for long periods at austenitizing
temperatures; there is little effect on hardness, i.e., at a change from 241 to
229 HB, the effect on machining or cold forming properties may be
substantial.

Annealing Temperatures

In specifying many annealing operations, it isn’t necessary to go beyond
stating that the steel should be cooled in the furnace from a designated
austenitizing temperature. Temperatures and associated hardnesses for
simple annealing of carbon steels are given in an adjoining Table; require-
ments for alloy steels are in another Table.

Heating cycles in the upper austenitizing temperature ranges shown in
the Table for alloy steels should result in pearlitic structures. At lower
temperatures, structures should be predominately spheroidized. Most
steels can be annealed by heating to the austenitizing temperature then
cooling in the furnace at a controlled rate, or cooling rapidly to, and holding
at, a lower temperature for isothermal transformation. With either proce-
dure, hardnesses are virtually the same. However, isothermal transforma-
tion takes considerably less time.

Spheroidizing

This treatment is usually chosen to improve cold formability. Other
applications include improving the machinability of hypereutectoid steels
and tool steels. This microstructure is used in cold forming because it
lowers the flow stress of the materials. Flow stress is determined by the
proportion and distribution of ferrite and carbides. Ferrite strength depends
on its grain size and rate of cooling. The formability of steel is significantly
affected by whether carbides are in the lamellae or spheroid condition.

Steels may be heated and cooled to produce globular carbides in a ferritic
matrix. An adjoining Figure shows 1040 steel in the fully spheroidized
condition. Spheroidization can take place by using the following methods:
e Prolonged holding at a temperature just below the Ac)

e Heating and cooling alternately between temperatures that are just above

Acy and just below Arg
e Heating to a temperature just above Acy, and then either cooling very
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The iron-carbon binary phase diagram showing region of temperatures for spheroidizing (Ref 4)
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Weight percent carbon

are less than 0.77% in carbon content), full annealing takes place in the
austenite region at the annealing temperature. However, in hypereutectoid
steels (they are above 0.77% in carbon content), annealing takes place
above the A temperature, which is the dual phase austenite region. In an

slowly in the furnace, or holding at a temperature just above Arj

Cooling at a suitable rate from the minimum temperature at which all
carbide is dissolved to prevent the reformation of carbide networks, then
reheating in accordance with the first or second methods described

Effect of prior microstructure on spheroidizing a 1040 steel at 700 °C (1290 °F) for 21 h. (a) Starting from a martensitic microstructure
(as-quenched). (b) Starting from a ferrite-pearlite microstructure (fully annealed). Etched in 4% picral plus 2% nital. 1000x
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revi i to hypereutectoid steel containing a carbide g commended Temperatures and Time Cycles for Annealing of continued
The extent of spheroidization at 700 °C (1290 °F) for 200 h for aork;mﬂy (applicable to hyp & carbide et P y g of Alloy Steels ( )
the 1040 steel starting from a ferrite-pearlite microstructure - Conventional cooling(a)
etched in 4% picral. 1000x The range of temperatures for spheroidizing hypoeutectoid and hyperey,. Austenitizing . Temperature _ . ] Isothermal method(b) Hardness
o B tectoid steels is shown in an adjoining Figure. Rates of spheroidizing ﬂ%ﬂﬂfﬂ‘@‘i‘f«;’%ww W c ¥ _Cooling rate Time, Cool to (approx),
el GO W T T Z depend somewhat on prior microstructures, and are the greafest for rom To From To Ch Tjh h °C °F Hold,h  HB
U S & B quenched structures in which the carbide phase is fine and dispersed (se . . . . .
".Q; ;-q:) 0 ot %] ﬂ’/' ‘ Figures). Prior cold work also increases the rate «of the spﬁeroidiz(ing obtamapreggmman!ly ferritic and spheroidized carbide structure
" - S o qﬂ reaction in a subcritical spheroidizing treatment. 200d) 753 :ggg 650 1200 8 170
v s a 6 . o~ f For full spheroidization, temperatures cither slightly above Acj or aboy 735 610 1350 1130 3 10 2 640 1180 8 174
e S Ty e a Q, . 715 1320 655 555 1210 1030 5 10 18 605 1125 10 192
e D De S ¥ . midway between Aci and Acs are used. Low-carbon steels are seldom : 715 1320 655 550 1210 1020 5 10 19 605 1125 0
;,_;‘n i Ty 7 = P sphervidized for machining because in this condition they are excessively 20(d) 790 1450 650 1200 18 13%
- p"’-:_ ‘;\ 5 de = ‘%D W © , soft an_d_ gummy, and produce long, tough chips in cutting. Genemuy : 745 1370 735 650 1350 1200 5 10 15 660 1225 10 174
e ':8“5‘-?;--' e:C i e A spheroidized low-carbon‘st'eel can be severcly deformed. ; 750 1380 705 645 1300 1190 5 10 11 660 1225 10 187
Ut e g e & A N - Hardness after spheroidization depends on carbon and ailoy content 745 1370 695 640 1280 1180 5 10 11 650 1200 10 192
S e e 00 PRSP . Increasing carbon or alloy content, or both, results in an increase in 745 1370 700 645 1200 1190 5 10 11 650 1200 12 207
o eatding 00, o b o ° as-spheroidized hardness, which generally ranges from 163 to 212 HB (sc, . ) o
PRI O o adjoining Table) e steel is cooled in the fumace at the indicated rate through the temperature range shown. (b} The steel is cooled rapidly to the temperature indicated and is held at that tem-
P TEEaed . ﬂ3' p e Y o . rafure for the time specified. (c) In isothermal annealing to obiain pearhitic structure, steels may be austenitized at temperatures up to 70 °C (125 °F) higher than temperatures
.. 5 e 30% £ e - . i¢d. (d) Seldom annealed. Structures of better machinability are developed by normalizing or by transforming isothermally after rolfing or forging. (e) Annealing is impractical
;e 200 Process An nealtng the conventional process of continuous slow cooling, The lower transtormation temperature is markedly depressed, and excessively long cooling cycles are required to obtain
- IR SO RIR ) ) B formation to pearlite. () Predominantly pearlitic structures are seldom desired in this steel,
? .o ne © 0 \0_- D Y As a steel’s hardness goes up during cold working, ductility drops an
Vo " L2 %W e SN further cold reduction becomes so difficult that the material must b
annealed 1o restore its ductility. The practice is referred to as in-proces

Recommended Temperatures and Time Cycles for Annealing of Alloy Steels

Conventional cooling(a)
Austenitizing Temperature Isothermal methoed(b) Hardness -
temperature °C °F Cooling rate Time, Coolto (approx); he iron-carhon bina hase di i 1 P
Steel o oF From o Trom o SCh 5 I 50 T Hold,h : ry phase diagram showing region of temperature for process annealing (Ref 4)
1150
To obtain a predominantly pearlitic structure(c) - 4 2050
1340 830 1525 733 610 1350 1130 10 20 1 620 1150 45 100 —
2340 800 1475 655 555 1210 1030 8.5 13 12 595 1100 6
2345 800 1475 655 550 1210 1020 8.5 15 12.7 595 1100 6 1050 / —1 1950
3120(d) 885 1625 650 1200 4 (vFel V4
3140 830 1525 735 650 1350 1200 10 20 7.5 660 1225 6 Austenite / . _f 1880
3150 830 1525 705 643 1300 1190 10 20 55 660 1225 6 1000
3310{e) 870 1600 595 1100 14 /
4042 830 1525 745 640 1370 1180 10 20 9.5 660 1225 45 950 A I 1750
4047 830 1525 735 630 1330 1170 10 20 9 660 1225 5
4062 830 1525 695 630 1280 1170 8.5 15 7.3 660 1225 6 / Austenite
4130 855 1575 765 665 1410 1230 20 35 5 675 1250 4 900 + 1650
4140 845 1550 755 665 1390 1230 15 25 6.4 675 1250 5 \ / cementite
4150 830 1525 745 670 1370 1240 85 15 8.6 675 1250 6 850
4320(d) 883 1625 660 1225 6 o Aq / ={ 1550
4340 30 1525 705 565 1300 1050 8.5 15 16.5 650 1200 8 v | \ w
4620(d) 885 1625 650 1200 6 g 800 — 7 g
4640 830 1525 715 600 1320 1110 7.6 14 15 620 1150 8 3 . Austenite o140 2
4820() 605 1125 4 S 750l fenite 8
5045 830 1525 755 665 1390 1230 10 20 8 660 1225 4.5 E 1380 5
5120(d) 883 1625 690 1275 4 - b
5132 843 1550 755 670 1390 1240 10 20 7.5 675 1250 6 700
5140 %30 1525 740 670 1360 1240 10 20 6 675 1250 6 i 1250
5150 230 1525 105 650 1300 1200 10 20 5 675 1250 6 650 |
52100() {et Fa) !
6150 830 1525 760 675 1400 1250 8.5 15 10 675 1250 6 Ferrite [ —| 150
8620(d) 885 1625 660 1225 4 600 ;
8630 845 1550 735 640 1350 1150 10 20 8.5 660 1225 6 |
8640 830 1525 725 640 1340 1180 10 20 8 660 1225 6 550 ! 7 e
8650 830 1525 710 650 1310 1200 85 13 72 650 1200 8 I
8660 830 1525 700 655 1290 1210 85 15 8 650 1200 8 Ferrite ; Cementite 50
8720(d) 885 1625 660 1225 4 500 + i +
8740 830, 1525~ 725 645 1340 1190 10 20 15 660 1225 7 pearlite { pearlite
87507777830 1525 720 630 1330 1170 8.5 15 0.7 660 1225 7 450 I - 850
9260 860 1575 760 705 1400 1300 8.5 15 6.7 660 1225 6 !
9310(e) 870 1600 595 1100 14 400 ! 750
5 0840 . ¢ 830 1525 695 640 1280 1180 8.5 15 6.6 650 1200 6
9850, . . . 830 - 1525 760 645 1200 1190 85 15 67 650 1200 8 o 02 04 0B O'%eigh:peme:{iarbug"‘ 6 8 2 22
{continued)
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annealing or simply process annealing. In most cases, a subcritical treat-
ment is adequate and the least costly procedure. The term process anneal-
ing, without further qualification, refers to the suberitical reatment. The
range of temperatures normally used are shown in an adjoining Figure.

It is often necessary to call for process annealing when parts are cold
formed by stamping, heading, or extrusion. Hot worked, high-carbon and
alloy steels are also process annealed to prevent them from cracking and to
soften them for shearing, turning, and straightening. The process usuaily
consists of heating to a temperature below Acy, soaking for an appropriate
time, then cooling—usually in air. Generally, heating fo a temperature
between 10 and 22 °C (20 and 40 °F) below Ac) produces the best
combination of microstructure, hardness, and mechanical properties. Tem-
perature controls are necessary only to prevent heating above Acy, which
would defeat the purpose of annealing,

When the sole purpose is to soften for such operations as cold sawing
and cold shearing, temperatures are usually well below Acj, and close
control isn’t necessary.

Annealed Structures for Machining

Different combinations of microstructure and hardness are important for
machining. Optimum microstructures for machining sieels with different
carbon contents are usually as follows:

Carbon, % Cptimum microstricture

0.06-0.20 As-rolled {most economical)

0.20-0.30 Under 75 mm (3 in.} diameter, normalized; 75 mm diameter and over,
as-rolled

0.30-0.40 Annealed, to produce coarse pearlite, minimum ferrite

0.00-0.60 Coarse lamellar pearlite to coarse spheroidized carbides

0.60-1.00 100% spheroidized carbides, coarse to fine

Type of machining operation must also be taken into consideration, i.e.,
in machining 5160 steel tubing in a dual operation (automatic screw
machines, plus broaching of cross slots), screw machine operations were
the easiest with thoroughly spheroidized material, while a pearlite structure
was more suitable for broaching. A semispheroidized structure proved to
be a satisfactory compromise—a structure that can be obtained by austeni-
tizing at lower temperatures, and sometimes at higher cooling rates, than
those used to get pearlitic structures. In the last example, the 5160 tubing
was heated to 790 °C (1455 °F) and cooled to 650 °C (1200 °F), at 28 °C
(50 °F) per h. When this grade of steel is austenitized at about 775 °C (1425
°F), results are more spheroidization and less pearlite.

Medium-carbon steels are harder to carburize than high-carbon steels,
such as 1095 and 52100. In the absence of excess carbides to nucleate and

promote the spheroidization reaction, it is more difficult to get complete
freedom from pearlite in practical heat-ireating operations.

Atlower carbon levels, structures consisting of coarse pearlite in a ferrita -
matrix are the most machinable. With some alloy steels, the best way of
getting this type of structure is to heat well above Ax3 to establish coarse
austenite grain size, then holding below Ar to allow coarse, lamellay -
pearlite to form. The process is sometimes referred to as cycle annealing o7

lamellar annealing.

Annealing of Forgings

Forgings are most often anncaled to facilitate subsequent operations—

usually machining or cold forming. The method of annealing is determined

by the kind and amount of machining or cold forming to be done, as wel]

as type of material being processed.

Annealing Bar, Rod, Wire

Significant tonnages of these products are subjected to treatments that -

lower hardness and prepare the steels for subsequent cold working and/or-
machining. Short time, subcritical annealing is often enough to prepare
low-carbon sieels (up to 0.20% C) for cold working. Steels higher in carbon
and alloy content require spheroidization to get maximum ductility,

Annealing of Plate

These products are occasionally annealed to facilitate forming or ma-
chining operations. Plate is usually annealed at subcritical temperatures,
and long annealing times are generally avoided. Maintaining flatness of
large plate can be a significant problem.

Annealing of Tubular Products

Mechanical tubing is frequently machined or formed. Annealing is a::

common (reatment. In most instances, subcritical temperatures and short

annealing times are used to lower hardness. High-carbon grades such as.”

52100 generally arc spheroidized prior to machining. Tubular products
made in pipe mills rarely are annealed, and are used in the as-rolled, the
normalized, or quenched and tempered conditions, '
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Surface Hardening Treatments

in the articles that follow, overviews of 16 surface hardening processes
are presented. They include, in the order that follows:

Induction hardening

Flame hardening

(3as carburizing

Pack carburizing

Liquid carburizing and cyaniding
Vacuum carburizing

Plasma (ion) carburizing
Carbonitriding

®© 9 © o & &2 0O O

e Gas nitriding

o Liquid nitriding

@ Plasma (ion) nitriding

e (aseous and plasma nitrocarburizing
e Fluidized bed hardening

¢ Boriding

e Laser surface hardening

e Electron beam surface hardening

For more detailed information and hundreds of references, see the ASM.
Metals Handbook, Heat Treating, Vol 4, 10 ed., ASM International, 1991

nduction Hardening

‘Steels are surface hardened and through-hardened, tempered, and stress
Jieved by using electromagnetic induction as a source of heat. Heating
imes are unusually rapid—typically a matter of seconds, Ref 1.

haracteristics

n designing treatments, consideration must be given to the workpiece
waterials, their starting condition, the effect of rapid heating on the Acs or
tem teMperatures, property requirements, and equipment used.
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Many problems associated with furnace processes are avoided. Rate of
heating is limited only by the power rating of the alternating current supply.
Surface problems such as scaling and decarburization and the need for
protective atmospheres often can be bypassed because heating is so fast.
Heating is also energy efficient-—as high as 80 percent. In gas fired
furnaces, by comparison, a fairly substantial amount of consumed energy
in hot gases is lost as they exit the furnace.

However, the process seldom competes with gas or oil-based processes
in terms of energy costs alone. Savings emanate from other sources:

perating and Production Data for Progressive Induction Tempering

Fre- Total Work temperature Production Inductor
Section size quency(a), Power(a), heating Scantime Entering coil Leaving coil rate inputfh)
m in. Material Hz kW time,s sfem  sfin. °C °F °C °F kgh bk kW/em? kW/in?
ounds
3 % 4130 9600 11 17 039 1 50 120 565 1050 92 202 0.064 0.41
9 Y 1035 mod 9600 12.7 06 071 18 50 120 510 950 113 250 0.050 0.32
25. 1 1041 9600 18.7 442 102 26 50 120 565 1050 141 311 0.054 0.35
1% 1041 9600 20.6 51 118 3.0 50 120 565 1050 153 338 0.053 0.34
9 1%¢ 14B35H 180 24 196 276 7.0 50 120 565 1050 195 429 0.031 0.20
lnts
[} % 1038 60 88 123 059 15 40 100 290 550 1449 3194 0.014 0.089
9 Y4 1038 60 100 164 079 2.0 40 10 315 600 1576 3474 0.013 0.081
2 T 1043 60 98 312 .50 3.8 40 100 200 550 1609 3548 0.008 0.050
23 1 1043 60 85 254 122 31 40 100 290 550 1365 3009 0.011 0.068
0 1% 1043 60 90 328 157 4.0 40 100 290 550 1483 3269 0.009 0.060
Irregular shapes
533 1W46-1%4 1037 mod 9600 192 648 094 24 63 150 550 1020 2211 4875 0.043 0,28
520 We-1%  1037mod 9600 154 46 067 17 65 150 425 800 2276 5019 .. 0.040 0.26

because of losses within the machine. (b) At the operating frequency of the inductor

a) Power ransmitted by the inductor at the operating frequency indicated. For converted frequencies, this power is approximately 25% less than the power input to the machine,

xamples of quench rings for continuous hardening and quenching of tubular members. Courtesy of Ajax Magnethermic Corp.
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Power Densities Required for Surface Hardening Of Steel
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Input(b){c) S -

Frequency, Depth of hardening(a) Low(d) Optimum{e} High(f) - ] Single-turn 4 W
KHz mm in. KW/cm? KWjinZ KW/em? kW/in2 kWjem*  + kWjnZ d:, } ey i
500 0.381-1.143 0.015-0.045 1.08 7 1.55 10 1.86 12 ! ; Coil

1.143-2.286 0.045-0.090 0.46 3 0.78 5 1.24 3 J ( coolant
10 1.524-2.286 0.060-0.090 124 8 1.55 10 248 i6 ﬁ B '!

2.286-3.048 0.090-0.120 0.78 5 1.55 10 233 15 ‘y i_ E

3.048-4.064 0.120-0,160 0.78 5 1.55 10 217 14 At .
3 2.286-3.048 0.020-0.120 1.55 10 2.33 15 2.64 17 {a)

3.048-4.064 0.120-0.160 0.78 5 2.17 14 248 16

4.064-5.080 0.160-0.200 0.78 5 1.55 10 217 14 o Single-turn coil
1 5.080-7.112 0.200-0.280 0.78 5 1.55 10 1.86 12 R . "

7.112-8890  0.280-0350 0.78 5 1.5 10 1.86 12 r j Coil coolan

&\‘ E oo Qillevel
(a) For greater depths of hardening, lower kilowatt inputs are used. (b) These values are based on nse of proper frequency and normal overall operatmg efficiency of equipment, -
These values miay be used for both static and progressive methods of heating; however, for some applications, higher inputs can be used for progressive hardening. (¢) Kilowattage - _’jf"'
is read as maximum during heat cycle. (d) Low kilowatt input may be used when generator capacity is limited. These kilowatt values may be used to calculate largest part hardenec! -— Submerged
(single-shot method) with a given generator, () For best metallurgical results. (f) For higher production when generator capacity is available %I quench
L

Eleven basic arrangements for quenching induction-hardened parts. See text for details.

Single-turn el Single-turn
coil r S coil
Spray | i Coil
quench coolant
Coil Spray
coolant % quench
=8 Single-turn
! coil
Muiltiturn
’ coil
A\
I\
Scan quench Scan
quench

_- Spray quench ™~ Multiturn coil

_ Tank

Approximate Power Densities Required for Through-Heating of Steel for Hardening, Tempering, cr Forming {d) {e}
Operations
Input(h)

150-425°C 425-760°C 760-980°C 980-1095°C 1095-1205°C
Frequency(a}, (300-806 °F) (800-1400 °F) (1400-1860 °F) (1800-2000 °F) (2000-2200 °F)
Hz EW/em? kW/in2 kW/em? EWiin.2 kW/cm? kW/in? kW/em? kWiin2 KWjcm? kWin? =~
60 0.009 0.06 0.023 0.15 (© (© @© © © © A;//‘i’v
180 0.008 0.05 0.022 0.14 (© {©) © (©) (© (c) Hairpin
1000 0.006 0.04 0.019 0.12 0.08 0.5 0.155 1.0 022 14 __ coilwith -
3000 0,005 0.03 0.016 0.10 0.06 0.4 0.085 0.55 0.11 07 {g} internal coolant th
10000 0.003 0.02 0.012 0.08 0.05 0.3 0.070 0.45 0.085 0.55 . :

fI— SR—

(a) The values in this table are based on use of proper frequency and normal overal] operating efficiency of equipment. (b} In general, these power densities are for section sizes of
131050 mm (Y2102 in.). Higher inputs can be used for smaller section sizes, and lower inputs may be required for larger section sizes. (¢) Not recomemended for these teraperatures - — ey

Typical Operating Conditions for Progressive Through-Hardening of Steel Parts by Induction

-

I ’ Scan
quench

Bingle-turn coil

Single-turn coil

= i ! Heat off; end S | @‘ Scan quench
’?"I A of travel quench 1 % ]|

Split
single-turn
cojé

Ol lewvel

Tank

Submerged
spray quench

Total Work temperature Inductor
Section size Frequency(a), Power(b), heating Scan time Entering coil Leaving coil Production rate input(c)
mm in. Material Hz kw time,s sfem  sfin. °C °F °C oF kg/h 1b/h kW/cm®* kWiin.2 i i
Rounds
13 %3 4130 180 20 38 0.39 1 75 165 510 950 92 202 0.067 043
9600 21 17 0.39 1 510 950 925 1700 92 202 0122 079
19 % 1035 mod 180 28.5 68.4 0.71 1.8 75 165 620 1150 113 250 0062 040 :
9600 20.6 288 071 1.8 620 1150 955 1750 113 250 0085 055 ortened processing times, reduced labor, and the ability to heat treatin a
25 1 1041 180 33 988 102 26 70 160 620 1150 141 311 0.054 035 uction line or in automated systems, for example. Surface hardening
9600 19.5 442 102 26 620 1150 955 1750 141 in 0057 037 d selective hardening can be energy competitive because only a small
29 1'% 1041 180 36 114 1.18 3.0 75 163 620 1150 133 338 0,053 0.34.-._ of the metal is heated.
s 9600 19.1 51 118 30 620 1150 955 1750 153 338 0050 Og addition, with induction heating it often is possible to substitute a plain
49 1M 14B35H 180 35 60 276 70 75 165 835 1175 195 429 0029 0'31 : arbon steel for a more expensive alloy steel. Short heating times make it
9600 32 19 276 70 635 1175 955 1750 195 429 0048 031 ible to use higher austenitizing temperatures than those in conven-
Flats : onal heat- l:reating practice.
16 % 1038 3000 300 1.3 059 15 20 70 870 1600 1449 3194 0361 233 ess distortion is another consideration. This advantage is due to the
19 ¥ 1038 3000 332 15 079 20 20 70 870 1600 1576 3474 0319 2067 Pport given by the rigid, unheated core metal and uniform, individual
22 % 1043 3000 336 285 150 3.8 20 70 870 1600 1600 3548 0206 133 diing during heating and quenching cycles.
25 1 1036 3000 304 263 1.38 35 20 70 870 1600 1595 3517 0225 145
29 1% 1036 3000 344 36.0 1.89 48 20 70 870 1600 1678 3701 0.208 1.3‘_1- : :erating Information
Irregular shapes s . . . e
17533 Wig 1% 1037 mod 3000 sg0 254 0ot 24 20 . 085 1605 i 4z75 0040 026 Ower densities for surface hardening are given in an adjoining Table.

(2) Note use of dual frequencies for round sections. (b) Power transmitted by the inductor at the operating frequency indicated. This power is approximately 25% less than the P"_'_;“'

input to the machine, because of losses within the machine. (c) At the operating frequency of the inductor

Approximate power densities needed for through-heating of steel for
ar'illtmng and tempering are given in an adjommg Table.
Typical operating conditions for progressive throngh-hardening are

I¥en in an adjoining Table.

Operating and production data for progressive induction tempering are
given in an adjoining Table.

Frequency and power selection influence case depth. A shallow, fully
hardened case ranging in depth from 0.25 mm to 1.5 mm (0.010 to 0.060
in.) provides good resistance to wear for light to moderately loaded parts.
At this level, depth of austenitizing can be controlled by using frequencies
on the order of 10 KHz to 2 MHz, power densities to the coil of 800 to 8000
Wicm® (5t0 50 kW/in%) and heating times of not more than a few seconds.

For parts subjected to heavy loads, especially cyclic bending, torsion, or
brinneling, case depths must be thicker, i.e., 1.5 to 6.4 mm (0.60 to 0.250
in.). To get this result, frequencies range from 10 KHz down to 1 K_Hz
power densities are on the order of 80 to 1550 Wiem?® (1/2 to 10 kW/in. )
and heating times are several seconds.

Selective hardening is possible, as is in volume surfacing hardening, in
which parts are austenitized and quenched to greater than usual depths.
Depth of hardness np to 25 mm (1 in.) measuring over 600 HBE has been
obtained with a 1 percent carbon, 1.3 to 1.6 percent chrominm steel that has
been water quenched. Frequencies range from 60 Hz to 1 KHz. Power
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: : - Minimum Power Density Versus Stock Diameter for Static Hardening and Versus Rate of Travel for Progressive Hardening. Source:
Power Input for Static Hardening. Slope of graph indicates Straight-Line Relationships Between Depth of Hardness and o Jensiy g g g
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] uel Gases Used for Flame Hardening
" . . . Usuat Heating value of Normal Combustion Usual
1200 ﬁffﬂg{:‘( l?; Va;ymg F;ﬂwe_l; Detﬂglé% %“Ggrﬂgrlesswe Fiame temperature ratio of oxy-fuel gas velocity of intensity(a) raf:) of
16 om0 C:;’E g 025.0 ?:re(rl g;.ﬁlﬂ%ﬁ; doe Sou?ggoes. - Heating value With oxygen With air oxygen to mixture burning mmfsx  infsx airto
, 0. L . : 3 o n
e _ e o Industrics MI/m® Btu/f C °F °C °F fuelpas MlI/m?* Bffe mmfs in.fs MIfm* Btuffe® fuelgas
12 = 53.4 1433 3105 5620 2325 4215 1.0 26.7 716 535
. X 2] 14284 15036 12
w0 3[2?5 gc:g c(\;,;,::sm - 11.2-33.5 300-900 2540 4600 1985 3605 (b) 6] (b} (b) (b} b) b) (b)
i \\ z NEH P e 373 1000 2705 4900 1875 3405 1.75 13.6 364 280 1 3808 4004 9.0
2 98 E
3 E 939 2520 2635 4775 1925 3495 4.0 18.8 504 305 12 5734 6048
i £ . X 25.0
T Lok NO,% Jao T 90 2406 2027 5301 1760 3200 335 20.0 535 381 15 7620 8025 22
E 0 NI g . . - .
E N N % 1) Product of normal velocity of burning multiplied by heating value of oxy-fuel gas mixture. (b) Varies with heating value and composition
5 N ™~ =
& -1300 &
0.4 \\ \
%
g
0 {Pﬁ,, 4 — 200
\ \\ \ Procedure for Spin Flame Hardening the Small Converter Gear Hub
0.2
05 0.6 0.7 08 8% 10 12 15 . .
Dizmeter, in Preliminary operation Heating cycle (continued)
Lin. Tam on water, air, oxyger, power, and propane. Line pressures: water, 220 kPa (32 Propane and oxygen solenoid valves close (propane flow delayed slightly). Spindl
psi); air, 550 kPa (80 psi); oxygen, 825 kPa (120 psi): propane, 205 kPa (30 psi). Ig- stops rotating and retracts. Hub stripped ﬁ%mpspindle by ejcgtor plgte. Kgéc]giirr:e ::ady
te pilots. forrecycling
onding and positioning Proge)me regulated pressure, 125 kP;aE}I kBP psi%; oxygen regulated pressure, 550 kPa (80
; - - : iy 51); OXygen upstream pr \ 8 psid;
: ol Hubisdinposionty s Pt roulyce LGOS e oty (oo, 557 50 G s
" . . . . . . . 1 . in,). Dis inside di i . ot '
densitics are expressed in a fraction of KW/in.”. Heating times run from Applications et oately 7-95%11 ("'V]alin.) ce from flame head to inside diameter of gggg)ﬁr;zit:g;gio;;n& 09(22 Sm (0.6 %) per piece; oxygen, 0.05 m? (1.9 %) per

about 20 to 140 s.

Through-hardening is obtained in the medium frequencies (1 80Hztwo 10
KHz). In some instances, two frequencies may be used, a lower one to
preheat the steel to a subcritical temperature, followed by a higher fre-
quency to obtain the full austenitizing temperature.

Tempering with induction heating is highly efficient. The two most
common types of quenching systems are spray quench rings (see Figure}
and immersion techniques. Eleven other systems are shown in an adjoining
Figure.

Water and oil are the most frequently used quenching media. Oil typi-
cally is used for high hardenability parts or for those subject to distortion
and cracking. Polyvinyl alcohol solutions and compressed air also are
commonly used, i.e., the former where parts have borderline hardenability,
where oil does not cool fast enough, and where water causes distortion or
cracking. Compressed air quenching is used for high hardenability, surface
hardened steels from which little heat needs to be removed.

Flame port design: 12 ports per segment; 10 segments; port size, No. 69 (0.74 mm, or

The process is applied mostly to hardenable grades of steel; some I :
0.0292 in.), with No. 56 (1.2 mum, or 0.0465 in.) counterbore

carburizing and slow cooled parts often are reheated in selected areas by

induction heating.

- ] . - I d : s .
Typical applications include Propane and oxygen solenoid valves open (oxygen flow delayed slightly). Mixture of

ropane and oxygen ignited at flame head by pilots. Check propane and oxygen

Quench cycle

Hub drops into quench oil, is removed from tank by conveyor. Oil temperature, 54 £
5.6°C (130110 °F), ime in oil (approximate), 305

° i\ldtediu;n}fsarb%n steels, such as 1030 and 1043, for parts such as auto :ngs for pro%:r pressure. Adjust flame by regulating propane. Heating cycle control- Hardness and pattern aim 4 :
riveshafts and gears ; ed by imer. Time predetermined to obtain specified hardening depth Hardness, 52 HRC mini ; £0 Y max ‘
o High-carbon steels, such as 1070, for parts such as drill and rock bits and ' pear teeth Tmmum ‘F’ adepth of 0.9 mm (0.035 in.) maximum above root of

W

hand tools
o Alloy steels for such parts as bearings, valves, and machine tool parts

Shallow hardness patterns of less than 3.2 mm (0.125 in.) deep can be
tained only with oxy-gas fuels, When specified hardnesses are deeper,
y-fuels or air-gas fuels may be used. Time-temperature depth relation-
s for various fuel gases used in the spot (stationary), spinning, and

Reference

1. ASM Metals Handbook, Heat Treating, Yol 4, 10th ed., ASM Interna
tional, 1991, p 164

Relative Benefits of Five Hardening Processes

Flame Hardening

In this process, a thin surface shell of a steel part is heated rapidly to a
temperature above the critical point of the steel. After the structure of the
shell becomes austenitic, the part is quenched quickly, transforming the
austenite to martensite. The quench must be fast enough to bypass the
pearlite and bainite phases. In some applications, self-quenching and self-
tempering are possible, Ref 1. (See articles on other self-quenching proc-
asses—electron beam, laser, and high frequency, pulse hardening—¢lse-
where in this chapter.)

Characterisiics

Hardening is obtained by direct impingement of a high-temperature
flame or by high-velocity combustion product gases. The flame is pro-
duced by the combustion of a mixture of fuel gas and oxygen or oil. The
mixture is burned in flame heads; depth of hardness ranges from approxi-
matety 0.8 to 6.4 mm (0.03125 to 0.25 in.), depending on the fuels used,

ogressive methods are shown in an adjoining Figure. Carburizing Hard, }]aighly wear-regissant surface (medium case depths);
Burners and Related Equiopment. B . . i excellent capacity for contact load; good bending fatigue
& on whether oxy-fuel or ai?—fugl ; E‘-I‘lmefs vary 1; gfl"Slg“v depend sirength; good resistance to seizure; excellent freedom from
: I y-fu gas mixtures are used. Flame tempera- quench cracking; low-to-medium-cost steels required; high
res of the air-fuel mixtures are considerably lower than those of oxy-fuel capital investment required
ixtures (see Table). Carbonitriding Hard, highly wear-resistant surface (shallow case depths);
Flame heads for oxy-fuel gas are illustrated in an adjoining Figure, while fair capacity for contact load; good bending fatigue
. e for air-fuel gas are shown in a second Figure B B
design of the flame head, duration of heating, hardenability of the work Operating Proced oo , control possible; excellent froedom from quench cracking;
esign of the flame head, duration of heating, har y Operating Procedures and Control. The success of many applica- low-cost steels usually satisfactory; medium capital
piece, the quenching medium, and quenching method. : ns depends largely on the skill of the operator. L investment required
Flame hardening differs from true case hardening in that hardness ! Procedures for two applications are summarized in adjoining tables. Nitriding Hz;n_:l,highly w?ar-resistantsurfacc {shallow case depths);
obtained by localized heating. : Preheating. Di ies i : . air capacity for contact load; good bending fatigue
The ror):(ess enerally is sgelected for wear resistance provided by hig hess tsn% gxfﬁgulnes in getting the required surface hardness and strength; excellent resistance (o seizure; excellent
P B Y15 S¢€ 01 ¥ ] - bendin penetration in treating parts large in cross section often can be dimensional control possible; gaod freedom from quench
levels of hardness. Other available gains include improvements in _ Icome by preheating. When available power or heat input is limited, cracking (during pretreatment); medium-to-high-cost steels
properties, torsional strength, and fatigue life. ' i pth of hardness can also be increased by preheating. Results in one : : required; medium capital investment required
Comparative benefits of flame hardening, induction hardemngzlzn;lild“}_ plication are shown in an adjoining Figure Induction hardening ~ Hard, hll%;llfy wea:;;esxismgt sggt;zjmt:: (ddiep (;_ase depths); good
para e . : o, able. . £ 5 . capacity for contactload; g ending fatigue strength;
carbonitriding, and carburizing are summarized in an adjoining l_lenchlr!g Methods and Egu;pment. Method and type of quen- fairresistance to seizure; fairdimensiognal cg:]atnol pofsible;
. ] t vary with the flame hardening method used. Immersion quenching fair freedom from quench cracking; low-cost steels usually
Operating Information rally is the choice in spot hardening, but spray quenching is an . satisfactory; medium capital investment requircd
Flaie hardening Hard, highly wear-resistant surface (deep case depths); good

i'r_mt'ive. In quenching after progressive heating, the spray used is inte-
ted into the flame head. However, for steels high in hardenability, a
drate spray-quench sometimes is used. Parts heated by the spinning
d are quenched several ways. In one, for example, the heated part is

Methods of flame hardening include these types: spot (or stationary
progressive, spinning, and combination progressive-spinning. Spot N
progressive spinning are depicted in a Figure, spinning methods
second Figure.

capacity for contact load; good bending fatigue strength;
fair resistance to seizure; fair dimensional control possible;
fair freedom from quench cracking; low-cost steels usually
satisfactory; low capital investment required
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3pot (stationary) and progressive methods of flame hardening. (a} Spot (stationary} method of flame hardening a rocker arm and the
nternal lobes of & cam; quench not shown. (b) Progressive hardening method

Manifold Flamg head Hardness pattern Flame gort Flame head iCal'n Mixed gas N Water for quench

\ /r\ and flame head cooling

i

T
B

Flame h
|~ Flame head

1

Flame port Xﬂ]_)){\’\ Quench port
1 i

Flame ports

| Arbor : O
Hardness pattern

Rocker arm Workpiece Hardness pattern
Locatar Pad Hardness pattern

{a) (b}

P

Twao tips

Spinning methods of flame hardening. in methods shown atleft and at center, the part rotates. In method at right, the flame head rotates.
Quench not shown

Stat Rotating S1auonary
ﬂ;:n::utr::;; workpiece ‘\ Mamfold warkprece
- o Abave rom\ - /

Z ;;= \" 1 Siauonaw
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Calculated time-temperature-depth relationships for spot (stationary), spinning, and progressive flame hardening. Depth of hard-
ness given in millimeters
2000 o 2000 - 7 - i “w
N Spin hardening Acetylene | 3p00 °.
@ N a
Spot hardening 5 1.9\mm/ // ‘/ 5
= — 2000 &
of a rocker arm pad © 1000 i @
2 o, 7.6 mm ol
£ ) I — 1000 &
. P~ @
Acet[yiene Propane 3000 2 g 3.8mm 0 B
5.1
2.5 mm nm 1.3 mm ¢ 5 . oS 20
ime, s
1500 3 2.5 mm \ 2000
] I
1.3 mm L~ e oy Spin hardening | Natural gas | 3000 -
i g tomm O 4 g
— = E-Nela P T — - -~ | B
__,1‘___ % 1000 e L < 2000 g
- o - —
o — -1 ,\’,f - '} —{ 1000 2
s =Tl oot § ol 17Ty 5
g _2;‘__,_--‘ < [ 0 ﬁ’ T 7.6 mm 0 [
£ 1000 e E; 0 5 10 15 20
2 T 2 Time, s
£ a
i Natural gas g {b}
1.3 mm e 2000
i
2.5 mm Prugreslsive hardening
5.1 mm
" BT mmiS pcetylene — 3000
- 16 }
500 1000 4 1.3 mm -
g 25 \/ \ ¢
2 -0 mm -1 2000 2
© 1000 f\ ©
[] [
(=% =8
E ) N
v 500 i } = 1000
/ V 7.6 mm
’ . ~
o 0 Z 10.2 mm 1 o
Q 5 i0 15 20 0 5 10 15 20
Time, s Time, s -
(a) . (e}

E flame head
Z} @ Flarng ports
Rotaung Below root = Hardness Rotoing T Hardness
workpiece Types of pattern water-cooled patiern
hardness patterns flame headt
esponse of Steels and Cast lrons to Flame Hardening
Typical hardness, HRC, as affected by quenchant Typical hardness, HRC, as affected by quenchant
aterial Air(n) Oil(b) Water(b) Material Air(a) Oii(h) Water(h)
ain carbon steels Alloy steels {(continued)
25-1035 . 33.50 52100 55-60 55-60 62-64
40-1030 .. 52-58 55-60 6150 . 52.60 55-60
55-1075 50-60 58.62 60-63 8630-8640 48-53 52-57 58-62
180-1095 55-62 58-62 62-65 8642-8660 55-63 5563 62-64
25-1137 45-55 .
38-1144 45.55 52.57() 5560 ;a;;nunzed grades of alloy Ss;e;l; (d) s s
46-1151 50-55 55-60 58-64 . - )

] . 4615-4620 58-62 62-65 64-66
arburized grades of plain carbon steels(d) 2615-8620 58-62 62-65
10-1020 50-60 58-62 62-65 o0 .

08-1120 50-60 60-63 62-65 Martensitic stainless steels
410,416 41-44 41-44
Hoy steels 414,431 42.47 42-47
40-1345 45-55 52-57(c) 55-62 420 49-56 49.56
40-3145 50-60 55-60 60-64 440 {ypical) 55-59 55-59
50 55-60 58-62 63-65 .
63 55-60 61-63 63-65 Cast irons {ASTM classes)
40-4145 52-56 52-56 55-60 Class 40 48-52 48-52
37-4340 53-57 53.57 60-63 50007, 53004, 60003 5256 55-60
. " : Class 80002 52.56 56-59 56-61
47 56-60 56-60 62-63
40 52.56 £2-56 60-63 Class 60-45-15 . 35-45

) To obtain the hardness resulis indicated, those areas not directly heated must be kept relatively cool during the heating process. {b) Thin sections are susceptible to cracking when
ienched with oil or water. (c} Hardness is slightly lower for material heated by spinning or combination progressive-spinning methods than it is for material heated by progressive
stationary methods, (d) Hardness values of carburized cases containing 0.90 to 1.10% C

Typical burners for use with air-fuel gas. (a} Radiant type. (b) High-velocity convection type (not water cooled)

Flame
reflector s D) Discharge
{refractory) Heat - resistant i 1 | 1 |l IL ‘ i I , ‘ I'I H/ nozzle
combustion \ {restricted slot)
chamber

{refractory liners)

casing

Cast steel
manifold

Threaded Flame orifices
refractory orifice [refractory}

(&) {b}
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Flame heads for use with oxy-fuel gas

Mixer Mixer tube
T
Smgle Il
Removahle ups
Press n
Serewan

ar insert
Removable tips

Flarne ports

Mixer
tube

Mixer

Drilled-face flame heads

removed from the heating area and quenched by immersion in a separate
tank,

Quenching Media, Water, dilute polymer solutions, and brine solu-
tions are used. Qils are not; they should not be allowed to come into contact
with oxyger, or to contaminate equipment.,

In many types of flame hardening (excluding through hardening) self-
quenching speeds up cooling. The mass of cold metal underneath the
heated layer withdraws heat, so cooling rates are high compared with those
in conventional quenching. During progressive hardening of gear teeth
made of medium-carbon steels, such as 4140, 4150, 4340, and 4610, for
instance, the combination of rapid heating and the temperature gradient
between the surface and interior of a gear results in a self-quench. Results
are similar to those obtained with oil.

Tempering. Flame hardened parts usually are tempered, with parts
responding as they do when they are hardened by other methods. Standard
procedures, equipment, and temperatures may be used. If parts are too large
to be treated in a furnace, they can be flame tempered. Also, large parts
hardened to depths of about 6.4 mm (0.25 in.) can be self-tempered by
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Effect of preheating on hardness gradientin aring gear -+ - lot of total case depth versus carburizing time at four selected temperatures. Graph based on data in table
Distance below surface, mil
0 100 200 300 50 | 020
| o I
8o 400 °C prebeat
o, o 955 :C :
O 40 ——— e 927°C 0.18
£ 40 ] 5 899 °C —
= a B71°C /
w No preheat £ /4»
g QO )T e = / /_r_ E
% © Ccire -.CE; 3.0 — — 0.12 £
Cast alloy steel g / g
0 i ¢ E //j//r/ ;
o
0 2 4 6 8 10 F 20 o] — 008 =
Distance below surface, mm 2 ' / /// E
1.0 ﬁ 0.04
Progressive Flame Hardening of Ring Gear Teeth
Workpiece 0 0
Bevel ring gear made of 8742 steel with 90 teeth, Diametral pitch, 1.5; face width, 20(} 0 5 10 15 20 25 30
mm (8 in.); outside diameter, 1.53 m (60412 in.) ; Carburizing time, h
Mounting : " 871 °C (1600 °F) 899 °C (1650 °F) 927 °C (1700 °F) 955 °C (1750 °F)
Gear mounted on holding fixture to within 0.25 mm (0.010 in.) total mdlcmorrunout e mm in. mm in. mm in. mm in.
Flame heads l 0.46 0.018 0.53 0.021 0.64 0.025 0.74 0.029
Two 10 hole, duuble—mw, air-cooled flame heads, one on each side of tooth. Flame 2 0.64 0.025 0.76 0.030 0.89 0.035 1.04 0.041
heads set 3.2 mm (g in.) from tooth 4 0.89 0.035 1.07 0.042 127 0.050 1.30 0.051
8 1.27 (050 1.52 0.060 1.80 0.071 2.1 0.083
Operating conditions 12 1.55 0.061 1.85 0.073 2.21 0.087 2.59 0102
Gas pressures. Acelylene, 69 kPa (10 psi); oxygen, 97 kPa (14 psi) ;6 1.80 0.071 2.13 0.084 2.54 0.1¢0 2.97 017
Speed. 1.9 mm/s (4.5 in./min). Complete cycle (hardening pass, overtravel at eachend 33 g;g g'ggg %gﬁ 8:?2 g;g g g% i'gg g' :?j

index time, preheat return stroke on next tooth), 2.75 rmun

Indexing, Index every other tooth. Index four times before immersing in coolant.

Coolant. Mixture of soluble oil and water, at 13 °C (55 °F)
Hardness ain. 53 to 55 HRC

residual heat in the part; hardening stresses are relieved and temnpering ! To minimize sooting of the furnace atmosphere

i necessary. . . . .
separate operation may not be any Indothermic gas, the usual carrier, plays a dual role: it acts as a diluent

and accelerates the carburizing reaction at the surface of parts.

arts, trays, and fixtures should be thoroughly cleaned before they are
larged into the fumace—often in hot alkaline solutions. In some shops,
these furnace components are heated to 400 °C (750 °F) before carburizing
remove traces of organic contaminants.

Key process variables are temperature, time, and composition of the
sphere. Other variables are degree of atmosphere circulation and the
oy.content of parts.

Temperature. The rate of diffusion of carbon in austenite determines
aximum rate at which carbon can be added to steel. The rate increases
mificantly with increasing temperature. The rate of carbon addition at
3.°C (1695 °F) is about 40 percent higher than it is at 870 °C (1600 °F).

Applications

Flame hardened plain carbon steels, carburized grades of plain carbon
steels, alloy steels, martensitic stainless steels, and cast irons that are fia
hardened are listed in an adjoining Table.

Reference

1. ASM Metals Handbaok, Heat Treating, Vol 4, 10th ed., ASM Intermna:
tional, 1991, p 268

Gas Carburizing

In this process, carbon is dissolved in the surface layers of paris at the
temperatures required to produced an austenitic microstructure in low-
carbon steels. Austenite is subsequently converted to martensite by
quenching and tempering, Ref 1.

Characteristics

This is the most important carburizing process commercially. The gradi-
ent in carbon content below the surface of a part produced in the process
causes a gradient in hardness; resulting surface layers are strong and
resistant to wear. The source of carbon is a carbon-rich furnace atmosphere,

this temperature, the carburizing rate is reasonably rapid and the dete-
fion of furnace components, especially alloy trays and fixtures, is not
cessive. When deep cases are specified, temperatures as high as 966 °C
0.°F) sometimes are used to shorten carburizing times.

consistent results, temperatures must be uniform throughout the
ad. The desired result can be obtained, for example, with continuous
Maces with separate preheat chambers.

Time. The combined effect of time and temperature on total case depth
own in an adjoining Figure. The relationship of carburizing time and
ing carburizing temperature is shown in a second Figure.
mensional Control. To keep heat-treating times as short as possi-
arts should be as close to final dimensions as possible. A number of
r.factors also have an influence on distortion, including:

including gaseous hydrocarbons, such as methane, propane, and butane,
vaporized hydrocarbon liquids. Low-carbon steels exposed to these 0
pheres carburize at temperatures of 850 °C (1560 °F) and above.

Operating Information

In present practice, carbon content in furnace atmospheres is controlle
for two reasons:

e To hold final carbon concentration at the surface of parts beloy
solubility limit in austenite

esidual stresses put into parts prior to heat treating
lape changes caused by heating too rapidly

Carburizing temperature, °C (°F}

Reducing effect of increased process temperature on car-
burizing time for 8620 steel. Case depth: 1.5 mm (0.060 In.)

Carburizing time, h

20

Properties of Air-Combustible Gas Mixtures

Autoignition

temperature Flammable limits in
Gas °C °F air, vol %
Methane 540 1005 54-15
Propane 466 870 2495
Hydrogen 400 750 4.0-75
Carbon monoxide 609 1130 12.5-74
Methanol 385 725 6.7-36




48 / Heat Treater’'s Guide

Guidelines for the Heat Treatment of Steel / 49

Plot of stress relief versus tempering temperatures held for 1 A pit batch carburizing furnace. Dashed lines outiine location of Relation Between Dew Point and Moisture Content of
h for two carbon concentrations in austenite workload. Gases. Hydrogen can be purified by a room-temperature cata-
° Cover lytic reaction that combines oxygen with hydrogen, forming water.
Tempering temperature, °F s Then, all water vapor is removed by drying to a dew point of -60
212 392 572 752 932 R / Insutation °F (-51 °C).
100 = L Z Seal Dew point, °C
-40 -30 220 =10 B +10
24, . ; ” :
80 ) | @ =
Cover- f
/ ligting 16
39‘ &0 rmechanism
5 / /
2 / / Recircukating ® 1.2,
2 fan o diant g
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1] 1 /
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Tempering terperature, °C -50 -40 -0 o +a +40 o0
Dew paint, °F
igh- tivity gas-fired integral quench furnace _ » o
A high-productivity g grata Composition of Carburizing Steels
Composition, %
C Mn Ni Cr Mo Other
Internal resolver-
Cooling fan transmitter generator  High-temperature bon steels
, high-capaity fan 0.080.13 030-060 (@), (b)
. ; e 0.15-0.20 0.60-0.90 (a), (b)
ap cool Load 0.15-020 0.70-1.00 (a), (b)
\\‘ 0.18-0.23 0.30-0.60 (@), (b)
High-temperature 0.18-0.23 0.60-0.90 (a), (b)
Furnace radiant tube 0.18-0.23 0.70-1.00 (a), (b}
Vesﬁbu,e\ 0.19-025 135-1.65 (@), (b)
022-0.29 1.20-1.50 N
Regenerative burners @, (0)
™ ] T ulfurized steels
Vestibuie c 0.14-0.20 1.00-1.30 0.08-0.138
door % : Handler mechanism M!Qy_steels
| ' 0.08-0.13 0.45-0.60 3.25-3.75 1.40-1.75 (b}, ()
_ bz riLz 7 020-025 0.70-090 ... e 020030 (BLE)
Oilquench | W 025-0.30 0.70-0.90 e 020030 ()0
sy PP 0.18-023 070090 .. 040060 0.08-0.15  (b)(c)
L L 0.17-0.22 0.45-0.65 1.65-200 0.40-0.60 0.20-0.30 (b), (c)
i N | 0.17-0.22 0.45-0.65 1.65-2.00 0.20-0.30 (b), ()
AW/ 0.13-0.18 0.40-0.60 3.25-3.75 0.20-0.30 (b), (c)
p -l 0.18-0.23 0.50-0.70 3.25-3.75 0.20-0.30 (b), )
‘ Hl| | § High-capacity 0.17-0.22 0.70-0.90 0.70-0.90 (b), (c)
NN NN NI L NN INLZNNN TN /N2 lift hearth 028-033 0.70-090 ... 080110 .. (b, ()
0.15-0.20 0.70-090 0.40-0.70 0.40-060 0.15-0.25 (b), (c)
0.18-0.23 0.70-0.90 040-0.70 (.40-0.60 0.15-0.25 {b), (c)
’ 0.18-0.23 0.70-0.90 040-0.70 0.40-0.60 0.20-0.30 (b), (c)
. . F 0.20-0.25 0.75-1.00 040-0.70 0.40-0.60 0.30-0.40 b), {c
© The manner in which parts are stacked or fixtured in carburizing and Tempering. Density changes during tempering flffe‘:t.the relief of e 0.08-0.13 0.45-065 3.00-3.50 1.00-1.40 0.08-0.15 Ebg 8
quenching sidual stresses produced in carburizing. An adjoining Figure ;ht“m;ire : cial alloys
i i effect of tempering for 1 h at various temperatures on stress reliel. O '
e Severity of quenching relief occurspat lower tempering temperatures as the amount of carbof So0 g%gg ?é gjgggg 275305 éggigg gggéég gggégg g:
Quenchants include brine or caustic solutions, aqueous polymers, dissolved in austenite is increased. . don o o T o o o
oils, and molten salt. Selective Carburizing. Some gears, for cx?unple, are c:zu'bml‘llti;i . 0.15-025V
In some industries, parts are carburized at 927 °C (1700 °F) or above, on teeth, splines, and bearing surfaces. Stopoffs include copper pia g ghe 0.10 0.35 2,00 1.00 3.25 1(.:00 g:}g{){o
u, U,

cooled slowly to ambient temperature, then reheated at 843 °C (1550 °F),
then quenched. Benefits include refinement in microstructure and fimiting
the amount of retained austenite in the case.

ceramic coatings. ) .
Safety Precautions. The atmospheres used arc highly 10XI¢ ©
highly inflammable. When combined with air, explosive gas mixturcs

94 Pmax, 0.05 S max. (b) 0.15-0.35 Si. () 0.035 P max, 0.04 S max

fron Oxides from CO, or H,0. Datapoint 1: an aimosphere con-
sisting of 75 H, and 25 H,0O will reduce scale on iron (FeQ or
Fe,O,} at 1400 °F (760 °C). Data point 2: same atmosphere will
scale metal at 900 °F (480 °C)
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Available Carbon (the Weight of Carbon Obtained for Car-
burizing from a Given Gas at a Given Temperature). Charcoal
gas analyzes 20 CO, 80 N,. Natural gas is principally methane.
Data point 1: at 1700 °F (925 °C), the available carbon in charcoal
gas is 0.0000272 Ib/fi® (0.004357 kg/m?). Data point 2: in natural
gas, there is 1200 times as much or 0.0337 Ib/ft* (0.5398 kg/m?)
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formed. Properties of air-combustible gas mixtures are given in an adjoin-
ing Table.

Carburizing Equipment. Both batch and continuous furnaces are
used. Among batch types, pit and horizontal furnaces are the most common
in service. Apit furnace is illustrated in an adjoining Figure. Adisadvantage
of the pit type is that when parts are direct quenched, they must be moved
in air to the quenching equipment. The adherent black scale developed on
parts with this practice may have to be removed by shot blasting or acid
pickling. Horizontal batch furnaces with integral quenching facilities are
an alternative (see Figure).

Continuous furnaces used in carburizing include mesh belt, shaker
hearth, rotary retort, rotary hearth, roller hearth, and pusher types.

Applications
Carbon steel, resulfurized steel, and alloy steel applications are listed in
an adjoining Table.

Reference

1. ASM Metals Handbook, Heat Treating, Vol 4, 10th ed., ASM Interna-
tional, 1991, p 312
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perating temperatures normally run from 815 to 955 °C (1500 to
0 °F). However, temperatures as high as 1095 °C (2005 °F) are used.

he rate of change in case depth at a given temperature is proportional
e square root of time. This means the rate of carburization is highest at

Pack Carburizing

In this process, carbon monoxide derived from a solid compound decom-
poses at the metal surface into nascent carbon and carbon dioxide, Carbon
is absorbed into the metal; carbon dioxide immediately reacts with carbo-
naceous material in the solid carburizing compound to produce fresh
carbon monoxide. Carbon monoxide formation is enhanced by energizers
or catalysts such as barium carbonate, calcium carbonate, potassium car-
bonate, and sodium carbonate present in the carburizing compound. Ener-
gizers facilitate the reduction of carbon dioxide with carbon to form carbon
monoxide, Ref 1.

Characteristics

Both gas carburizing and liquid carburizing have labor cost advantages
over this process. This disadvantage may be offset in jobs requiring addi-
tional steps, such as cleaning and the application of protective coatings in
carburizing stopoff operations.

Other considerations favor pack carburizing:

s A wide variety of furnaces may be used because the process produces its
own contained environment

o It is ideally suited for slow cooling from the carburizing temperature

o It offers a wider selection of stopoff techniques than gas carburizing for
sefective carburizing techniques
On the other side of the ledger, pack carburizing is less clean and less

convenient to use than the other carburizing processes. In addition:

o Tt isn’t well suited for shallow case depths where depth tolerances are
strict

o It is labor intensive

e It takes more processing time than gas or liquid carburizing because of
the heating time and cooling time required by the extra thermal mass
associated with the solid carburizing compound and the metal container
used

o Itisn’t suited for direct quenching or quenching in dies

beginning of the cycle and gradually diminishes as the cycle continues.
ase Depth. Even with good process control, it is difficult to hold case
th variation below 0.25 mm (0.010 in.) from maximum to minimum in
ven furnace load, assuming a carburizing temperature of 925 °C (1695
The effect of time on case depth is shown in an adjoining Figure.
urnaces are commenly of the box, car bottom, and pit types. Tempera-
__u_mfprmity must be controllable within 25 °C (£99 °F).

ontainers normally are made of carbon steel, aluminum coated carbon
or iron-nickel-chromium, heat-resisting alloys.

Operating Information

The common commercial carburizing compounds are reusable and co
tain 10 to 20 percent alkali or alkaline earth metal carbonates bound.
hardwood charcoal, or to coke by oil, tar, or molasses. Barium carbonate
the chief energizer, usually accounting for 50 to 70 percent of total carbo
ate content. :

Water Gas Reaction, CO +H,0 <> CC, + H,. Variation of equilib- ypical Applications of Pack Carburizing
rium constant K with temperature. K is independent of pressure,
since there is no volume change in this reaction. Dimensions(a) e ;:51rburizing
ase de
Temperature, °C OD _ 0A i Weight HIl:C ’ Temperature
3 5?0 S?B TEI"} a?n 9?3 mlcm 1 mim in. mm in. kg Ib Steel mm in. °C °F
ing-loader b.ev?l gear 102 4.0 76 30 1.4 3.1 2
/ jing-shear iming gear 216 8.5 92 36 236 520 igg g'g gggg ggg ;Z{s}g
b rane—c.ablt_i drumn ) 603 237 2565 101.0 1792 3950 1020 1‘2 0.048 955 1750
1‘-nnsa.hgn{nen[ c'ouplgn'g gear 305 12.0 152 6.0 38.5 84.9 4617 1.2 0.048 925 1700
ontinuous-miner c}nve pinion 127 5.0 127 5.0 5.4 11.9 2317 1 :S 0>0‘72 925 1700
" egg—ggtzeu‘fgligal gear 2;3 %gg ;gg 481.0 150 331 1022 1.8 01072 940 1725
fotor- ) 9 104 2
igh-performance crane wheel 660 26.0 152 6.0 335 %g 185(5) gg 3:23 ﬁg i:f‘gg
Lo fldcrb'uii geiilr 2159 85.0 610 24.0 5885 12975 1025 4.0 0.160 955 1750
y En trunnion reller 762 300 406 16.0 1035 2280 1030 40 0.160 940 1725
/ veleF roll ) 95 37 794 313 36.7 80.9 3115 40 0.160 925 1700
P n‘ung—rmlls‘crew ) 381 15.0 3327 131.0 2950 6505 3115 5.0 0.200 925 1700
04 / vy-duty‘ rolling-mill gear 914 36.0 4038 155.0 11800 26015 2325 5.6 0.220 955 1750
/ essor pinch roll 229 9.0 5385 212.0 1700 3750 8620 6.9 0:270 1050 1925
b ) OD, outside diameter; OA, overall (axial) dimension
880 1000 1200 1400 1500 1500 2000
Temperature, °F

Packing. Intimate contact between compound and workpiece is not
necessary, but with proper packing the compound provides good support
for workpieces.

Applications

T'}Ij‘{pical applications for pack carburizing are listed in the adjoining
able.

Reference

1. ASM Metals Handbook, Heat Treating, Vol 4, 10th ed., ASM Interna-
tional, 1991,p 325 <

Process Control. Two parameters are unique to the process:

o Case depth may vary within a given furnace due to dissimilar therma
histories within the carburizing containers -
o Distortion of parts during carburizing may be reduced because O
pound can be used to support workpieces :

othare salt bath processes. Inliquid carburizing, cyanide or noncyanide
aths are used. Cyaniding is a liquid carbonitriding process. It differs
liquid carburizing because it requires a higher percentage of cyanide
he composition of the case produced is different. Cases produced in
arburizing process are lower in nitrogen and higher in carbon than
.produced in cyaniding. Cyanide cases are seldom deeper than 0.25
0.010 in.); carburizing cases can be as deep as 6.35 mm (0.250 in.).
Lvery thin cases, low-temperature liquid carburizing baths may be used

Carbon potential of the atmosphere generated by the compound, as } _'cl
as the carbon content obtained at the surface of the work, increase directly

with an increase in the ratio of carbon monoxide to carbon dioxide. .

iquid Carburizing and Cyaniding

Liquid carburizing. Parts are held at a temperature above Acy in a
mqlten salt that introduces carbon and nitrogen, or carbon, into the metal
being treated. Diffusion of the carbon frorm the surface toward the interior
gr(:l;iuccs a case that can be hardened, usually by fast quenching, from the

ath.
) Cyaniding. In this process, steel is heated above Acy in a bath contain-
ing alkali cyanides and cyanates, and its surfaces absorb both carbon and
nitrogen from the molten bath.

Tirme at carburizing temperature, h . te granu]ar mixture

Effect of time on case depth at 925 °C (1700 °F) lace of cyaniding, Ref 1.
" P2

a0 / Jor ositions and Properties of Sodium Cyanide Mixtures

€ / l

g, / o ® fure grade Composition, wt % Melting point 25 °Cspe‘:lﬁc Tk

E L7 ‘.‘::.-l NaCN NaCQ; NaCl °C °F o oy "C

2 / 8 (75°F) (1580°F)

5 P 97 23 Trace 560 1040 1.50 110
75 35 21.5 590 1095 1.60 1.25
453 37.0 17.7 570 1060 1.80 1.40

) ) 30.0 40.0 30.0 625 1155 2.09 1.54
0 10 20 30 40 50 -

Pearance: white crystalline solid. This grade contains 0.5% sodium cyanate (NaNCO) and 0.2% sodium hydroxide (NaOH); sodium sulfide (Na,S) content, nil. (b) Appear-
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pical Applications of Liquid Carburizing In Cyanide Baths

Weipht Depth of case Temperature Subsequent Hardness,
it kg b Steel mm in. °C °F Time,h Quench treatment HRC
rbon steel
apter 0.9 2 CR 1.0 0.040 940 1720 4 AC -
ot tapered 0.5 1.1 1020 1.5 0.060 940 1720 6.5 AC E:% gggg
shing 0.7 1.5 CR 1.5 0.060 940 1720 6.5 AC {a) 62-63
+block 3.5 7.7 1020 13 0.050 940 1720 5 AC (a) 62-63

1.1 2.5 CR 1.3 0050 940 1720 5 AC {a) 59-61
ik 14 3 1020 1.3 0.050 940 1720 5 {H {b) 56-57
nge 0.03 0.06 1020 0.4-0.5 0.015-0.020 845 1550 4 Oil (c) 55 min{d)
gerings, knurled 0.09 02 1020 15 0.060 940 1720 6.5 AC (a) 62-63
1d-down block 0.9 2 CR 1.0 0.040 %40 1720 4 AC (a) 62-63
ert, tapered 475 105 1020 13 0.050 940 1720 5 AC (a) 62-63
ver 0.05 0.12 1020 0.13-0.25 0.005-0.010 845 1550 i Oil (c) (e)
ik 0.007 0.015 1018 0.13-0.25 0.005-0.010 845 1550 1 AC .
e 0.007 0015 1010 02504 0.010-0015 845 1550 2 oil © ©
12 0.7 1.6 CR 1.5 0.060 940 1720 6.5 AC {a) 62-63
g gage 0.45 1 1020 1.5 0.060 940 1720 6.5 AC (a) 62-63
di.us-culou[ roll 7.7 17 CR 1.5 0.060 944} 1720 6.5 AC (a) 62-63
sion-bar cap 0.05 0.1 1022 0.02-0.05  (.001-0.002 900 1650 0.12 Caustic [43] 45-47
sulfurized steet
shing 0.04 0.09 1118 0.25-04 0.010-0.0t5 R45 1550 2 il (c) (e)
shsleeve 36 8 1117 1.1 0.045 915 1675 7 AC ( 58-63
_;k 0.0009 0.002 1118 0.13-025 0.005-0.010 845 1550 1 Brine ©) (e)
ive shaft. 3.6 8 117 1.1 0.045 915 1675 7 AC (h) 58-63
ide bushing 0.2 0.5 1117 0.75 0.030 915 1675 5 Gy 58-63
it 0.04 0.09 1113 0.13-0.25 0.005-0.01¢ 845 1550 1 0il (c) (e)
1 0.003 0.007 1119 0.13-025 0.005-0.010 845 1550 1 0il (c) {&)
g 0.007 0.015 113 0.075-0.13  0.003-0.005 845 1550 0.5 oil © (&
ck 034 075 1113 013025 0.005-0.010 845 1550 1 oil ) (®
Aler 0.0t 0.03 1118 025-04 0.010-0.015 845 1550 2 oil (c) (e)
rew 0.003 0.007 1113 0075013 0.003-0.005 845 1550 05 il © )
aft 0.08 0.18 1118 02504  0.010-0.015 845 1550 2 ol @© @
ring seat 0.009 0.02 1118 02504  0.010-0.015 845 1550 2 il © @)
»p collar 09 2 1117 1.1 0.045 925 1700 6.5 AC (g) 60-63
i} 0.007 0.015 1118 0.13-025 .005-0.010 845 1550 1 il {c) (e)
lve bust}ing 0.02 0.05 1117 1.3 0.050 915 1675 8 AC (g 58-63
Ive retainer 0.45 1 1117 1.1 0.045 915 1675 7 )] 58-63
asher 0.007 0.015 1118 0.25-04 0.010-0.015 845 1550 2 Oil {©) (e)
loy steel
:mi_ng races 0.9-36 2-80 8620 2.3 0.090 925 1700 14 AC (&) 61-64
sanng rollers 0.20 0.5 8620 23 (0.090 925 1700 14 AC (2) 61-64
wpling 0.03 0.06 8620 0.25-04 0.010-0.015 845 1550 2 Qil {c) (e)
‘ankshaft 0.9 2 8620 1.0 0.040 915 1675 6.5 AC (h) 60-63
2ar 0.34 0.75 8620 1.0 0.040 915 1675 6 AC (2 60-63
0.03 0.06 8620 0.075-0.13 0.003-0.005 845 1550 0.5 0il (©) (e}
ler shaft 0.45 1 8620 0.75 0.030 915 1675 5 i) - 58-63
ntle 4.5-86 10-190 8620 1.5 0.060 925 1700 12 (i) e 58-63
ston 0.20 0.5 8620 1.3 0.050 s 1675 8 AC (3] 60-63
unger 0.45-82 1-180 8620 I.3 0.050 915 1675 8 (i) 58-63
am 2.3-23 5-5¢ 8620 1.1 0.045 015 1675 7 @) 58-63
slainer 0.0009 0.002 9317 0.102 0.004-0.008 845 1550 0.33 Qil G (e)
3001 0.45-54 1-120 8620 1.3 0.050 925 1700 7 @ - 58-63
hrust cup 0.20 05 8620 1.1 0.045 915 1675 7 W 58-63
h{ust plate 54 12 8620 23 0.090 925 1700 14 AC (g} 60-64
niversal socket 1.8 4 8620 15 0.060 N5 1675 10 AC (& 58-63
alve 0.01 0.03 8620 0.4-0.5 0.015-0.020 845 1550 4 Qil G 60 min(d)
alve seat 0.20 0.5 8620 1.1 0.045 915 1675 7 AC €:4] 60-63
fear plate 0.45-3.6 1-8 8620 13 0.050 915 1675 7 AC (g) 60-63

=

1)) Reheated at 790 °C (1450 °F), quenched in caustic, tempered at 150 °C (300 °F). (b) Trzmsferred to neutral saltat 790 °C (1450° 1 i °
3). (c) Tempered at 165 °C (325 °F). (d) Or equivalen. (¢) File-hard. (f) Tempered at 205 e e e cos0oF (1)
eheated at 775 °C (1425 °F), quenched in salt at 195 °C (380 °F). (i) Quenched directly insaltat 175

°C (404 °F). {g) Reheated at 845 °C (1550 °F), quenched in saltat 175 °C (350 °F). (n
C (350 °F). (j) Tempered at 165 °C (325 °F) and treated at -85 °C (-120 °F)

Liguid Carburizing

Characteristics

The case produced is comparable to one obtained in gas carburizing in
an atmosphere containing some ammonia. In addition, cycle times are
shorter because heat up is faster, due to the excellent heat transfer charac-
teristics of the salt bath solution.

Operating information

Most of these baths contain cyanide. Both nitrogen and carbon are
introduced into the case. A noncyanide process uses a special grade of
carbon, rather than cyanide, as the source of carbon. These cases contain
only carbon as the hardening agent.

Low-temperature (for light cases) and high-temperature (for deep cases),
cyanide-containing carburizing baths are available. In addition to operating
temperatures, cycle times can also be different.

Low-Temperature Baths. Typical operating temperafures range
from 845 to 900 °C (1555 to 1650 °F). Baths generally are of the acceler-
ated cyanogen type. Operating compositions of liquid carburizing baths are
listed in Table 1. Baths usually are operated with a protective carbon cover.
Cases that are 0.13 to 0.25 mm (0.005 to 0.010 in.) deep contain substantial
amounts of nitrogen.

High-Temperature Baths, Operating temperatures usually are in the
range of 900 to 955 °C (1650 to 1750 °F). Rapid carbon penetration may
be obtained at operating temperatures between 980 and 1040 °C (1795 to

1905 °F). Cases range from 0.5 to 3.0 mm (0,020 te 0.120 in.) deep. The
most important application of this process is for the rapid development of
cases 1 to 2 mm (0.040 to 0.080 in.) decp. These baths contain cyanide and
a major amount of barium chloride (see Table).

Applications

Typical applications of liquid carburizing in cyanide baths are listed in
an adjoining Table.

Noncyanide Liguid Carburizing

A special grade of carbon is used in place of cyanide as the source for
carbon. Carbon particles are dispersed in the molten salt by mechanical
agitation with one or more simple propeller stirrers. The chemical reaction
is thought to be adsorption of carbon monoxide on carbon particles. Carbon
monoxide is generated by a reaction between carbon and carbonates in the
salt bath. Carbon monoxide is presumed to react with steel surfaces in a
manner similar to that in pack carburizing.

Operating Information

Operating temperatures usually are higher than those for cyanide-type
baths. The common range is about 900 to 953 °C (1650 to 1750 °F). Case
depths and carbon gradients are in the same range as those for high-
temperature, cyanide-type salts. Carbon content is slightly lower than that
of standard carburizing baths containing cyanide.
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Operating Compositions of Liquid Carburizing Baths

Composition of bath, %

Light case, Deep case,
low temperature high temperature
Constituent 845-000 °C (1550-1650 °F)  900-955 °C (1650-1750 °F)
Sodium cyanide 10-23 6-16
Barium chloride e 30-55(a)
Salts of other alkaline 0-10 0-10
carth metals(b)
Potassium chioride 0-25 0-20
Sodium chloride 20-40 020
Sodium carbonate 30 max 30 max
Accelerators other than 0-5 0-2
those invelving com-
pounds of alkaline
earth metals(c)
Sodium cyanate 1.0max 0.5 max
Density of moltensalt  1.76 gfem’® a1 900 °C (0.0636 2.00 glom? at 925 *C(0.0723
1b/in.? at 1650 °F) Ib/in3 at 1700 °F)

(2) Proprietary barium chloride-free deep-case baths are available. (b} Calcium and
strontium chlorides have been employed, Calcium chloride is more effective, but its
hygroscopic nature has limited its use. (¢) Among these accelerators are manganese di-
oxide, boron oxide, sodium fluoride, and sodium pyrophosphate.

Effect of Sodium Cyanide Concentration on Case Depth
in 1020 Steel Bars

Samples are 25.4 mm diam (1.0 in. diam) bars that were cyanided 30
min at 815 °C (1500 °F}.

NaCNin Depth of case
bath, % - mm in.
943 "0.15 0.0060
76.0 0.18 00070
50.8 0.15 0.0060
43.0 . 0.15 0.0060
30.2 0.15 0.0060
20.8 0.14 0.0055
15.1 0.13 0.0050
10.8 0.10 0.0040
3.2 0.05 0.0020

Faster carbon penetration is obtained by using operating temperatures
above 950 °C (1740 °F). Noncyanide baths are not adversely affected at
this temperature because no cyanide is present to break down and cause
carbon scum or frothing. Parts quenched after treatment contain less
retained austenite than those quenched following cyanide carburization.

Applications

Typical applications of liquid carburizing in noncyanide baths are listed
in an adjoining Table.

Cyaniding (Liquid Carbonitriding)

Operating Information

In this instance, sodium cyanide is used instead of the more expensive
potassium cyanide. The active hardening agents (carbon monoxide and
nitrogen) are produced directly from sodium cyanide.

A sodium cyanide mixture such as grade 30 (containing 30 percent
NaCN, 40 percent NapgCO3, and 30 percent NaCl) generally is the choice
for production applications (see Table showing compositions). A 30 per-
cent cyanide bath operating at 815 to 850 °C (1500 to 1560 °F) produces a
0.13 mm (0.005 in.) case containing 0.65 percent carbon at the surface in
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min. Similar case depths can be obtained with sodium cyanide in  brine, The case contains less carbon and morte nitrogen than those devel- Comparison of Time Required to Obtain a 0.9 mm (0-035{’in-) and 1.3 mm (0-059 in.) Effective Case Depth in an AlSI

wing 1020 steel, The effect of sodium cyanide on case depth in treating  oped in liquid carburizing. 8620 Steel at Carburizing Temperatures of 900 °C (1650 °F) and 1040 °C (1900 °F)

steel is in an adjoining Table. Time, min

. . Carburizing Heating to Soaking Gasquench Reheatte  Soakat
P lications Reference : Effective depth temperature carburizing priorto to 540 °C 845°C 845°C il
\ file hard, wear-resistant surface is produced on ferrous parts. Thehard 1 ASM Merals Handbook, Heat Treating, Vol 4, 10th ed., ASM Interna- mm in. °C °F temperature  carburizing  Boost Diffusion  (1000°F)  (1550°F) (1550°F) quench Total
i i hing i ineral oil, paraffin-base oils, water, or H :

¢ is produced in quenching in mineral oil, paraff tional, 1991, p 329 ' 09 0.035 900 1650 78 45 101 83 (@) @ (@ 15 32

1040 1900 0 30 15 23 20 22 60 15 275
13 0.050 900 1650 78 45 206 169 (a) (a) (a) 15 >513

1040 1900 90 30 31 46 20 22 60 15 314

acuum Carburizing

n this process, steel is austenitized in a rough vacuum, carburized in a
tial pressure of hydrocarbon gas, diffused in a rough vacuum, then
:nched in oil or gas, Ref 1.

aractieristics
3enefits of the process include:

Ixcelient uniformity and repeatability due to the degree of process
sontrol inherent in the process

mproved mechanical properties due to a lack of intergranular oxidation
Reduced cycle times due to higher processing temperatures

Operating Information

A continuous vacuum carburizing furnace is pictured in an adjoining
Figure, Furnaces usually are designed for vacuum carburizing, with or
without vacunm quenching capability. Controls and plumbing are modified
to accommodate the process.

Heat and Soak Step. Steel is first heated to the desired carburizing
temperature (typically in the range of 845 to 1040 °C (1555 to 1905 °F).
Soaking follows at that temperature, but only long enough to get tempera-
ture uniformity throughout the part.

In this step, surface oxidation must be prevented, and any surface oxides
present must be reduced. In a graphite-lined heating chamber with graphite
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heating elements, for example, a rough vacuum in the range of 13 to 40 Pa
(0.1 to 0.3 torr) usually is satisfactory.

Boost Step. The result here is carbon absorption by the austenite to the
limit of carbon solubility in austenite at the processing temperature for the
steel being treated. The operation in this instance is backfilling the vacuum
chamber to a partial pressure with either a pure hydrocarbon gas, such as
methane or propane, or a mixture of hydrocarbon gases.

A minimum partial pressure of the gas is needed to ensure rapid carburiz-
ing of the austenite. Minimum partial pressure varies with carburizing
ternperature, gas composition, and furnace construction. Typical partial
pressures vary between 1.3 and 6.6 kPa (10 to 150 torr) in furnaces of
graphite construction and 13 to 25 kPa (100 to 200 torr) in furnaces of
ceramic construction.

Diffusion Step. In this instance, carbon is diffused inward from the
carburized surface, resulting in a lower surface carbon content (relative to
the limit of carbon solubility in austenite at the carburizing temperature)
and a more gradual case/core transition. Diffusion usually is in a rough
vacuum of 67 to 135 kPa (0.5 to 1.0 torr) at the carburizing temperature.

Oil Quenching Step. Steel is directly quenched in oil, usually under
a partial pressure of nitrogen.

When temperatures are higher than those in conventional atmosphere
carburizing, requirements usually call for cooling to a lower temperature
and stabilizing at that temperature prior to quenching,

If a reheating step is needed for grain refinement, the steel is gas
quenched from the diffusion temperature to room temperature, usually
under partial pressure of nitrogen. Reheating usually consists of austenitiz-
ing in the range of 790 to 845 °C (1455 to 1555 °F), followed by oil
quenching.

Carburizing Gas Circulation. For uniform case depths the chief re-
quirements are:

& Temperature uniformity of 8 °C (£14 °F) or better
e Uniform circulation of carburizing gas

High-Temperature Vacuum Carburizing

Typical atmosphere furnace construction gererally limits maximum car-
burizing temperatures to about 955 °C (1750 °F). Vacuum furnaces permit
higher carburizing temperatures, with correspondingly reduced cycle
times,

The process can significantly reduce overall cycle times required to get
effective case depths in excess of 0.9 to 1.0 mm (0.030 to 0.040 in.). There
is no advantage for lower case depths. In an adjoining Table, the times
needed to get 0.9 to 1.0 mm (0.030 to 0.040 in.) case depths with vacuum
carburizing at 900 °C (1650 °F) and 1040 °C (1905 °F) for an AISI 8620
steel are compared. -

Applications ' .

The process is well suited to process the more highly alloyed, high-
performance grades of“carburizing steels and the moderately alloyed
grades being used. Gas pressure quenching in vacuum opens up opportu-
nities for treating high-performance, low distortion gearing.

Reference

1. ASM Metals Handbook, Hear Treating, Vol 4, 10th ed., ASM Interna-
tional, 1991, p 348

Plasma (lon) Carburizing

This is basically a vacuum process utilizing glow discharge technology
to introduce carbon bearing ions to steel surfaces for subsequent diffusion
below the surfaces, Ref 1.

Characteristics

_ The process has several advantages over gas and atmosphere carburiz-
ing:

¢ Higher carburizing rates

Higher operating temperatures
Improved case uniformity

Blind hole penetration
Insensitivity to steel composition

Carburizing rates are higher because the process involves several steps
in the dissociation process that produce active soluble carbon. With meth-
ane, for example, active carbon can be formed due to the ionizing effect of
the plasma, Carburizing rates of plasma and atmosphere carburizing are
compared in an adjoining Figure. Note that the results obtained in atmos-
phere carburizing for 240 min at 900 °C (1650 °F) were obtained with the
plasma process in half the time.

In some applications, higher temperatures are permissible because the
process takes place in an oxygen-free vacuum,

Improvements in uniformity of case depth in gear tooth profiles are
shown in an adjoining Figure. Results obtained with the plasma process at
980 °C (1795 °F) and those obtained with atmosphere carburizing at the
same temperature are compared.
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Carbon concentration profiles in AIS1 1020 steel after ion car- Comparing uniformity of case depth over gear-tooth profiles. Racked array of universal-joint components ready for ion carburizing. Two stacked fixtures constitute one furnace load of 1500 parts.
burizing for 10, 20, 30, 60, and 120 min at 900 °C {1650 °F). (a) lon carburized at 980 °C (1800 °F). (b} Atmosphere carburized Courtesy of Dana Corporation
Carbon profile after atmosphere carburizing for 240 min at 900 °C ina 980 °C (1800 °F) boost-diffuse cycle. Case depth in {a) exhib-
{1650 °F) shown for comparison its more consistency, particularly in the root of the gear profile,
Courtesy of Surface Combustion, Inc.
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The range of applications includes 1020, 1524, and 8620 steels.
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tional, 1991, p 353
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Carbonitriding

This is a modified form of gas carburizing, rather than a form of nitriding.
The medification: ammonia is combined with the gas carburizing atmos-
phere to add nitrogen to the carburized case as it is being produced, Nascent
nitrogen is at the work surfaces. Ammonia dissociates in the furnace
atmosphere; nitrogen diffuses into the steel simultaneously with carbon,
Ref 1.

Characteristics

Carbonitriding is similar to liquid cyaniding in terms of its effects on
steel. The process is often substituted for liquid cyaniding because of
problems in the disposal of cyanide-bearing water. Case characteristics of
carburized and nitrided parts are also different; carburized cases normally

Effect of Material/Variables on the Possibility of Void
Formation in Carbonitrided Cases

Possibility
of void

Material/processing varinbles(a) formation
Temperature increase Increased
Longercycles Increased
Higher case nitrogen levels Increased
Higher case carben levels Increased
Aluminur-killed steel Increased
Increased alloy content of steel Decreased
Severe prior cold working of material Increased
Ammonia addition during heat-up cycle Increased

{a) All other variables held constant

Effects of temperature and of duration of carbonitriding on
effective case depth. Both sets of data were obtained in the
same plant. Note that upper graph (for 1020 steel} is in terms of to-
tal furnace time, whereas bottom graph (for 1112 steel) is for 15
min at temperature.
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do not contain nitrogen, and nitrided cases are primarily nitrogen, while
carbonitrided cases contain both carbon and nitrogen.

Ability to produce hard, wear-resistant cases, which are generally in the
range of 0.075 to 0.75 mm (0.003 to 0.030 in.), is the typical reason for
selecting this process. Cases have better hardenability than carburized
types (mitrogen increases the hardenability of steel); nitrogen is also an
austenite stabilizer, and high nitrogen levels can result in retained austenite,
particularly in alloy steels.

Economies can be realized with carbonitriding and quenching in the
production of hard cases within a specific case depth range and for either
carbon or low-alloy steel. With oil quenching, full hardness with less
distortion can be obtained, or in some cases, with gas quenching, using a
protective atmosphere as the quenching medium,

Another plus: carburizing and carbonitriding often are combined to get
deeper case depths and better performance in service than are possible with
carbonitriding alone.

Operating Information

Industrial practice for time and temperature is indicated in an adjoining
Figure, which shows the effects of time and temperature on effective depth
{as opposed to total case depth).

Effects of total furnace time on the case depth of 1020 steel is shown in
adjoining Figure (a). Specimens were heated to 705, 760, 815, and 870 °C

Results of a survey of industrial practice regarding effects of
fime and temperature on effective case depth of carboni-
trided cases
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Typical Applications and Production Cycles For Carbonitriding

Case depth Furnace temperature Total time
Part Steel mm 0,001 in, °C °F in furnace Quench
Carbon steels
Adjusting yoke, 25 by 9.5 mm (1 by 0.37in.) 1020 0.05-0.15 2-6 775and 745  1425and 1375 64 min 0il
Bearing block, 64 by 32 by 3.2mm (2.5 by 1.3by 0.13in.) 1010 0.05-0.15 2-6 T75and745  1425and 1375 64 min 0il
Cam, 2.3 by 57 by 64mm (0.1 by 2.25by 2.5in.) 1010 0.38-0.45 i5-18 855 1575 2lhh Oil
Cup, 13 g(0.46 0z) 1015 0.08-0.13 35 790 1450 5h Qil
Distributor drive shaft, 125 mm OD by 127 mm (5bySin.) 1015 0.15-0.25 6-10 815and745  1500and 1375 108 min Gas(a)
Gear, 44.5 mm diam by 3.2 mm (1.75 by 0.125 in.) 1213(b) 0.30-0.38 12-15 855 1573 1¥%h Qil(e)
Hex nut, 60.3 by 9.5mm (2.4 by 0.37in.) 1030 0.15-0.25 6-10 815and745  1500and 1375  64min 0il
Hood-latch bracket, 6.4 mm diam (0.25 in.} 1015 0.05-0.15 2-6 T75and 745  1425and 1375 64 min 0il
Link, 2 by 38 by 38 mm (0.079 by 1.5by 1.51in.) 1022 0.30-0.38 12-15 855 1575 iAh 0il
Mandrel, 40 g (1.41 02) 1117 0.20-0.30 8-12 845 1550 1%h Qil
Paper-cutting tool, 410 mm long 1117 ~0.75 ~30
Segment, 2.3 by 44.5 by 44.5mm (0.09 by 1.75 by 1.75in.} 1010 0.38-0.45 15-18 855 1575 2k Qil
Shaft, 4.7 mm diam by 159 mm {0.19 by 6.25 in.) 1213(b) 0.30-0.38 12-15 815 1500 2% h Gas(a)(d)
Shift collar, 539 g (2.1 vz) 1118 0.30-0.36 12-14 775 1430 5%h O;I(e)
Sliding spur gear, 66.7 mun OD (2.6251n.) 1018 0.38-0.50 15-20 870 1600 2h{f) Oligg)
Spring pin, 14.3 mm OD by 114 mm (0.56 by 4.5 i) 1030 0.25-0.50 10-20 815and745  1500and 1375 I44min Qll
Spur pinion shaft, 41.3 mm OB (1.625in.) 1018 0.38-0.50 15.20 870 1600 2h{f) Qilth)
Transmission shift fork, 127 by 76 mm (5 by 3 in.}) 1040 0.25-0.50 10-20 815and 745  1500and 1375 162 min Gas(a)
Alloy steels
Helical gear, 82 mm OD (3.23 in.) 8617H 0.50-0.75 20-30 845 1550 6 h(f) Qil{g)
Input shaft, 1.2 kg (2.6 1b) 5140 0.30-0.35 12-14 775 1430 5%h Qil{e)
Pinion gear, 0.2kg (0.44 1b} 4047 0.30-0.35 12-14 s 1430 5l4h Oil(e)
Ring gear, 0.9kg (2 Ib) 4047 0.20-0.30 8-10 760 1400 Oh Qil{i)
Segment, 1.4 by 83 mm (0.055 by 3.27in.) 8617 0.18-0.25 7-10 815 1500 1%h Gas(a)
Spur pinion shaft, 63.5 mm OD by 203 mm (2.5 by 8in.) 5140H 0.05-0.20 2.8 845 1550 1h(H Ol
Stationary gear plate, 0.32 kg (0.7 Ib) 5140 0.30-0.35 12-14 775 1430 5%h Oil(e)
Transmission main shaft sleeve, 38 mm OD by 25 mm (1.5 by 2in.) 8622 0.15-0.25 6-10 §15and745  1500and 1375 108 min Gas(z)
Transmission main shaft washer, 57 mm OD by 6.4mm (225 by 0.25in) 8620 0.25-0.50 10-20 815and 745  1500and 1375 162 min Gas(a)

(a) Modified carbonitriding atmosphere. (b) Leaded. (¢) Tempered at 190 °C (375 °F). (d) Tempered at 150 °C (300 °F). () Tempered at 163 °C (325 °F). (f) Time at temperature.
(g) Oilat 150 °C (300 °F); tempered at 150 °C (300 °F) for 1 h. () oil at 150 °C (300 °F) tempered at 260 °C (500 °F) for 1 h. (i) Tempered at 175 °C (350 "F) G) 011 at 150°C (300
°¥); tempered at 230 °C (450 °F) for 2 h. OD, outside diameter

Effect of ammonia additions on nitrogen content and formation of subsurface voids in foils. {a) 850 “C (1560 °F) 0.29% CQ,. (b) 925
°C (1695 °F) 0.13% CO,. (c) 950 °C (1740 °F) 0.10% CO,
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(1300, 1400, 1500, and 1600 °F). An adjoining Figure (b) shows total case
depths obtained with 1112 steel held at 15 min at temperatures between 750
and 900 °C (1380 and 1650 °F).

Depth of Case.

o Case depths 0f 0.025 to 0.075 mm (0.001 to 0.003 in.} commonly are put
on thin parts requiring wear resistance under light loads.

¢ Case depths up to (.75 mm (0,030 in.} are applied to parts such as cams
for resistance to high compressive loads.

e Case depths of 0.63 to 0.75 mm (0.025 to 0.030 in.) are applied to shafts
and gears subjected to high tensile or compressive stresses, or contact
lpads.

¢ Medium-carbon steel with hardnesses of 40 to 45 HRC normally require
less case depth than steels with core hardnesses of 20 HRC or below.

e Low-alloy steels with medivm-carbon content, i.e., those used in trans-
mission gears for antos, often have minimum case depths of 0.2 mm
(0.008 in.).

Hardenability of Case. Case hardenability is significantly greater
when nitrogen is added by carbonitriding than when the same steel is only
carburized (see Figure). This opens up the use of steels that could not have
uniform hardness if they were only carburized and quenched.

When core properties are not important, carbonitriding permits the use
of low-carbon steels that cost less and may provide better machinability or
formability.

Because of the hardenability effect of nitrogen, the process makes it
possible to oil quench such steels as 1010, 1020, and 1113 to obtain
martensitic case structures.

Void Formation. Case structures may contain subsurface voids or po-
rosity if processing conditions are net adjusted properly (see Figure). The
problem is related to excessive ammonia additions. Factors that contribute
to the problem are summarized in an adjoining Table,

Furnaces, Almost any furnace suitable for gas carburizing can be
adapted for carbonitriding.

Atmospheres generally are a mixture of carrier gas, enriching gas, and
ammonia. Basically, the required atmosphere can be obtained by adding 2
to 12 percent ammonia to a standard gas-carburizing atmosphere.

Quenching. Whether parts are quenched in water, oil, or gas depends
n allowable distortion, metallurgical requirements, case or core hardness,
nd type of furnace used.

Tempering. Many shallow case parts are used without tempering, Ni-
trogen in the case increases resistance to softening—the degree depending
on the amount of nitrogen in the case.

Applications

Applications are more restricted than these for carburizing. The process
is largely limited to case depths of appreximately 0.75 mm (0.03 in.),
Typical applications and production cycles for a number of stegls are listed
in an adjoining Table.

On the plus side, resistance to softening during tempering is markedly
superior to that of a carburized surface. Other benefits include residual
stress patterns, metallurgical structure, fatigue and impact strength at spe-
cific hardness levels, and the effects of alloy composition on case and core
hardness characteristics. In many applications, properties equivalent to
those obtained in carburizing alloy steels can be obtained with less expen-
sive grades of steel.

On the minus side, a carbonitrided case usually contains more retained
austenite than a carburized case of the same carbon content. However, the
amount of retained austenite can be significantly reduced by cooling
quenched parts to —40 to —100 °C (~40 to 150 °F).

P/M Applications. The process is widely used in treating ferrous pow-
der parts. Parts may or may not be copper infiltrated prior to carbonitriding,

The process is effective in case hardening compacts made of electrolytic
powders which are difficult to harden by carburizing. To avoid such
problems, parts are treated at 790 to 815 °C (1455 1o 1500 °F). Lower rates
of diffusion at these temperatures permit control of case depth and allow
the buildup of adequate carbon in the case. The presence of nitrogen
provides sufficient hardenability to allow oil quenching.

File hard cases (with microhardness equivalent to 60 HRC) with pre-
dominately martensitic structures can be consistently obtained.

Parts usually are tempered even though there is little danger of cracking
untempered pieces. However, there is a reason for tempering: it facilitates
tumbling and deburring operations.

Reference

1. ASM Metals Handbook, Heat Treating, Vol 4, 10th ed., ASM Interna-
tional, 1991, p 376

Gas Nitriding

In this process, nitrogen is introduced into the surface of a solid ferrous
lloy at a temperature below Ac) in contact with a nitrogen gas, usually
imnionia, Ref 1.

Characteristics

A hard case is produced without quenching, Benefits of the process
nclude:

» High surface hardness

» Improved resistance to wear and galling

» Improved fatigue life

*» Improved corrosion resistance (stainless steel is an exception)

In addition, distortion and deformation are less than they are in carburiz-
ng and other conventional hardening processes. Best results are obtained
with steels containing one or more of the nitride-forming alloying ele-
nents—aluminum, chromium, vanadium, tungsten, and molybdenum.
Jther alloying elements such as nickel, copper, silicon, and manganese
1ave little, if any, effect on nitriding characteristics. Alloys containing 0.85
© 1.50 percent aluminum yield the best results {(see Table).

Nitriding downgrades the corrosion resistance of stainless stzel because
of its chromium content. On the upside, surface hardness is increased and
resistance o abrasion is improved.

Operating Information

The nitriding temperature for all steels is 495 to 565 °C (925 to 1050 °F).

All hardenable steels must be hardened and tempered prior to nitriding.
The minimum tempering temperature usually is at least 30 °C (55 °F)
above the maximurmn nitriding temperature.

Etither a single- or double-stage process may be used in nitriding with
anhydrous ammonia.

The operating temperature of the single-stage process is in the range of
about 495 to 525 °C (925 to 975 °F). A brittle, nitrogen-rich layer, called
the white layer, is produced on the surface of the case,

Reducing white layer thicknesses is a benefit of the double-stage proc-
ess—also called the Floe process. Nitriding applications for both processes
are listed in an adjoining table. White layers produced in the single- and
double-stage processes are compared in an adjoining Figure. Examples of
where nitriding eliminates production or service problems with parts case
hardened by other methods are found in an adjoining Table.
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Hardness gradients and case depth relations for single-stage nitrided aluminum-containing SAE 7140 steel
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Nitriding Applications and Procedures

Part Dimensions or weight of part Steel Nitriding time, h
Single-stage pitriding

Hydraulic barrel 50mm (2in) OD, 19 mm (¥ in.) ID, 150 mm (6 in.) long AMS 6470 48
Trigger for preumatic hammer v AMS 6470 40
Governor push button 6 mm (V4 in.) diam AMS 6470 30
Tachometer shaft 380 mm (15in.) long AMS 6475 25
Helical timing gear 205 mm (8 in.) OD (4.5 kgi ori01b) 4140 24
Gear S0mm (2 in,) OD, 6 mim (¥ in.) thick 4140 24
Generator shaft 25mm (] in,) OD, 355 mm (14in.) leng 4140 24
Rotor and pinion for pneumatic drill 22 mm (7/§ in.) diam 4140 9
Sleeve for pneumatic tool cluich 38 mm (1% in.) diam 4140 9
Marine helical transmission gear 635 mm (25 in.) OD (227 kg or 500 Ib) 4142 32
Oil-pump gear 50mm (2in.) OD, 180 mm (7 in.) long 4340 25
Loom shuttle 150 mm by 25 mm by 25mm (6 in. by 1in. by 1in.) 410 stainjess 8
Double-stage nitriding

Ring gear for helicopter main transmission 380mm (15 in.) OD, 350 mm (13.8in.) ID, 64 mm (2.5 in.) long AMS 6470(a) 60(b)
Aircraft cylinder barrel 180mm (7in.) OD, 305 mm (12 in.) Iong AMS 6470 35(c)
Bushing 10kg (23 1b) AMS 6470 90
Cutter spindle 3kg(71b) AMS 6470 45
Plunger 75 mm (3 in.) OD, 1525 mm (60 in.) long AMS 6475 72
Crankshaft 205mm (8 in,) OD (journals), 4 m {13 ft) long 4130 65
Piston ring 150mm (6in.) OD, 4.25m (14 fi) long 4130 65
Clukch 1kg(21b) 4140 45
Double helical gear 50kg (108 1b) 4140 97
Feed screw 4kg(91b) 4140 45
Pumper plunger 0.5kg(11b) 4140 127
Seal ring 9.5kg(211b) 4140 90
Stop pin 3kg(71b) 4140 50
Thrust collar 3.6kg(B1b) 4140 90
Wear ring 40kg (87 Ib} 4140 90
Clamp Tkg(151b) 4150 90
Die 21kg (471b) 4340 90
Gib 10kg (23 1h) 4340 49
Spindie 122 kg (2701b) 4340 90
Torque gear 62.5kg (138 1b) 4340 S0
Wedge 1.8kg(41b} 4340 42
Pumper plunger 14kg(31b) 420 stainless 127

Note: OD, outer diameter; ID, inner diameter. () Vacuurn melted. (b) 9 h at 525 °C{(975 °F), 51 hat 545 10 550 °C (1015 to 1025 °F). (c) 6 hat 525 °C(975 °F), 29 h at 565 °C (1050 °F)

Examples of Parts for Which Nitriding Proved Superior to Other Case-hardening Processes for Meeting

Requirements

Part

Requirement

Material and process originally used

Jear

High-speed pinior (on gear motor)

Bushings (for conveyor rollers handling abra-
sive alkaline material)

Spur gears (in train of power gears; 10-pitch,
tip modified)

Sear

digh-speed pinion (on gear motor)

Jushings (for conveyor rolfers handling abra-
sive alkaline material)

spur gears (in train of power gears; 10-pitch,
tip modifted)

Good wear surface and fatigue properties

Provide teeth with minimum (equivatent)
hardness of 50 HRC

High surface hardness for abrasion
resistance; resistance to alkaline corrosion

Sustain continnous Hertz stress of 1035
M¥Pa (150 ksi) (overload of 1550 MPa, or
225 ksi), continuous Lewis stress of 275
MPa (40 ksi) (overload of 725 MPz, or
105 ksi)(c)

Good wear surface and fatigue propertics

Provide teeth with minimum (eguivalent}
hardness of SO0HRC

High surface hardness for abrasion
resistance; resistance to alkaline corrosion

Sustain continuous Heriz stress of 1035
MPa (150 ksi) (overload of 1550 MPa, or
225 ksi), continuous Lewis stress of 275
MPa (40 ksi) (overload of 725 MPa, or
105 ksi¥c)

Carburized 3310 steel 0.4 to 0.6 mum (0.017 to 0.025 in.) case
8620 steel gas carburized at 900 °C (1650 °F) 10 0.5 mm (0.02 in.) case, direct
quenched from 845 °C (1550 °F), and tempered at 205 °C (400 °F)

Carburized bushings
Carburized AMS 6260

Resultant problem

Solution

Difficulty in obtaining satisfactory

case to meet areliability requirement

Distortion in teeth and bore caused
high rejection rate

Service life of bushings was short
because of scoring

Gears failed because of inadequate
scuff resistance, also suffered
property losses at high operating
Ef:mperatures

AMS 6470 substituted for 3310 and
double-stage nitrided for 25 h

4140 steel, substituted for 8620, was
heat treated to 255 HB; parts were
rough machined, finish machined,
nitrided(a}

Substitution of Nitralfoy 135 type G
(resulfurized) heat treated to 269 HB
and nitrided(b)

Substitution of material of H1I type,
hardened and multiple tempered (3 h
+3h) 1048 to 52 HRC, then double-
stage nitrided{(d)

a} Single-stage nitrided at 510 °C (950 °F) for 38 h. Cost increased 5%, but rejection rate dropped to zero. (b) Single-stage nitrided at 510 °C (950 °F) for 38 h. Case depth was 0.46

nm (0.018 in.), and hardness was 94 HR15-N; parts had three times the service life of carburized parts. (c} Must withstand operating temperatures to 290 °C (550 °F). (d) 15 hat

#1135 °C (960 °F) (15 to 25% dissociation); then 525 °C (980 °F) (80 to 83% dissociation). Effective case depth (to 60 HRC), 0.25 to 0.4 mm (0.010 to 0.015 in.); case hardness, 67
072 HRC (converted from Rockwell 15-N scale)

. The first stage of the double-stage process is the same as that for the
- single-stage process, except for time (see Table). The operating tempera-
‘wure in the second stage may oc the same as that in the first stage, or it may

be increased from 550 o 565 °C (1020 to 1050 °F). The higher temperature
‘increases case depth.

Prior to nitriding, parts should be thoroughly cleaned (typically with
apor degreasing) after they are hardened and tempered.

Furnace Purging. After loading and sealing the furnace at the start of
e nitriding cycle, air must be purged from the retort before the furnace is
i heated above 150 °C (300 °F). Purging prevents oxidation of workpieces
‘and furnace components. When ammonia is the purging atmosphere, purg-
ng avoids the production of a potentially explosive mixture. Nitrogen is
“the preferred quenching medium.

Under no circumstances should ammonia be introduced into a furnace
_ containing air at 330 °C (625 °F) because of the explosion hazard. Fumnaces
“should also be purged at the conclusion of the nitriding cycle, during the
ool-down period. At this time, it is common practice to remove any
mmonia in the retort with nitrogen.

Emergency Purging. If the ammonia supply is cut off during the
itriding cycle or a supply line breaks, air can be sucked into the furnace—
- the greatest danger is during the cooling cycle. The common safety meas-
- ure is an emergency purging system that pumps dry nitrogen or an oxygen-
free, generated gas and maintains a safe pressure.

Case Depth Control. Case depth and case hardness vary with the
“duration of the nitriding cycle and other process conditions. Hardness

: _{_ias Nitrided
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gradients and case depths obtained in treating SAE 7140 (AMS 6470) as a
function of cycle time and nitriding conditions are indicated in an adjoining
Figure.

Equipment. Several designs are in common use, including the vertical
retort furnace (see Figure), bell type movable furnace, box furnace, and
tube retorts. Most furnaces are of the batch type. '

Furnace fixtures are similar in design to those used in gas carburizing,.
Ammonia and dissociated produets can react chemically with material in
retorts, fans, work baskets, and fixtures. Alloys containing a high percent-
age of nickel and chromivm normally are used in furnace parts and fixtures
(see Table).

Ammonia Supply. Anhydrous liquid ammonia (refrigerator grade,
99.98 percent NHa by weight) is used.

Applications
The list of applications includes:

@ Aluminum containing, low-alloy steels (see Table)

e Medium-carbon, chromium-containing, low-alloy steels of the 4100,
4300, 5100, 6100, 8600, 8700, and 9800 series

¢ Hot-work die steels containing 5 percent chromium, such as H11, H12,
and H13

o Low-carbon, chromium-containing, low-alloy steels of the 3300, 8600,
and 9300 series

e Air-hardening tool steels, such as A-2, A-6, D-2, D-3, and S-7

Nominal Composition and Preliminary Heat-Treating Cycles for Aluminum-Containing Low-Alloy Steels Commonly

Austenitizing Tempering
Steel Composition, % temperature{a) temperature(a)
AMS  Nitralloy C Mn Si Cr Ni Mo Al Se °C °F P & °F
G 035 0.55 0.30 1.2 0.20 1.0 955 1750 565-705 1050-1300
6470 135M 0.42 0.55 030 1.6 0.38 1.0 955 1750 . 565-705- 1050-1300
6475 N 0.24 0.55 0.30 1.15 35 025 1.0 7 900 1650 - 650-675 1200-1250
EZ 035 0.80 0.30 1.25 0.20 1.0 0.20 935 1750 565-705 1050-1300

* () Sections up to 50 mm (2 in.) in diameter, quenched in oil; larger sections may be water quenched

(a)

. Microstructure of quenched and tempered 4140 steel after (a) gas nitriding for 24 h at 525 °C (975 °F) with 20 to 30% dissociation and
' (b) gas nitriding for 5 h at 525 °C (975 °F) with 20 to 30% dissociation followed by a second stage of 20 h at 5§65 °C (1050 °F} with 75 to 80%
_dissociation. Both specimens were oil quenched from 845 °C (1550 °F), tempered for 2 h at 620 °C (1150 °F), and surface activated with
‘manganese phosphate before nitriding. {(a} Structure after single-stage nitriding 0.005 to 0.0075 mm (0.0002 to 0.0003 in.) white surface
‘layer (Fe,N), iron nitride, and tempered martensite. (b} The high second-stage dissociation caused absence of white layer, and the final
- structure had a diffused nitride layer on a matrix of tempered martensite. Both 2% nital, 400x

v
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tecommended Materials for Parts and Fixtures in
litriding Furnaces

Aaterials are recommended on the basis of maximum operating
emperature of 565 °C (1050 °F).

Materigl
‘art Wrought Cast

Letorts(a) Type 33(; Inconel 600 Not usually cast
ans Type 330; Inconel 600 35-15 orequivalent
rays, baskets, fixtares Types 310, 330; Inconel 600 35-15 or equivalent
‘hermocouple protection tube  Type 330; Inconel 600 Not usually cast

a) Periodic inspection of austenitic stainless steel retorts is mandatory because of ent-
rittlement after long exposures to nitriding. Retorts of 18-8 stainless steel lined with
igh-temperature glass have been used successfully.

+ High-speed steels, such as M-2 and M-4

+ Nitronic stainless steels, such as 30, 40, 50, and 60

+ Ferritic and martensitic stainiess steels of the 400 and 500 series

 Austenitic stainless steels in the 200 and 300 series

+ PH stainless steels, such as 13-8 PH, 15-5 PH, 17-7 PH, A-286, AM 350,
and AM 355

As stated previously, gas nitriding reduces the corrosion resistance of
tainless stecls. However, all of these steels can be nitrided to some degree.
'rior to nitriding, some surface preparations unique to stainless steel are
ecessary. Primarily, the chromium oxide film that provides corrosion
rotection must be removed by such processes as dry honing, wet blasting,
nd pickling. The treatment must precede placing workpieces into the
urnace. In addition, all parts must be perfectly clean and free of embedded
oreign particies.

Special nitriding processes include pressure nitriding, bright ni-
iding, pack nitriding, ion {plasma) nitriding, and vacuum nitrocarburiz-
ng.

Vertical retort nitriding furnace. 1, gasket; 2, oil seal; 3, work
basket; 4, heating elements; 5, circulating fan; 8, thermocouple;
and 7, cooling assembly. At end of cycle, a valve is opened and
fan {not shown) incorporated in the external cooler circulates at-
mosphere through the water-jacketed cooling manifold.

Reference

1. ASM Metals Handbook, Heat Treating, Vol 4, 10th ed., ASM Interna-
tional, 1991, p 387

Liguid Nitriding

Pracessing takes place in a2 molten salt bath at the gas nitriding operating
zmperature—310 to 580 °C (950 to 1075 °F). The case hardening medium
3 a molten, nitrogen-bearing, fused-salt bath containing either cyanides or
yanates, Ref 1.

~haracteristics

Bath compositions are similar to those in liquid carburizing and cy-
niding. However, liquid cyaniding has an operating temperature lower
1an the critical transformation temperature. This means it is possible to
:eat finished parts because dimensional stability can be maintained in
«quid carburizing.

The process also improves surface wear resistance and the endurance
mit in fatigue. Also, the corrosion resistance of many steels is improved.
jenerally, the process is not suitable where applications require deep cases
nd hardened cores.

Gas nitriding and Hquid nitriding have common applications. Gas nitrid-
1g may have the edge where heavier case depths and dependable stopoffs
re specified. Four examples of conversions from other processes to liquid
itriding are summarized in an adjoining Table.

The process has become the generic term for a number of different fused-
alt bath processes, all of which are carried out at the subcritical transfor-
1ation temperature. The basic processes are identified in an adjoining
able. A typical commercial bath is a mixture of sodium and potassium

salts. Cyanide-free salt compositions are available. They have gained wide
acceptance within the heat-treating industry because they contribute sub-
stantially to the alleviation of a potential source of pollution.

Results of liquid pressure nitriding on type 410 stainless stes!
(compesition, 0.12C-0.45Mn-0.41Ni-11.80Cr; core hardness, 24
HRC})

1.2 100
(0.047)
g 10 —————{% &
= {0.039) - z
£ 0.3 > <~ | Case hardness—{gp T
£ (0.032) / o
5 0.6 88 g
§ {0.024) 3
) 0.4 7 84 £
g {0.0%8)| Case depth @
© 0.2 — 80 8
(0.008) L1

0 76
0 10 20 30 40 50 60 70
Total time in furnace, h
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Automotive Parts for Which Liquid Nitriding Proved Superior to Other Case-Hardening Processes for Meeting
Service Requirements

Material and .
Component Requirement process originally nsed Resnitant probiem Solution
Thru h Withstand thrast load without Bronze, carbonitmided 1010 steek Bronze galled, deformed; steel 1010 steel nitrided 90 min in .
Svasher éalling and deformation warped cyanide-cyanate bath at 570 °C
(1060 °F) and water quenched{(a}
i i i ion harden through areas Required costly inspection Nitride for 90 min in cyanide-
Shaft Rt;srgs; wear onsplines and bearing  Induction harden g q y insp: e o st bth e $70C (1060
°F)
i 1020 steel, cyanide treated Distortion; high loss in 1020 nitrided 90 min in cyanide-
Seat bracket Resist wear on surface steel, ¢y st o hnata st bath and water
quenched(c)
Rocker arm shaft Resist water on surface; maintain SAE 1045 steel, rough ground, Costly operations and material SAE 1010 steel liquid-nitrided 90

min in low-cyanide fused salt at

i ion hard traightened,
geometry e 57010 580 °C (1060 to 1075 °F)(d)

finish ground, phosphate coated

(a) Resulted in improved product performance and extended life, with no increase incost. (b) Also, brittleness. (¢} Resulted in less distortion and brittleness, and elimination of scrap
loss. (d) Eliminated finish grinding, phosphatizing, and straightening

Nitrogen gradients in 1015 stee] as a function of time of nitrid- Depth of case for several chromium-containing Inw-a!lpy
ing at 565 °C (1050 °F), using the aerated bath process steels, aluminum-containing steels, and tool steels after lig-
uid nitriding in a conventional salt bath at §25 °C (975 °F} for
Distance below surface, 0.¢01 in. upto 70 h
0 0.008 0.016 0.024 0.032 0.040 0.048 800 . ‘ , . =P
0.20 f ' Nitrided in salt at 525 °C
Nitrided 700 |— 4140, 4340, 6150, .
0.15 % o] 1ci1h — core, 35-40 HHC7 {25 1=
® esh € ool Nitralloy N o
g \ \C\n 4 80 min z (AMS 6475), A =
S 0.0 A\ A 30min | £ core, / {20 <
g \\n “a 0 10 min 5 500/~ 40 HRC]” 2
= = =
z \C\O\.