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Introduction:
In a very general sense, increasing the hardness

of a steel gear increases the strength of the gear.
However, for each process there is a limit to. its
effectiveness. This article contains background
information on each of the processes covered. Tn
each section what is desi.red and what is achievable
is discussed. Typical processes are presented along
with comments on variables which affect the
result. By reviewing the capabilities and processes,
it is possible to determine the limits to each process.

Throughout this article several hardness scales
are mentioned. The abbreviations for these scales
are as follows:

BHN - Brinell hardness number
KHN - Knoop hardness number
HRC - Rockwell "C" scale

HV - Vickers hardness number
Preliminary Heat Treatment Processes

There are several heat treatments performed
during the manufacnsriug process which are in-
tended to condition the metal for manufacturing.
Since these are essential processes they will be
described briefly.

Annealing. Annealing isa process in which .11

part is heated and then slowly cooled in the furnace
to 600°F (316°C). Full annealing involves heating
to a temperature above the upper critical (A3 point).
This will result in softening the part and improving
the machinability. Intercritical annealing involves
heating the part to a temperature above the A I point.
but below the A3 point. Finally there is subcritical
annealing. which heats the part to just below the
first transformation temperature (AI).' as in temper-

Smax Pmax 'Si NI
0.45 0.050

AI'S14130 0.30 0.50 0.040 0.035 0.30 0.95 0.20
AISI4140 0.40 0.90 0.040 0.035 0.30 0.95 0.20
AISI4145 0.45 0.90 0.040 0.035 0.30 0.95 0 ..20 -

I

AISI4340 0.40 0.70 0.040 0.035 0.30 0.80 0.25 1.83
AISI8640 0.40 0.90 0.040 0.035 0.30 0.20 0.55
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ing, and low-cools it, just as in full annealing.
Subcritical annealing is often done to stabilize the
structure prior to carburizing.

Non-nalizing. Normalizing is a process which
involves heating the part to above the upper critical
as in annealing, but it. is cooled outsidethe furnace
in: till or agitated air. N onnalizing is done to relieve
residual stresses ina gear blank and fordimensional
stability. A normalized part is very machinable, bur
will be harder than if it were annealed.

Stress Relieving. Stress relieving is heating to

below the lower transformation temperature. as in
tempering, and cooling in air. This is done prima-
rily to relieve internal stresses. This process is
sometimes called process annealing.

Through Hardening
Through hardening refers to heat treatment

methods which do not produce a. case. This term
does not imply thatthe hardness is uni form through-
out the gear tooth. Since the outside of a gear is
cooled faster than the inside, there will bea gradient
in the hardness. The achievable hardness is based
on the amount of carbon in the steeL. The depth of
hardness depends on the hardenability of the steel.

For the purposes of this article, we will concen-
trate on the quench and temper process. This method
is used to obtain the final core propertie of the
material for gears which are either cased or not
cased, When this process is used to develop the
core properties for nitrided gears, itis done prior
to the nitriding cycle. When it is used to harden a
carburized gear, it is done after the gear has been
carburized ..Por gear which are not cased, the load
carrying capacity of a gear is dependent on the core
hardness of the material. (The capacity of case-
hardened gears is primarily dependent on case
hardness). It is generally accepted to use the hard-
ness value measured at the root diameter in the
center of the tooth. when making comparisons.

Depending on the Ioading the gear must handle,



'Quench time to 500of.,
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Effective-
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Noles:

1,. A structure not quenched cuuc lull martensite
will not be fixed up by tempering.St.ructure to be expected4140 43401----1-----'1----'1--------------------1 2. Material in the "F' situation could be tem-
pered to meet about 300 Brlnell minimum.
(The "as
quenched" hardness would be above' 300 HB.)

Excellent
(over 90% martensite)

A 25 BO

Reasonably good
(martensite and some other transformation prooucts)

B 80 200 3. Material in the "P' situation would probably
fall to meet Charpy V notch and ductility require-
ments normally expected for a good steel. In
addition. the fatigue strength would be poor.Less good. but may be acceptable

(martensite. bainite. pearlite. and perhaps some free ferrite)
c 200 600

,4. Poor quenching results can result Irom
things like an Improper prior structure or
the' wrong austenitizing' temperature. (A §W
quench is notthe only reason for a poor SlruC1ure.)

Poor. usually nol acceptable for high performance parts
(low in martensite. with much bainite, pearlite, and tres ferrile)

300D 1000

Very poor. usually not acceptable
(pearlite. free ferrite. some bainite, maybe some martensns)

F 800 7000

it is often necessary to increase the hardness of the
steel. According to AGMA standards, Ia gear with
a hardness of 400 BHN, which has a design life of
10 7 cycles can handle as much as 20% more load
than a gear which is hardened to 300 BHN. For
hardnesses above 400 BHN the capacity increases
with respect to pining resistance. but the capacity
decreases with respect to bending strength, which
deteriorates because the tooth becomes brittle,

Though a great deal of attention is given to the
hardness of the material, i.t is important to under-
stand that the microstructure, upon which the hard-
ness depends, is what really matters. Although in-
depth discussion of microstructure is beyond the
scope of this article. it is wonh mentioning that the
degree of martensitic structure is one of the prime
indicators of a material's quality. AGMA 2004-
B892 does a good job of identifying other micro-
structural! aspects that must 'be considered.

Unlike most gear heat treatments, through hard-
ening is a process which can be performed either
prior to or after the gear teeth are cut. The hardnes s
is achieved by heating the material to the austenitic
range (usually to about 1500-1600"F) and than
quenching and tempering. For ituarions when the
teeth are cut after the material has been hardened.
machinability becomes a consideration in deter-
mining the hardness. For the most part, conven-
tional gear cutting processes (nabbing. shaping. or
milling) are capable of cutting materials with
hardnesses of up to 400 BHN ..Though 400 BHN
is machinable, gear teeth are much easier to
machine when the hardness is lower. There will
be di tortion ifthe hardening is done after the teeth
are cut The teeth may have to be finish-machined
to achievethe required accuracy.

TIle Process. To harden a part. by this process,

the part is heated to the austenitic range, a tem-
perature that varies, depending on the carbon and
alloy content, within the range of about 1500-
1600"P (81S-870°C). In this state the steel be-
comes austenite, which is a term for the solid
solution of carbon in fcc iron.' Then the part is
rapidly quenched in oil (or sometimes water) to
transform the austenite into martensite.uf the
quench is too slow, the structure will not be fully
transformed to martensite. The resulting micro-
structure will then contain what are called tran for-
mati on products, such as ferrite, bainite, pearlite.
and cementite. The properties of hardness, tough-
ness, ductility, and strength are dependent on
the transformation products which arepresent,

The rate of cooling which must be achieved to
properly transform the steel to martensite and mini-
mize the percentage of transformation products is
dependent on the chemi try of the alloy being used.
The amount and type of alloying elements in the
steel determine its hardenability,

Hardenability is a measure of the relative depth
to which hardness i achieved for a given quench
rate and section thicknes . In other words, a mate-
rial with a high hardenability, which 1Squenched at
the same rate as a part of the same size. but with low
hardenability, will have hard material deeper.

The alloying elements which have an impact on
th.e hardenability of the steel are manganese, chro-
mium, nickel, and molybdenum. Table J is a table
showing several alloy reels which are commonly
used for through hardened gears. A material such
as AISl4140 is considered to be a low alloy teel
and has rather poor hardenabil ity. A material such
as AISI 4340 is considered to be rich alloy steel
and has much. better hardenability ..

Once the part has been quenched, it needs to be

M..J. Broglie
is the President of
Dudley Technical
Group. Stili Diego.
CA. DTO is a
consulting firm
specializing in
gearing and related
machine elements.

DI. F. Smi,th
is a project
engineer wll'h
Dudley Technical
Group.

MAR CHI APR I L I' 9 9 2 29



- -

Table 3 - Approximate Carbon Content to Develop Maximum Hardness in
I

Carburized Case of Nickel Alloy Steels
--

!

I Carbon Content MaximumI

for Mall.

I

Rockwell C
Stee'IType Ouenchin91Cycle Hardness, % HliIf'dness

2315 DO O.BO I 63
2515 DO O..BO 62
3120 DO 0.90 65
4320 DO 0.90 67
4320 AH 0.85 66.5

Kruppb DO 0.60 61
Kruppb AH 0.60 63

4620 DO O.BO 65
4620 AH 0.85 65
4626

I DO 0.85 65
4817 DO 0.70 ,65

4817 (+0.23% erl DO 0.70 65
5 Ni,-0.25 Mo (SAE EX-1) DO 0.70 63

6620 DO 0.90 65
I 8620 RH 0.87 65

9310

I

DQ 0.80 63.5 I

9310 RH I 0.80 65 I

Carburlzed Case

tempered to reduce the brittleness and toughen the
steel, since quenched martensite is hard, but also
brittle. Tempering through hardenedparts i gener-
ally done at 400 to lOOO°F (205 to 450°C)~or a
period of one or more hour. depending on the size
of the gear. Higher tempering temperatures in-
crease the toughness, but also lower the hardness.

Limits Oil the Process. The quench and temper
process is limited only by the size of furnaces and
quench tanks available, Today, this is as large as
several meters. From a practical standpoint. the
major limitation come from the ability to
quench gears fa t enough to obtain an accept-
able microstructure. In some cases, particu-
larly w:ith lean alloy steels, it is just impossible
to quench large gears fast enough to obtain an
acceptable microstructure.

Table 2 shows tile comparison of time required
to achieve d.ifferent levels of metallurgical quality
between AfSI 4140, a leanalloy steel withpoor
hardenability, and AI;S~4340. a rich alloy steel. In
order to compare the hardenability of a material.
end quench (Jominy) values are widely used as an
indicator of a steel's hardenability,

Since the quench is so critical to the resulting
microstructure, it is necessary to verify the results
with an appropriate sample. Too often a test cou-
pon is used which is quite small as compared to the
gear's sections. The small coupon is rapidly
quenched, producing good results, wbile the cool-
ing rate in the actual part is too slow and produces
apoorresult, (and this is where it needs to be good).

Carburizing
As mentioned above, the alloying elements in .<1

steel have an effect on the hardenability of the
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material In earlier years, it was known that in-
creasing the hardness of the material increased
the strength of the gear. This relationship held
true up to a hardness of about 40 HRC At
hardnes es above this level, the material become
brittle and the gears fal led in breakage faster than
gears with lower hardnesses. The idea behind case
hardening is to keep the core of the tooth at a level
which would not be too much beyond 40 HRC,. to
avoid tooth breakage, but to harden the outer surtace,
or "case," to increase pitting resistance.

Of the methods for case hardening gears,
carburizing is the process which is most often used.
The idea behind carburizingis to start with a gear
blank which has a low amount of carbon in the base
material. and then to add carbon to the outer sur-
face. A properly carburized gear will handle be-
tween 30 and 50% more load than a through hard-
ened gear. Case hardening is done primarily to
iocrease the pi.tting resistance of tooth surface,
However, because of the residua] compre sive
stres: which is present in the case after carburizing,
there is also an increase in bending strength.

The Process. Carburized gears achieve hardness
by quenching as do through hardened gears. The
difference is that a carburized gear has an increased
amount of carbon in the surface, causing this
area to become a hard case after quenching. while
the lower carbon core reaches a lower hardness.

Carburizing steels are alloy steels with approxi-
mately 10 to 20 points of carbon .. The process
involves heating the gears to a relatively high
temperature and then rapidly quenching to obtain
the hardness. This heating and quenching will
result in distortion of the gear blank. The amount
of distortion will depend on the mass and con-
figuration of the gear and can vary from a slight
amount to so much that the gear roll tbe scrapped.
Since the hard case is relatively thin, grinding to
restore tooth accuracy may be so deep on one tooth
side that the remaining case is too thin.

Due to the propen ity to distort, it is recom-
mended to stress relieve the gear blankbefore
machining and, possibly, again one or more times
before carburizing. In really critical jobs,it may be
neces ary to put the blanks through a "mock"
carburizing cycle. A mock carburizmg cycle ex-
poses the blank to the temperatures and cycles it
will see, and the blank still remains machinable,
since no diffusion of carbon takes place.

The actual carburiz.ing i done by heating the
gear blanks to above the critical temperature and



exposing the urfaces to carbon. The carbon can be
a solid, liquid. or gas. As most carburizing is gas
earburizing, the discu sion here deals with thi
method. The carburi zing is done in a fum ace which
contains a carbon atmosphere, such as natural gas,

Above the critical temperature, the carbon dif-
fuses into the material on the surface. The amount
of carbon in the atmosphere must be controlled.
Too much will cause carbide networks to form at
the tooth tips and too little will produce shallow
case depths, particularly in the root areas. The
amount is mea ured in terms of percent and i
referred to as the carbon potential. The optimum
carbon pote.ntiaJ~which leads to the highest surface
hardness will vary, depending on the alloy being
used, Table 3 shows the carbon potentials which
give the optimum results for several alloy steel's.

When very deep cases are needed, the carbon
potential is held at a slightly higher level (up to
I.] % carbon) in an initial portion ofthe carburiz-
ing cycle to give a boo t to the diffusion.

The temperature in the furnace, the time in the
furnace, and the carbon potential are variables
which have an impact on the case depth. The alloy
content does not have an influence on carbon
diiffu ion. Fig. I is a chart showing the relation
between temperature and time and case depth.

It is possible to directly quench parts from the
carburizing temperature. This method minimizes
the distortion. but does not result in a rnicrostruc-
ture which is capable of long life (108 to 109

cycles). The case often contains excessive car-
bides and retained austenite. The core structure is
unrefined, This method is used in the automotive
field. since automotive gears rarely see more
than 108 cycles. Also, ince the production .i
high, and the facilitiesand tooling used for auto-
motive gearing are highly developed, it i5P08-

sibleto obtain acceptable results.
Applications which require a high level of ma-

terial quality are cooled and then reheated prior to
quenching, In some cases it is also necessary to
deep freeze the gears so that transformation to
martensite is complete.

Limits to the Process. When the specifica-
tions are correctly chosen by the engineer and
properly acme ved by the heat treater, a carburized
gear wiU be able to re i tpitting and also have
good bending trength, In order to achieve this
capability, three things need to be in good order:
I) The surface and core hardness need to be
correct; 2) The ca e depth needs to be deep enough

in two areas and not too deep in one other place;
and 3) the m.icrostructure needs to be good enough
for the level of loading,

I. .. Hardness. The required surface and core
hardne s should be selected ba ed on the applica-
tion. Depending on the alloy used, the hardnes
can be as high as 760 KHN (62 HRC). Long life
power gears which see high loads for omething
like 109 to 1010 cycles need to be up to abouI730
K.HN (60 HRC), and the Core hardness should be
in the range of36o. to 400 KHN (35 to 40 HRC).
Gears which are subjected to hock loading and
do not see too many cycles may be betteroffw.ith
a surface hardness which has been tempered
back: to 55 HRC in order to gain more toughness.

Once the desired hardness has been deter-
mined, the drawing or specifications need to be
specific as to what is required.' For instance when
hardness is checked on a mounted tooth sample,
it is typically checked by taking a microhardness
traverse, The microhardne s is taken either by
Knoop. a method using a 500- or lOOO-gram
load, or sometimes Vickers, using a kg load. Yet
nearly all drawings specify surface and core
hardness in values of Rockwell "C", a method
which uses a 150 kg load. For this reason. a
conversion must be made from either the Knoop
number or the Vickers number to determine
whether the part. met the specified Rockwell num-
ber. Conversion is not simply a mathematical rela-
tionship. Since the structure and cold working prop-
erties vary for different materials and hardnesses,

I
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Fig. 1 -Nominal time and temperature requirements for different case depths.
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The 1.50kg load used [or a Rockwell "C" check
is inappropriate to check the hardness close to the
surface or elsewhere in the case. This is because the
size of the indention made by the 150 kg load
homogenize the conditions over a large area. This
can mask local deficiencies.

Since it is appropriate to check a pa:rt with a
microhardness method, the drawing and specifi-
cations should state the hardness number terms
of a microhardness method. The equivalent
Rockwell value could also be noted on the draw-
ing for reference. An example of what is meant is
shown below:

Case Hardness: 58-62 HRC
(Poor Practice)

Case Hardness: 690-776 KHN (58-62 HRC, ref)
(Good Practice)

2. Case Depth. Fig. 2 shows the shape of a
typical carburized case. Note that the thickness at
the lip is thicker than the case at the pitch diam-
eter, while the case at the root fillet isthinner than
at the pitch diameter, Though this shape is typi-
cal, most drawings only specify one value for
ca e depth. Many drawings also fail W be clear as
to how the case depth should be determined,

The effective case depth is usually defined as the
depth of hardness to 50 HRC. Since there i room
for misunderstanding this statement, a
microhardness value similar to the one below
would al 0appearon the drawing of specification:

Effective Case Depth: Determined by 542 K.HN
cutoff point (50 HRC, ref.)

The case depth at the pitch line (and in the
dedendum just below the pitch line) is critical,
since this area is most susceptible to pitting. The
case depth should be deep enough for the case-to-

A FLANK CASE THICKNESS
8 ROOT CASE THICKNESS
C TIP CASE THICKNESS
D CORE HA'RON ESS TAKEN HERE

Fig. 2 - Carburized case pattern. Shaded area is
all 510 HV (50 HRC) or higher in hardness.
Unshaded area is less than 510 HV (50 HRC).

core interface to be deep enough to avoid cracking
due to subsurface hear stresses. The depth of case
needs to be determined by the transmitted load
and not by any relationship to the diametral pitch.
A minimum value of case depth at the pitch line
can be determined from the following relation-
ship, which is based on the Hertzian band width:

hee= s din 0t mflmg +1)

7.0 X 108 cos ub

where,

se '" maximum contact stress in the region of
106 - 107 cycles

d = pinion pitch diameter, in.
0t ;;;;;pressure angle, transverse

ub '" base helix angle
mG ;;;;;tooth ratio
For situations where the ratio is high and the

lowest point of single tooth is deep in the
dedendum, the case depth may also need to be
pecified at a point in this region.

As mentioned above, carburized gear teeth
gain in bending stress because of the residual
stress in the case. This gain can only be realized
if the case depth in the critical bending area near
the root is deep enough. A minimum value for
this case depth can. be based on the diaraetral

pitch, since the bending stress is related to the
tooth size, If the teeth are sized properly for
bending stress, then the following relationship
should be valid for effective case in the toot

he! ;;;;;O.6inormru diametral pitch
Such a value should appear on the drawing.

Many gears used today are operating at pres-
sure angles of 22.5 to 25° Also, it is very
common for designs to make the pinion "long
addendum." Though there are many advantages
to these tooth form, the drawback is that this
tends to make the top land quite narrow. To avoid
the risk of tooth tips breaking off, the maximum
ca e depth atthe tooth tip should be limited to .40
divided by the normal diamenal pitch,

Getting the case depth right at all the e points
becomes unmanageable when the teeth are very
small Twenty-pitch teeth are difficult and 28-
pitch is the practical Jimir. With extreme care,
finer pirches can be done. The difficulty in getting
the case depth right on small gears is that the
portion of dille in the carburizing cycle during
which the temperature is not stable (coming up to

temperature and cooling) is large, compared to
the overall cycle. Since the temperature is a
variable affecting carbon diffusion. it is hard to



A. TIP AND MID·FLANK HAVE GOOD CASE DEPTH.
B. ROOT FILLET AREA WITH ESSENTIAl.JLY NO CASE.

Fig. 3 - Large carburized gear teeth having
inadequate case depth in root fillet area be-
cause of heat soak back.

really know the amount of carbon entering the
case during the heating and cooling portions of
the cycle. Another variable, carbon potential,
may not be set just right. On longer cycles,
adjustments are made periodically to achieve
good results. On short cycles, there is not much
time to adjust ifthlngsare not just right in the
beginning. Because of the number of vari-
ables, there is a very high possibility that some-
thing could go wrong.

The other problem comes from heat treating
large gears. There is the obvious limitation in size
due to the physical size of carburizing retorts and
quench tanks. There is also a limitation which is
more subtle. The transformation of the material to
martensite during the quench is dependent on the
oooling rate of the steel and its hardenability.
When parts are large, it is extremely difficult 10

quench effecti vely enough to avoid heat soak back
from thegear body, Soak back can prevent critical
areas of the root from reaching the necessary
hardness. Fig. 3 shows the case of a large tooth
which suffered from heat soak. back. The case
depth at the pitch line was "as needed." A test bar
with an apprropriate diameter was used in the cycle,
The case depth at the pitch line was in good agree-
ment with the test bar; yet only a check on a tooth
sample was able to reveal the actual!problems.

3. Microstructure. Hardness alone is not enough
to determine the strength of a gear. As was hinted
above, hardness is only one of the properties that is
determined by microstructure. In genera], the mi-
crostructure is responsible for many of the impor-
tant mechanical properties of a teel,

Fig. 4 shows some examples of the microstruc-
ture in a good carburized gear, Both case and core
are relatively free of transfortnatlon products, and
the structure of the base material is essentially
tempered martensite.

Fig. 5, on the other hand, shows some undesir-
able microstructure variations. Although the case

has a background of tempered martensite, there is
a large percentage of transformation products in
the structure. The core is in much worse condition,
with the structure being almost all free ferrite and
other undesirable transformation products.

It is important to realize that microstructure
can vary from location to location within a gear.
Because of this, it is imperative that the micro-
structure, along with hardness and case depth, be
checked at several locations.

Forca e hardened gearing it is good practice
to check the case microstructure at several
places. It is recommended that this be done at
the tooth tip, mid-tooth height, and the root
fillet. These are the locations where micro-
hardness traverses are done.

As mentioned above, core structure isgener-
aUy studied near the root diameter and in the
center of a tooth.

NUriding
Nitriding, like other case hardening techniques,

has the objective of increasing surface hardness of
a given workpiece. Although nitriding is not suit-
able for all applications, it has proved to be a viable
alternative in many manufacturing situations and
deserves discussion.

Despite the factthat there are several nitriding
methods available tothe gear manufacturer, they
all share the following characteristics:

-All nitriding processes .require a source of ni-
trogen and a method of dissociating nitrogen
radicals (ions) from the source.

°All nitriding processes rely on the ability of
nitrogen to form stable nitrides with the elements
of the stock.metal,

"Alloying elements, such as aluminum, chro-
mium, vanadium, and molybdenum, in proper
amounts, will tend to enhance the success of
nitriding processes.

·AU steels are nitrided below transformation
temperatures, thus quenching is :110t required. Con-
ventional gas nitriding occurs within the tempera-
ture range of925- [050°F (495-565°C), Ionitriding
occurs within the temperate range of 660..10r75°P
(350-580°C).

-Case hardness achieved during nitriding is
dependent upon the core hardness achieved
before nitriding. This is especially true for
certain alloy steels like AIsm 4340, a typical
gear steel used for nitrided applications.

-Surface conditions, such as cleanlines ,can
have marked effects on the nitriding process.
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Fig. 4 - Desirable variations in carburized structure (case, core).

As is runted above, there are many variables that
can affect the successof the nitriding operation.

Although many reels CM benefit from nitriding ..
including stainless types, much care should be
taken when choosing a gear material, Certain steels
are more suitable for nitrided .application than oth-
ers, Nitrides fanned with various alloying elements
tend to differ in mechanical properties, and the
complexity of the iniation is uch that experience
is oftenlhe Dilly useful guide. ypicall gear steels
that are nitrided successfully are shown in Table 4.

After a good material choice has been made. pre-
nitride heat treatment is the next step to assure the
ucce .s of nitriding processes. Hardening and tem-

pering is essential for a:IIhardenable steels, andthi
relates to the dependence of case hardness on core
hardness and microstructure.

The genera] recommendation is that the steel be
treated to the condition of tempered martensite and
thai. the ternpering temperature be at least 50°F
(30°C) higher than the nitriding temperature.' Thi
helps prevent loss of hardness and decarburization,
which leads to ca e embsinlement,

Because nitriding proce ses typicallytake place
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below transformation temperatures. very little dis-
tertian occurs incompari on toothercommon case
hardening proce e. As a re ult, gears are usuaJ]y
cut to size before nitriding. Stress relieving of
machined parts i usually recommended and ur-
face cleanlines is alway required. All scale from
priorprocedure should be removed before nitrid-
ing.end all parts should be degrea ed .. Vapor
degreasing is the mo t. common method.

Of the various methods of nitriding, there are
three important proce ses to consider, The fir t two
are gas nilridirng processes. and the third proces ,
ion nitriding, is an extension of conventional gas
nitriding procedures that utili zes plasma di charge
technology. Althougheveral other methods have
been developed over the year . many have fallen
into ob ole cence due to use mullor production of
toxic chemicals, such as cyanide.

The Processes
Gas Nitridinji - Single & Double Stage Pre-

cesses. Gas nJtriding involves dissociation of a
nitrogenous ga, , such as anhydrous ammonia. to
produce nitrogen ions which coo diffuse into jh

. urfaee of the workpiece, The e ion ,in rum. form
complex nitride .as affected reel surface . thereby
increa mg urtaee bardne . The proce s can be
accomplished in one or two stage .

A typical single stage process goes as follows:
L Hardening and tempering and machining of

gear blank in various orders.
2. Stress relieving of machined gear.
3. Cleaning of machined gear and other urface

preparation if necessary, Other surface preparation
C3_n include roughing of finish-machined surfaces
and mashing of surfaces that are not to be nitrided,

4. Insert gear in nitriding furnace. bring to. nitrid-
ing temperature and nitride.

S. Coo.ling cycle.
6. Removal of masking and optional final

machining proces . depending on white layer
requirements.

The gas nitridecycle lime will vary depend-
ing on cycle parameters, such as flow rare, pres-
ure, temperature. required case depth, andre-

quired ca e hardness.
Typical single stage gas nitriding proce ses take

place at temperamre between 925-975°F (495-
52-SOC). The ammonia will dissociate upon.contact
with the hot tee I urtace and recommended di 0-

elation rate for the single tage proees are be-
tween 15 and 30%. Thi process produce a brittle
nitride compound layer at the case surface, and it



residual- tresspattern, For these reasons, control of
the white layer is a concern when nitriding gears.

The double stage ga .nitriding process has the
ad antage of producing le s white layer than the
single tage process. It is also a more efficient
process. The double stage process uses two nitrid-
ing cycles with the first being imilar to the single
tage process, except for duration. Normally the

gear i first ni trided at a 151030% di SliOC iat ion rate
for 4 to 12 hours. The econd stage of nitriding
then takes place at a temperature equal to or
greater than the first stage, but with a dissociation
rate of 80 to 85%. To get this di sociarion rate an
external di oeiaror i required. Some typical
double tage cycles and achieved case hardnesses
and depths are shown in Table 5.

Ionitriding. louitriding, as mentioned above, is
an exten ion of conventional gas nitriding which
uses the method of plasma discharge physics to
deliver nitrogen ions to' the workpiece surface.
The general method involves use ofhigll voltage
electric energy in a vacuum vessel containing
nitrogen gas. The mechani m which cracks the
nitrogen gas into monatomic nitrogen ions i
similar to that which takes place in a fluorescent
lamp. Electrical connections charge the workpiece CORE

and the nitriding ve sel so that the workpiece
becomes a cathode, and the vacuum vessel 00-

is termed the "white layer" because it etches out
white in a micrograph. Typical thicknesses of the
white layer are below .00 I" (.025mrn).

Because the white layer is a brittle structure, it
is often required that it thickne s be minimized.

Although one can grind the brittle white layer
off after the nitriding process, this is a costly
operation that is not always practical. There is no
guarantee that grinding will be uniform (espe-
cially in the root fillet region) and. if it is, that the
case will be uniform at different location. on the
gear tooth ..A tooth that has required hardnes and
ca e depth at the 0.1[). will not always have the
required hardness andcase depth at the form diam-
eter or other locations. Grinding of a uniform
amount of stock can lead to imbalance of the

comes an anode. Electrons accelerating towards
the anode impact with the diatomic nitrogen gas
and dis ociate the ga into nitrogen ions, These
ions, in tum, accelerate towards the cathode and
since the cathode is the workpiece, the nitrogen
ions actually impinge upon the workpiece.

limits on the Proce s..The primary advantage
that nitriding ha over other case hardening tech-

niques that involve quenching processes is the
mall comparative distortion of treated parts, Ge-

ometry and tolerances of certain gears make ni-
triding 'the only viable case hardening alternative.
Ring gears and other gearing that have thin-walled
sections that would distort too much during a
quenching process are often nitrided, In addition,
nitriding is used sometimes when the size of a gear
makes quench di rortion and the subsequent grind.
ing problems unacceptable.

Reproducibility of the nitriding process is an-
other advantage it has over other common ca e
hardening methods. Given parts of identical ge-
ometry and similar metallurgical quality and u -
ing identical nitriding cycles, case depth. ca e
hardness. and case composition will be compa-
rable. [1'1 addition, parts between batches will
distort in exactly the arne way. This mean that
machining can be biased before nitriding to com-
pen ale for expected di tortions.

Ionitriding rates are better in both amount of
distortion and reproducibility than conventional
gas nitriding. Much of this has to do with the degree
to which each of theseprocesses can be controlled.
Conventional gas nitriding, though a very control-
lable process, doe' not lend itself as well to pro-
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Fig. 5 • Undesirable carburized structure (case, core)



Table 4 - Common Nitriding Gear Steels

St.eel C Mn Si C, AI Mo Ni
-

I Nitralloy 135M 0.41 0.55 0.30 1.60 1.00 0.35
I Nitralloy N 0.23 0.55 0.30 1.15 1.00 0.25 3.00

AISI4340 0.40 0.70 0.30 0.80 0.25 1.83

AISI4140 0.40 0.90 0.30 0.95 0.20
I 31 CrMoV 9 0.30 0.55 0.30 2.50 0.20

10
0.80
0.60

E 0.50
E 0.40
.l:a. O. 30III
1:1
III

'" 0.2001o
Q) 0.15:>
"'§
Q) O. 10:t:

LU O. 08

36 GEAR

I
iI , i I

!
I I' ,

II I r"'J,
i U ,.. ;1 !

I
I I )/ ! I

! I

i I i i-
,..

IiI I I
I l.H' "., i 1
VIII I

,

I.....v I ':1
I

I
: , ,I
I

I . III !

I I I

0.040
O.032
0.024 .S0.020 ~0.016 '5.

IV

0.012 1:1
Q)

'"01
0.008 o

Q)
::>

0.006 :u
Q)

:t:

O.004 LU

0.003
0.06

2 3 4 5 678 10 15 20 30 405060 80 100
Nitriding Time, h

cess control. One example of this is the fact that
the thickness and composition of the compound
(white) layer can be successfully and repeatedly
controlled whenionirridlng. One even has tbeoption
of requiring no white layer. As controversy exists
over whether the brittle compound layer is an initia-
lion site for cracking, this is an attractive option.

Of the disadvantages of the nitriding process,
the main one is that it takes much longer than:other
common case hardening techniques. The diffu-
sion rate being exponentially dependent on tem-
perature, nitriding takes place much slower than
typical case carburizing or induction hardening
procedures. The unpleasant side effect of this
time dependence is that practical nitrided case
depths are shallower than other case depths.
Fig. 6 is a chart showing typical nominal gas
nlrriding times for different case depths.

Other disadvantages include the dependence

A. Flank case thickness
B. Hoot case thickness
C. No case at center, top land
D. Core hardness taken here

A

B

Fig. 7 - Induction hardened case pattern by the
scanning method of tooth heating, I
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on and sensitivity of the achievable case hard-
ness to the metallurgy of the base material, and
the tendency of nitrided cases to be less ductile
than other cases. Lower case hardnesses and less
ductility, in general, result in lower allowable
stresses for nitrided gears.

Carbonitriding (Gaseous). Carbonitriding as a
process is related to both carburizing and nitriding.
Typically carried out within the temperature range
of 1550 to 16500P (845-900°C), earbonitriding
utilizes temperatures above transformation tem-
peratures, Diffusion of carbon from a carbon-
aceous atmosphere is part of the process as well.
However, like nitriding, diffusion of nitrogen is also
involved. This is usually accomplished by addition
of anhydrous ammonia to the carbon atmosphere,

The advantages of this process are related to
the fact that it is essentially a compromise be-
tween the two parent processes. Taking place at
lower temperatures than straight carburizing, the
process has reduced distortion. Having a more
favorable diffusion rate, the process produces a
case faster than straight nitriding,

Carbonitriding is used for small gears with
finer pitches than could be controllably carburized.

Induction Hardening. Induction hardening is a
heat treating process which uses alternating cur-
rent to heat the surfaces ofa gear tooth. The area
is then quenched resulting in an increase in
hardness ofthe heated area. The hardness pattern
which is achieved varies, depending on the type
and shape of the inductor. An inductor which is
circumferential will harden the teeth from the
tips downward. While this pattern may be ac-
ceptable for splines and some gearing, heavily
loaded gears need a hardness pattern which is
more like a carburizedcase. This type of induc-
tion hardening is known as contour hardening. A
typical case for a contour induction hardened
tooth is shown in Fig. 7. ALsoshown in this figure
are the three critical places to check the case on
an induction hardened part The discussion in
this section deals with gears which are hardened
by this method.

Since the area below the surface remains cool,
it acts as a fixture minimizing distortion, In
order to achieve high surface hardness, an induc-
tion hardening material usually has from 40 to
50 points of carbon. The resulting surface hard-
ness is generally 53 to 58 HRC. The core hard-
ness is developed by quenching and tempering
the blank prior to the induction hardening.



Table 5 - Typical Double Stage Gas Nitriding Cycles

Effective
Case Depth

(Re50)Steel Cycle
Maximum Minimum Surface

White, l.ayer Hardness Core Hardness

Rc 49-54 Rc 27·35

.01S"Nitra.lloy 135M 110 hr@9.75°F
28% diss.

150 hr @ 1026QF
I 84%diss.

Nitralloy N 1.110 hr@ 975°F
28%d;ss,
SOhr@ 975°F
84% dlss,

,014"

10 hr @ '975°F
28% dlss,
50 hr @ 9'75°F
84% diss.

AISI4140 .025"
etched

10. Ihr @975°F
28% diss.
50 Ihr @975°F
84% diss.

AISI4340 .025"
etched

By heatingthe outside layers the material tries
to. expand while being restrained by the inner
material. As this Iayercools, there is an increase in
volume due to the increased hardness. The result,
if properly done, i an outer ca e with residual
compressive stre s at the surface. The case-core
interface is a critical area on induction hardened
gears. Ifnot, properly done, this area is susceptible
to cracking, In thi region, there are high residual
, tres es due to drastic differences of the case and
core tructures and the fact that the transition
occurs in a very short distance, (See Fig, 8.)

Induction hardening is done primarily to in-
crease the pining resistance of a gear, Though the
load carrying capacity of induction hardened
gearing i not as high as the best carburized
gears, it is still quite high. And, in addition, this
process does have some advantages overcarbur-
[zing. such as less distortion on particularly thin-
rimmed internal gears,

The Process. Through hardening materials are
u ed for induction hardened gears. The same
comments on hardne and hardenability as were
made in the through hardening section apply here.
Simply put, the amount of carbon in the material
determines the achievable hardness and the alloy
content determine the hardenahility. This leads
to the same conclusion reached in the through
hardening section; that is, if high surface hardness
and a deep ca e are required.a rich alloy steel with
an adequate carbon content is needed.

As with through hardening, the teeth can be cut
either prior to or after the quench and temper cycle
which develops the core properties,

When a gear is carburized, il is said to go through

,0007"

,0007"

.0007"

.0007"

Rc 62-65 Rc 32-36

Rc62-65 Rc38·44

Ac 48-53 !Rc 27-35

one complete heattreat cycle, while a gear which
isinduction hardened is said to go through a
number of heat treat cycles equal to three times the
nu rnber of teeth. The inductor scans one tooth slot
at a time and. because the heat treating conditions
are different at the tooth end. than ill the middle,
il can be said that three heat treatments occur per
tooth, One heat treatment occurs a the inductor
enters the tooth slot, one occurs across the middle
of the slot, and athirdas the inductor pa ses off the
tooth. Therefore, the more teeth there are, the
greater the complexity of the job.

The case depth isa function of the power and
speed of the inductor travel It is difficult to verify
the case depth on an induction hardened part with-
out sectioning an actualpart, Checking on the end
is not practicalbecau e the ca e depth on the tooth
end is u uaUy not as deep as in the center area to

prevent heat damage on the ends.
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It is usually nece sary to. grind induction hard-
ened gears after hardening to restore the required
accuracy ..

Limits to the Process. Induction hardening be-
comes attractive as a process when the gears start to
get large enough thai carburizing becomes diffi-
cult; that is, when either the mass of the gear makes
an effective quench impo sible, or the shape of the
part is such that the overall distortion is untenable.
The teeth also.need to be about 1O-pitch or larger in
order for an inductor to. fit in the tooth slot.

Induction hardened teeth generally need more
case than do carburized gears which are subject to
identical loads. In order for a gear to resist pitting.
the strength of the materia] in the case needs to
exceed the sires .which it ees, The shape of a curve
of subsurface shear stress as plotted against depth is
similar to the hardness-versus-depth plot ofa car-
burized case. This means if the carburizing is done
properly, the level of subsurface shear drops off
faster than the material hardness. The drastic drop
off of material strength on an induction hardened
tooth may resu It in a drop off in hardness ahead of
a drop off of tress. As mentioned, this area is
subject to cracking. The results would be drastic.
To avoid these problems, a deeper case is then
specified. (See Fig, 8.)

Summary and. Conclusions
Heat treating is a subject of great complexity

and depth, and an in-depth discussion of all pro-
cesses in current use is beyond the scope of this
article. The general points covered are as follows:

A. Complete Line of

Standard Invo'lute
Special Forlms

Sp'line & Serratiion
Multiple Thread

Shank Type

-There is a wide variety of heat treatment pro ..
cessesavail able because there is a correspondingly
large number of specialized needs.

-Often choosing the proper heat treatment re-
quires assessing all the trade-offs.

-Sometimes, only one process win satisfy a par-
ticuiar application.

-The gear designer and, manufacturer need to be
cognizant of when a heat treatment is appropriate
and when it is not. Understanding the capabilities
and shortcomings of the common processes is
necessary for such judgments.

Often the higher cost of a better materia], better
process, and a little bit of research can be su bstan-
lially offset by savings in rejected parts and extra
manufacturing steps .• 1

Aeknowledgement: Presented at the AGMA 1991 Fail Tech-
nical Meeting ... J 99], AGMA. Reprinted with permission,
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