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INDUCTION HEATING: EVERYTHING YOU WANTED TO KNOW,
BUT WERE AFRAID TO ASK

As a regular contributor to the HTPro eNewsletter, Professor Induction answers
a wide variety of questions regarding induction heating and heat treating.

Valery Rudnev, FASM,;* IFHTSE Fellow
Inductoheat Inc., Madison Heights, Mich.

posed of complex interactions involving electromagnet-

ics, heat transfer, materials science, metallurgy, and cir-
cuit analysis—with applications across multiple industries.
Figure 1 shows a small portion of a virtually endless variety
of workpieces where electromagnetic induction heating is
used to develop an attractive blend of microstructures and
properties at a competitive cost.

Induction heating is a multifaceted phenomenon com-

What is the difference between auto-tempering and
self-tempering?

Answer: Sometimes the terms auto-tempering and
self-tempering are incorrectly used interchangeably. Here
we will explore the differences in what these two terms
really mean .,

Auto-tempering. Martensitic transformation occurs
over a temperature range between the M_(martensite start)
and M, (martensite finish) temperatures. The range depends
on the steel’s chemical composition and, from a practical
perspective, cannot be changed by varying the quench se-
verity. In plain carbon steels, the M_ and M, temperature
range is directly related to the carbon content. For plain car-
bon steels with a carbon content of 0.2% to 0.5% C range, M_

Fig. 1 — Induction heating applications across a variety of industries.
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temperatures are within about a 300°C/572°F to 450°C/842°F
range. Thus, freshly formed martensite will be immediately
exposed to tempering temperatures and can be potential-
ly softened. This phenomenon is commonly referred to as
auto-tempering. The degree of auto-tempering becomes
more noticeable with a reduction in quench severity, an in-
crease of M, temperatures, and the mass of the heated ma-
terial (for example, through heating vs. surface heating), as
well as whether an interrupted quenching is used or nottl,
Alloy steels typically exhibit auto-tempering to a lesser de-
gree compared to plain carbon steels.

Self-tempering. The principle of self-tempering (also
referred to as slack-quenching) can be illustrated using the
example shown in Fig. 2, which shows the results of numer-
ical computer modeling of induction surface hardening of a
medium carbon steel solid shaft (50 mm/2-in. diameter) ina
normalized condition using a frequency of 16 kHz!". The re-
quired nominal case depthis 2.5 mm.

During the initial stage of induction heating, intensive
heating of the surface and near-surface takes place. After
3.5 sec of heating, the surface and 2.5-mm-thick subsurface
layer required to be hardened have reached suitable tem-
peratures for austenitization, taking into consideration the

non-equilibrium phase transforma-
tion caused by rapid heating. A short
" dwell (0.5 sec) is applied to reduce
the thermal shock during the initial
stage of quenching and promote suf-
ficient homogenization of austenite.
The temperature at the center
(core) of the shaft does not increase
significantly (less than 100°C) during
the heating and dwell cycles. Several
reasons are responsible for that, in-
cluding pronounced skin effect, high
power density, and short heating
time, which do not permit the great-
er amount of heat to be conducted
from the surface towards the core.
During the initial quenching
stage, the high temperature of the
surface layer begins to fall rapidly.
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Fig. 2 — Results of numerical computer modeling of induction surface hardening of a medium carbon steel solid shaft.

After 2 sec of spray quenching, the surface temperature is
drastically reduced to about 210°C/410°F. The maximum
temperature reaching about 400°C/752°F will be located at
approximately 10-12 mm beneath the surface. Note: The
temperature at the center of the shaft continues rising during
the first 6 sec of quenching.

After 6 sec of quenching, the surface temperature has
decreased below 100°C/212°F, however a considerable
amount of heat is retained in the interior of the shaft (the
temperature at the core exceeds 300°C/572°F with the aver-
age temperature being about 225°C/437°F). If at this moment
the supply of spray quenchant is cut off, the surface of the
part will begin to be heated again due to the heat accumulat-
ed inside the workpiece.

After 5 sec of soaking (heating power and spray
quench are not applied), the surface temperature rises to
about 215°C/419°F and the core temperature will be about
260°C/500°F. Therefore, with proper selection of process
conditions, this retained heat can be used to temper the
workpiece.

In many cases of using plain carbon and low alloy steels
for automotive applications, the self-tempering tempera-
tures (if applied) typically do not exceed 250°C (480°F) and
are usually in the 180°C (360°F) to 220°C (430°F) range.
Self-tempering provides several recognizable benefitst:
e Iteliminates an additional operation due to
incorporation of self-tempering into the hardening
operation. Therefore, the capital equipment cost and
total cycle time are reduced making it very attractive
from a cost-reduction perspective.

e Thetime delay between hardening and tempering
stages is virtually eliminated. Too long a time delay

can be detrimental due to the potential appearance of
delayed cracking particularly when dealing with steels
and cast irons that exhibit low toughness.

Since self-tempering utilizes the residual heat that

is retained after hardening, there is no need to apply
any additional energy for tempering making it highly
energy efficient. A reduction in overall needed energy
is not only associated with the reheating stage, but
also with the fact that less energy is associated with
the cooling stage.

e Insome cases, self-tempering produces more desirable
distribution of residual stresses because the heat
accumulated in internal regions of the workpiece
flows from inside-out toward the surface in contrast to
flowing outside-in (from the surface toward internal
areas) as it is with conventional induction tempering.

e Thereis obviously a savings in shop floor space,
because there is no need for additional space to locate
tempering equipment.

All of these factors are very attractive and are the
reasons for applying self-tempering in some applications.
However, several precautions must be taken to ensure that
the self-tempering process is performed correctly and de-
spite the considerable benefits, self-tempering does have
noticeable limitations, which restrict its broader use in in-
dustry and make furnace tempering and induction temper-
ing more popular processes. Some of those limitations are
outlined below!™:

Residual heat must be accurately controlled and uni-
formly distributed or distributed in a way that takes into
consideration the complex geometry of the workpiece. The
energy generated within the part must be monitored close-
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ly to ensure a constant amount of heat is produced. Modern
induction technology allows monitoring energy levels with
high precision. However, it might be more challenging to ac-
curately control the quench severity with the same precision,
in particular when hardening complex geometry compo-
nents. Quench time, flow rate, temperature, concentration,
and quenchant cleanliness are some of the quench-related
factors that must be monitored and held within close toler-
ancesto ensure a consistent thermal condition after quench-
ing. It should be noted that the variations in quench severity
are not only affected by actual conditions of the quenchant
but they are also affected by surface condition of the work-
piece, including surface roughness, presence of foreign res-
idue from the previous operation (e.g., machining oil), and
other issues. Though factors that are responsible for poten-
tial deviations in cooling intensity due to the workpiece’s sur-
face conditions are undesirable and should be minimized,
they might not make as dramatic an impact during the first
two stages of spray quenching (vapor blanket and nucleate
boiling stages). However, they might produce a greater im-
pact during the third stage (convective cooling), leading to
measurable variations of residual heat. Inevitably, this will
negatively affect the repeatability of self-tempering. In some
cases, an infrared pyrometer may be used to monitor the
self-tempering temperature of the workpiece surface.

If applicable, self-tempering can be used in static heat-
ing, single-shot heating, and, to a lesser degree, horizontal
scan hardening or continuous/progressive hardening ap-
plications. It should not be used in vertical scan hardening,
because of unequal cooling conditions and variations of the
accumulated residual heat in the top and bottom regions of
the vertically scan-hardened workpiece.

It is easier to use self-tempering when dealing with
simple geometries (such as straight shafts, for example).
Geometrical irregularities may produce localized variations
in both the heating and quenching intensities, particularly
when dealing with complex-geometry components. These
variations could be sufficient to create too large a deviation
in the residual heat and deviations of the thermal conduc-
tion heat flow in self-tempering.

Some steels and cast irons have relatively low M_tem-
peratures and upon completion of the formation of the
needed amount of martensite, there might be an insufficient
amount of retained heat accumulated within the workpiece
for sufficient self-tempering.

It is more challenging to control residual heat when
hardening components of small size (e.g., wires, thin-walled
tubing, small diameter rods and pins). This makes it easier to
apply self-tempering in cases where there is sufficient mass.
However, large size workpieces with an extremely large ratio
of diameter-to-thickness of the austenitized layer might also
not be well suited for self-tempering. This is because the cold
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core may provide such an overwhelming cold-sink effect,
that it eliminates the rise in temperature of the hardened
surface layer needed for self-tempering.

Self-tempering should be avoided when profiled hard-
ening is used (for example, contour hardening of gears and
gear-like components, stepped shafts, and shafts that com-
prise a combination of thin-wall sections and solid regions,
just to name a few). Variations in the neighboring masses
may produce a nonuniform tempering effect. The amount of
heat stored, as well as the heat sink of neighboring regions,
must be the same or sufficiently similar; otherwise, the tem-
peratures obtained during self-tempering will be substan-
tially different, resulting in unspecified temper structures,
hardnesses, and engineering properties.

The challenges discussed here prevent the wide use of
self-tempering in industry making furnace/oven tempering
and induction tempering more popular choices. At the same
time, there is a group of applications where self-tempering
has been successfully applied alone exhibiting significant
process benefits, or in conjunction with induction tempering
combining the benefits of both processest. For example, a
combination of self-tempering and multi-pulse induction
temperingis successfully used in a non-rotational crankshaft
hardening (SHarP-C technology). In this case, the journals of
a crankshaft are stationary heat treated. For most automo-
tive crankshafts, it takes approximately 3 to 4 sec to austen-
itize a journal surface layer for hardening using frequencies
in the range of 10 to 30 kHz (depending on the specifics of the
automotive crankshaft and the required case depth).

After completion of austenitization, the quenching
is applied for only 4 to 5 sec, followed by 3 to 5 sec of the
first soaking that accomplishes the first stage of self-tem-
pering. Then, low-power induction tempering is applied for
approximately 3 to 5 sec, followed by the second soaking
and the second induction tempering. The process may be
repeated to achieve desirable tempering conditions, provid-
ing a multi-pulse induction tempering effect combined with
self-tempering and allowing optimization of the tempered
structure. SHarP-C technology as well as the subtleties of
induction tempering are thoroughly discussed in Ref. 1.
~HTPro

For more information: All are welcome to send questions
to Dr. Rudnev at rudnev@inductoheat.com. Selected ques-
tions will be answered in his column without identifying the

~ writer unless specific permission is granted.
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