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Introduction

Induction hardening is often used for
large gears that are too large for exist-
ing carburizing furnaces. Large gears are
usually heat treated by the tooth-to-tooth
scanning induction hardening process,
and that is the subject of this report. A
major advantage of induction hardening
is that the distortion and growth is much
less than that associated with carburizing
because only the case is heated while the
core remains below the transformation
temperature. However, induction-hard-
ened gears have lower surface hardness
and less load capacity than carburized
gears, and this limitation must be recog-
nized in any comparison of carburized
and induction-hardened gears.

Advantages of Induction Hardening Over

Carburizing

Induction hardening offers many

advantages (Ref.1):

« Capable of heat treating large gears

o Less distortion and shape change than
carburizing

o Short process time maximizes
productivity

» Repeatable quality with proper quality
control

« Efficient process saves energy costs

o Environmentally friendly

o Any smoke or fumes are easily removed

« Significant reduction of heat exposure

« Significant reduction of scaling and
decarburization

o Far less startup and shutdown time low-
ers labor cost

 Reduced maintenance costs

o Less floor space required

Disadvantages of Induction
Hardening

Induction hardening has several
possible pitfalls (Refs.2-3).

o Less load capacity than carburized gears
 Back tempering

 Root and flank cracking

o Melting and overheating

o Unhardened areas

o Uneven hardening patterns

o Distortion and growth

o Heat treat parameters are difficult to
control and heat treating defects are dif-
ficult to detect

Manufacturing considerations and
pitfalls for induction hardening. Quoting
from Ingham and Parrish (Ref.2),
“Induction hardening has problems. In
the wrong heat treater’s hands, the results
can be disastrous” Quoting from Midea
and Lynch (Ref.3), “Any number of rel-
atively minor variations can force the
hardening process out of specification.
Proper operator training, adequate main-
tenance and a fundamental understand-
ing of the hardening process are all part
of the equation. For induction hardening
of gears, the devil is in the details”

Figure 1 shows a tooth from an induc-
tion-hardened gear that failed by bending
fatigue because the hardened pattern did
not include the full contour of the root
fillet. There were 89 teeth on the gear and
all teeth failed in an identical manner.

Figure 1

Bending fatigue failure of induction-
hardened gear.

A classic bending fatigue crack started
in the right root fillet at the point where
the induction- hardened pattern emerged
at the surface of the root fillet. AGMA
2101 (Ref.4) classifies this as type B flank
hardening and allows only =150 N/
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mm? bending stress instead of the usual
380 N/mm? for type A hardening pattern
where the entire root fillet is hardened.
Therefore, type B flank hardening has
only 39% of the bending strength of a
type A hardening pattern. Furthermore,
AGMA 2101 (Ref.4) allows ,p=485 N/
mm? for a carburized gear. Therefore, an
induction hardened gear with a type B
hardening pattern has only 31% of the
bending strength of a carburized gear.
Therefore, to have any chance of compet-
ing with a carburized gear, an induction-
hardened gear must have a full contour
(type A) hardening pattern, which would
allow 78% of the bending strength of a
carburized gear.

Figure 2 (taken from Fig.8 of (Ref.2))
shows a typical residual stress profile at
the root of an induction-hardened gear.
It shows that there are high compres-
sive residual stresses at the surface and
through the case hardened zone, which
are beneficial because compressive resid-
ual stresses increase both macropitting
resistance and bending fatigue resistance.
However, there are detrimental tensile
residual stresses that exist below the case/
core boundary that peak at a depth of
about twice the effective case depth. This
is a critical area that can initiate subcase
fatigue cracks, especially if nonmetallic
inclusions are in the area of tensile resid-
ual stresses. Therefore, material cleanli-
ness must be carefully controlled to avoid
subcase fatigue or subsurface initiated
bending fatigue. See ANSI/AGMA 1010-
F14 (Ref.5) for more information on
these failure modes.

With type B hardening pattern the
residual tensile stresses occur at the sur-
face of the root fillet where they dramati-
cally increase the risk of bending fatigue.
Hence, metallurgists call the run-out
of the hardened layer a “metallurgical
notch?” Figure 3 (taken from Fig. 19, (Ref
2)) shows the mechanism of a “metallur-
gical notch”

Uneven hardening pattern. Ideally,
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Figure 2 Induction-hardened residual stress profile (Ref.2).

the inductor should be positioned sym-
metrically between the flanks of two
adjacent teeth and at the correct depth.
Asymmetrical inductor alignment, incor-
rect depth within the tooth space, or
inadequate inductor rigidity, can result in
uneven hardening patterns with excessive
case depth on one flank and inadequate
case depth on the adjacent flank. Figure 1
shows that the failed gear had a deeper
case depth on the left flank than on the
right flank.

Back tempering. As a tooth space is
heated to temperatures above 720°C,
some heat conducts through the teeth

where it results in back tempering of pre-
viously hardened teeth. Therefore, a cer-
tain amount of softening by back tem-
pering is inevitable, which can cause a
loss of hardness that can range from a
few points HRC to over 10 HRC (Ref. 3).
Therefore, back tempering must be con-
trolled by an adequate flow of quenchant
to avoid excessive softening. The tooth
tip and topland are critical areas for back
tempering because there is a relatively
small mass of metal at the tooth tip and
there is a short distance for heat to travel
from the heated flank to the previously
hardened flank. To avoid back tempering,
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Figure 3 Residual stresses at end of hardened layer (Ref.2).

This paper was origi- \
nally prepared for the AGMA
Metallurgy Committee. It was
submitted with the recommen-
dation to include the following
definition to the next edition

of AGMA 923: Metallurgical
notch: If an induction hard-
ened gear with type B flank
hardening has a pattern that
terminates (runs out) at the
surface of the root fillet it is
accompanied by tensile residual
stress that adds to the bending
stress, which greatly reduces
the bending fatigue resistance.
This is known as a "'metallurgi-

\cal notch.”
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additional cooling can be used on the
previously hardened flank. Figures 4a and
4b (taken from Figs.3a and 3b of refer-
ence (R3)) demonstrate how cooling jets
can help prevent back temper. See refer-
ence 3 for guidelines to minimize back
tempering.

Unhardened areas. Electromagnetic
edge effects where the inductor enters
or leaves the tooth space can result in
areas that are left unhardened. Therefore,
parameters such as how far the inductor
is introduced into the tooth space before
energizing, how long it dwells there in the
energized state before starting its heat-
ing traverse, and how long it dwells at
the end of the traverse must be closely
controlled to avoid unhardened areas.
Furthermore, the power density and tra-
verse rate versus inductor position must
be closely controlled. Within hardened
areas the residual stresses are compres-
sive, but in unhardened areas there are
tensile residual stresses. Consequently,

unhardened areas are defects
that have very low bending
fatigue resistance. Figure 5
is an example that shows
unhardened areas near the
end of the teeth (Fig.18,
Ref.2).

Generally, induction-hard-
ened gears are not as reliable
as carburized gears because
there are many more heat treating param-
eters that are difficult to control, and the
manufacturing defects are difficult to
detect. The most frequent root cause of
failure of induction-hardened gears is
inadequate case depth in the root fillet
(for example, see Figs.1 and 5). When
the hardness pattern terminates (runs
out) at the surface of the root fillet it is
accompanied by tensile residual stresses
(see Fig.3), which often culminate in a
bending fatigue failure. It is imperative to
recognize that if a gear design requires a
type A pattern, and a type B is manufac-

tured, the gear will fail in service.

Figure 4a
off (Ref. 3).

Induction hardening with cooling jets turned

Definition for “metallur-
gical notch.” Metallurgical
notch: If an induction hard-
ened gear with type B flank
hardening has a pattern that
terminates (runs out) at the
surface of the root fillet it is
accompanied by tensile resid-
ual stress that adds to the
bending stress, which greatly
reduces the bending fatigue
resistance. This is known as a
“metallurgical notch.” (&}

Figure 4b

on (Ref.3).

Induction hardening with cooling jets turned
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Figure 5 Unhardened area at end of tooth.

Conclusions

1. Induction hardening offers significant
advantages over carburizing such as less
distortion, higher productivity, environ-
mental friendliness, and lower costs.

2. Induction-hardened gears have less
load capacity than carburized gears.
This limitation must be recognized
in any comparison of carburized and
induction- hardened gears.

3. Induction hardening has several pos-
sible manufacturing pitfalls including
back tempering, root and flank crack-
ing, melting and overheating, unhard-
ened areas, uneven hardening patterns,
and distortion and growth.

4. Induction-hardened gears are not as reli-
able as carburized gears because there are
many more heat treating parameters that
are difficult to control, and heat treating
defects are difficult to detect.

5.If a gear design requires a type A flank
hardening pattern, and a type B is man-
ufactured, the gear will fail in service.

6. Type B flank hardening pattern is an
example of a “metallurgical notch”

7. Type B flank hardening has only 39%
of the bending strength of a type A
hardening pattern.

8. Type B hardening pattern has only 31%
of the bending strength of a carburized
gear.
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