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Induction hardening of cast irons
The success in induction hardening of cast irons and repeatability of obtained results are greatly affected  
by a potential variation of matrix carbon content.

By Dr. Valery Rudnev

Steel components by far represent the major-
ity of thermally processed workpieces for 
which electromagnetic induction is used 
as a source of heat generation. At the same 
time, induction heating has also been suc-
cessfully applied for heat treating of a variety 
of iron castings offering numerous attrac-
tive properties, microstructures, and cost 
advantages for different commercial appli-
cations (Figure 1). This includes hardening 

of camshafts, crankshafts, sprockets, crane 
wheels, gear housing, cylinder liners, rollers, 
rocker arms, flywheels, connecting rods, and 
many others.

Induction hardening (IH) of cast irons has 
many similarities with hardening of steels; 
at the same time, there are specific features 
that should be taken into consideration [1]. 
Some of those features will be reviewed in 
this article. 

FAMILY OF CAST IRONS 
The term cast iron does not represent one 
particular material but a large family of 
metallic alloys featuring the high carbon 
content region of the phase transformation 
diagram (2 percent and higher). Generally 
speaking, the family of cast irons can be 
categorized into six groups: white, gray, mal-
leable, ductile (also called nodular, spheroi-
dal, or SG), compacted graphite (CGI), and 

Figure 1: Induction heating is successfully applied for heat treating of a variety of iron castings offering numerous attractive properties, microstructures, and cost 
advantages for different commercial applications. (Courtesy: Inductoheat Inc., an Inductotherm Group company)
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special high-alloy cast irons [2-5]. 
Upon the completion of solidification of 

cast irons, either graphite particles of dif-
ferent morphologies (for a majority of com-
mercial cast irons) or cementite Fe3C (e.g., 
white cast iron) are formed. 

Besides carbon, commercial cast irons 
consist of 0.6 percent to 4 percent Si (with 
2 percent to 3.5 percent Si being more typi-
cal), making these the two principal alloying 
elements. Silicon promotes a graphite forma-
tion. Therefore, because of the considerable 
amount of, it is more appropriate to con-
sider commercial cast irons not as binary 
alloys but at least ternary Fe–C–Si alloys. In 
contrast to the Fe–C diagram, the eutectic 
reactions on the Fe–C–Si diagram occur 
at higher temperatures and over a range of 
temperatures that increases with an increase 
of both the carbon and silicon content.

In order to provide certain properties for a 

particular type of cast iron, various alloying 
elements (including Mn, P, Ni, Mg, Ce, etc.) 
may be added [2-5]. Unlike steels, different 
types of cast irons may have similar chemi-
cal composition but substantially different 
response to IH. 

The graphite particles appear in cast irons 
in different forms ranging from flakes and 
clumps to spheroids. Gray, ductile (nodular), 
and, to a lesser extent, the malleable and 
compacted graphite irons are four groups 
of cast irons that more frequently undergo 
induction hardening. 

Gray cast irons, being relatively inexpen-
sive metallic materials with remarkable cast-
ability and machinability, excellent wear 
resistance, and resistance to galling and sei-
zure/spalling (graphite flakes provide solid 
lubrication) are very attractive for a variety 
of applications. 

It is quite easy to distinguish gray irons 
from ductile irons. Ductile irons consist 
of graphite in shapes of spheroids or nod-
ules (Figure 2, right). In contrast, graphite 
particles of gray irons appear in 2D metal-
lographic examination in flake-like form 
(Figure 2, left). 

INDUCTION HARDENING  
OF GRAY CAST IRONS 
The properties of gray irons and their abil-
ity to be induction hardened greatly depend 
on the type of the matrix structure (e.g., 
ferritic, ferritic–pearlitic, or pearlitic). Cast 
irons with a ferritic matrix or predominant-
ly ferritic matrix are commonly considered 
unsuitable for rapid IH due to the lack of 
ability to obtain the typically needed hard-
ness levels. Fully pearlitic or predominately 
pearlitic (e.g., a mixture containing 90 per-
cent pearlite and 10 percent ferrite) gray irons 
have better response to IH compared to a 
matrix with an increased amount of ferrite.

Fine graphite flakes that are uniformly 
distributed and randomly oriented (type “A”) 
are the most preferable type of flakes for 

IH [1]. Being stress-risers, graphite flakes 
may act as crack initiation sites presenting 
some brittleness and introducing certain 
challenges because of the tendency toward 
cracking upon rapid heating as well as dur-
ing intense quenching in particular when 
dealing with complex geometries. Preheating 
and the use of moderate intensity quenchants 
may be applied to reduce thermal stresses. 

At the same time, there are cases when 
gray irons have been successfully surface-
hardened using a short heat time (less than 
3 seconds) and water spray quenched. As 
an example, Figure 3 shows a unitized 
machine for IH of gray iron cylinder liners 
for commercial vehicle engines. It combines 
two independently operated heat stations 
for hardening and tempering. High-speed, 
servo-driven scanning assemblies and an 
optimized process recipe allow very short 
heating times and production rates as high 
as 50 liners per hour. Hardness case depth 
is 0.75 mm (0.03 inches). The entire inner 
surface of the liner is hardened except for a 
6-mm (1/4-inches) band at each end with 
minimum distortion.

INDUCTION HARDENING OF 
DUCTILE (NODULAR) CAST IRONS 
In contrast to gray irons, ductile irons have 
graphite particles in the form of isolated nod-
ules (Figure 2, right). Graphite nodules serve 
as “crack-arresters,” providing ductile irons 
with important advantages over other cast 
irons, including but not limited to ductility, 
relatively high tensile and bending strength, 
moderate elongation, and better toughness 
with comparable machinability. Though 
there is an optimal combination of the size, 
number, and distribution of the nodules for 
certain applications, usually graphite nod-
ules of smaller diameters that are uniformly 
dispersed within the matrix are preferred.

Ductile irons represent a group of materi-
als offering versatile properties. The group 
can be divided into five subgroups based on 

Figure 2: Ductile cast irons consist of graphite in shapes of spheroids or nodules (right). Graphite particles of gray 
irons appear in 2D metallographic examination in flake-like form (left) [1] .
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the structure of the matrix: ferritic, pearlitic-
ferritic, pearlitic, martensitic, and austem-
pered ductile irons. Similar to gray irons, 
the matrix structure of ductile irons is also 
controlled by the cooling intensity during 
casting, as well as by alloying (e.g. Ce, Mg, 
etc.) and heat treatment. 

IH is usually applied to martensitic and 
pearlitic (or predominately pearlitic) ductile 
irons and, to lesser extent, pearlitic-ferritic 
ductile irons having a considerable amount 
of ferrite. Ductile irons consisting of a ferritic 
matrix structure are commonly considered 
non-hardenable by induction because of the 
inability to obtain the hardness levels typi-
cally needed for most applications.

However, as always in life, there are 
some exceptions. It has been reported [6] 
that upon rapid heating, short austenitiza-
tion, and intense quenching, the fatigue 
strength of ferritic ductile irons has been 
noticeably improved compared to untreat-
ed castings. It was suggested that several 
factors contributed to observed improve-
ments. One such factor is related to the 
formation of so-called ringed martens-
ite formed around the graphite nodules, 
thanks to the short-distance diffusion of 
the carbon from the graphite nodules. 
The presence of ringed martensite leads 
to a localized hardness increase and is 
associated with an increase of strength. 
Another possible factor may be associated 
with favorable distribution and magnitude 
of compressive residual stresses. As a result 
of the bending fatigue test of an untreated 
specimen, it was noted that the crack ini-
tiation site was located around the graphite 
spheres, and it propagated through the 
ferritic matrix and graphite nodules [6]. 
In the case of the induction heat-treated 
specimen, the graphite area was somewhat 
smaller, and the crack was initiated within 
the ferrite phase and propagated, avoiding 
graphite nodules surrounded by a halo of 
the ringed martensite.

Nevertheless, IH of ferritic ductile irons 
used in this case study is more the excep-
tion than the rule and for the majority of 
IH applications, a ferritic or predominantly 
ferritic matrix of cast irons is highly undesir-
able because of the inability to achieve the 
consistency and hardness levels typically 
needed in industry. 

Being inherently strong, ductile irons can 
handle much greater stresses than gray irons. 
Though, graphite nodules of ductile irons 
serve as “crack-arresters,” their existence 
does not guarantee that ductile iron cast-
ings will not crack during rapid heating or 

severe quenching. Caution should be applied 
when choosing process parameters for sur-
face hardening of iron castings of complex 
geometries.

ELECTRO-THERMAL PROPERTIES 
OF CAST IRONS 
Unlike alternative processes, the 
performance of induction systems first and 
foremost is affected by the electromagnetic 
properties of the heated materials, including 
electrical resistivity r and relative magnetic 
permeability mr. 

The chemical composition and volume 
fraction of graphite, its morphology, and 
the matrix structure of cast irons affect 
not only mechanical properties but also 
electromagnetic and thermal properties. 
For example, gray irons with large graphite 
flakes are known to have a higher thermal 
conductivity k and a lower electrical 
resistivity r. Ductile irons with a ferritic 
matrix have a higher k compared to pearlitic 
or Q&T grades. 

The thermal conductivity of cast irons 
decreases with an increase in Mn and P 
content. It has been reported [2] that if Cu 
content is less than 2 percent, it lowers k. 
Cu additions greater than 2 percent have 
no appreciable effect on k. An increase in 

Si reduces k of most cast irons. For a given 
grade of cast iron, k usually decreases with 
temperature.

Reference [2] provides comprehensive data 
regarding the electromagnetic properties of 
cast irons and can be summarized using the 
following selected points: 
•	r gradually increases with the temperature 

rise and behaves in a complex manner, 
being a function of chemical composi-
tion, morphology of the graphite, and 
microstructure of matrix.

•	Cast irons with nodular or close-to-nod-
ular morphology of graphite (e.g., ductile 
or malleable cast irons) exhibit lower r 
compared to gray irons.

•	Gray irons with courser graphite flakes 
exhibit higher r compared to finer flakes.

•	Figure 4, left, illustrates the effect of Si 
on r of pearlitic and ferritic ductile cast 
irons at room temperature. Figure 4, right, 
shows the influence of Al, Mn, and Ni on 
r of gray irons at room temperature [2,7].

•	A pearlitic matrix results in increased 
r compared to cast irons with a ferritic 
matrix. Pearlitic cast irons having fine 
spacing between the lamellae have greater 
r compared to coarser pearlites. Ductile 
iron with a ferritic matrix has the lowest r.
 

Figure 3: Unitized machine for IH of gray iron cylinder liners for commercial vehicle engines (Courtesy: 
Inductoheat Inc., an Inductotherm Group company). 

Figure 4: Effect of Si on r of pearlitic and ferritic ductile cast irons at room temperature (left). (Based 
on materials published in www.ductile.org.) The influence of Al, Mn, and Ni on r of gray cast irons at room 
temperatures (right). (From C. Walton, T. Opar, Iron Castings Handbook, Iron Castings Society, Inc., 1981; I. Iitaka, 
K. Sekiguchi, Influence of added elements and condition of graphite upon r of cast iron, Reports of the Casting 
Research Laboratory, No. 3, Waseda University, Tokyo, Japan, 1952, pp. 23–25.)

http://www.ductile.org
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Cast irons with a ferritic matrix have 
higher magnetic properties compared to 
pearlitic irons. It appears that ductile and 
malleable irons exhibit greater magnetic 
induction B and higher mr compared to the 
respective properties of gray irons. Cast irons 
exhibit noticeably lower residual magnetism, 
magnetic saturation, and mr compared to 
carbon steels.

GOOD PRACTICES IN INDUCTION 
HARDENING OF CAST IRONS 

PROCESS RELATED SUBTLETIES
Among other factors, the ability of cast irons 
to exhibit certain as-quench hardness and 
strength depends upon the amount of carbon 
contained in the austenite, which is greatly 
affected by the matrix. The proper harden-
ing parameters include, but are not limited 
to, an appropriate temperature and time at 
the austenite phase, which, besides other 
factors, are functions of the cast iron grade, 
its matrix, heat intensity, and quenching 
specifics. 

In steels, the carbon content is fixed by 
chemistry and, upon austenitization, can-
not exceed this fixed value (rare attempts 
to use a carbon-enriched environment are 
excluded from consideration). In contrast, in 
cast irons, there is a “reserve” of carbon in 
the primary (eutectic) graphite particles. The 
presence of those graphite particles and the 
ability of carbon to diffuse into the matrix 
at temperatures of austenite phase can poten-
tially cause the process variability, because it 
may produce a localized deviation/increase 
in an amount of carbon dissolved in the 
austenitic matrix respectively affecting the 
obtained hardness and its uniformity upon 
quenching [1]. 

Higher temperatures of the austenite 
phase and longer times at those tempera-
tures are associated with a greater amount 
of carbon being dissolved within the matrix. 
Since some of the graphite can go into solu-
tion in proximity to nodules or flakes, it 

can locally increase the carbon level in the 
austenite, shifting CCT curves, affecting 
martensitic formation and Ms temperatures, 
as well as amount of retained austenite (RA). 
This tendency is an important metallurgical 
factor representing one of the major differ-
ences between hardening cast irons versus 
steels and potentially resulting in a variable 
amount of carbon in as-quenched structure. 
This is one of the reasons why the require-
ments for process control and monitoring 
when hardening cast irons are usually more 
stringent compared to hardening steels. 

An attempt to compensate for the lack of 
carbon content in the ferritic matrix trying 
to purposely diffuse a greater amount of 
carbon into austenite by applying exces-
sively high temperatures and dissolving the 
primary graphite particles cannot be con-
sidered a good universal practice because 
it is associated with not only the necessity 
of reaching unduly high austenizing tem-
peratures but also the need to hold the cast 
irons at those temperatures for an extended 
period. This discourages one of the main 
advantages of induction, the short process 
time and results in grain coarsening, exces-
sive amount of RA, irregular hardness pat-
terns, and crack susceptibility. 

On the other hand, insufficient austen-
itization produces heterogeneous structures 

forming a mixture of martensitic and non-
martensitic products (“ghost” products) 
and undesirable engineering properties. 
The industry has accumulated several rec-
ommendations to estimate the appropriate 
hardening temperatures. For a rough estima-
tion of the minimum required austenitizing 
temperature of unalloyed cast irons heated 
at moderate heat intensity, the following 
expressions are often applied:

Austenizing temperature, °C = 800 + 
28(%Si) - 25(%Mn)

Austenizing temperature, °F = 1,472 + 
50(%Si) - 45(%Mn).

Besides the minimum austenitic tempera-
ture, there is a maximum recommended 
temperature that should not be exceeded. 
The temperature range of 860°C (1,580°F) 
to 930°C (1,706°F) is typical for IH of gray 
and ductile iron castings. As an example, 
Figure 5 shows the influence of austenitiz-
ing temperature on the hardness of water-
quenched ductile iron [8].

Keep in mind that, as a result of the 
non-equilibrium nature of rapid induction 
heating, all critical temperatures are shifted 
toward the higher temperatures. Cast iron 
eutectic melts at temperatures of approxi-
mately 150°C to 250°C lower than the 
majority of plain carbon steels. For example, 
in the case of moderate heat intensity, the 
unalloyed cast iron eutectic starts to melt at 
temperatures of about 1,130°C (2,066°F). 
Therefore, if something goes wrong, there is 
a distinct possibility for overheating owing 
to the relatively low liquidus and solidus 
temperatures of cast irons. The situation 
becomes more complicated, as certain alloy-
ing elements (such as copper or tin, which 
may be added to some cast irons) have low 
melting temperatures.  

In contrast to steels, there is very limited 
information in the literature with respect to 
the continues heating transformation (CHT) 
diagrams suitable for IH of cast irons, forcing 
heat treaters to rely solely on experiments and 
laboratory developments to determine the 
most appropriate temperatures for rapid IH.

When heating cast irons susceptible to 
cracking, it is sometimes useful to preheat 
the castings allowing the reduction of ther-
mal shocks or to apply modest heat inten-
sity in particular during the initial stage 
(from room temperature to approximately 
550°C/1,000°F).

Quenching oils at elevated temperatures 
and suitable aqueous polymer solutions 
may be used for surface hardening of gray 

Figure 5: Influence of austenizing temperature on 
hardness of ductile iron. Specimens were slow heated, 
held in air for one hour, and water quenched. (From 
ASM Handbook, Vol. 4, Heat Treating, ASM Int’l, 1991.)

Figure 6: Large graphite flakes or clusters having a preferred orientation of flakes located near the surface serve 
as stress raisers and should be considered to be undesirable prior microstructures [1] .
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irons, allowing minimization of the prob-
ability of cracking and excessive distor-
tion. In contrast to hardening steels, “mass 
quenching” does not typically apply even 
in cases of shallow case depths. However, 
short quench delay (0.5 to 1.5 seconds) is 
applied quite regularly.

Since the Mf temperatures of cast irons are 
always below room temperature, there will 
be a certain amount of RA formed in as-
quenched structures. The amount depends 
on chemical composition, hardening spe-
cifics, and the process recipe. As expected, 
the greater amount of RA directly affects 
the as-quenched hardness and the magni-
tude of residual compressive surface stresses. 
This could alter critical mechanical proper-
ties, including wear resistance and fatigue 
strength. Besides that, the load stresses that 
appear during the operation of the compo-
nent could transform the RA into untem-
pered martensite, introducing brittleness and 
potentially causing dimensional instability. 
There are a number of corporate standards 
to specify the maximum permissible levels 
of RA for a particular cast iron application, 
some of them specify maximum of 8 percent 
to 12 percent of RA).

It is a common good practice to temper 
as-quenched cast irons as soon as possible to 
relieve excessive residual stresses and to form 
as-tempered martensitic structure, improving 
toughness, and avoiding delayed cracking.

FRIENDLY/UNFRIENDLY PRIOR 
MICROSTRUCTURES
The task of successful IH of cast irons will be 
simplified by having a friendly initial prior 
microstructure that is responsive to rapid 
heating. As stated earlier, ferritic cast irons 
or cast irons with a substantial amount of 
ferrite in the matrix are not well suited for 
rapid hardening, because carbon has poor 
solubility in ferrite. 

A small amount of ferrite adjacent to the 
graphite nodules (“bull’s eye”) usually does 
not affect the achievable hardness, because 
the carbon might be able to sufficiently 
quickly diffuse into those thin regions from 
carbide nodules, enriching them with an 
adequate amount of carbon (assuming that 
the temperature and time at the austenite 
phase are appropriate).

Structure consisting of large graphite 
clusters (Figure 6) cannot be considered a 
friendly prior microstructure. Large graph-
ite f lakes or clusters having a preferred 
orientation of f lakes being located within 
the hardness depth serve as considerable 
stress risers. In this case, gray iron’s sen-

sitivity for crack initiation during rapid 
heating is increased, and a redistribution 
of localized eddy current f low may occur 
(particularly for frequencies of 50 kHz and 
higher). The soft spots may occur within 
the as-quenched structure in areas where 
large clusters are present.

A friendly microstructure of the matrix of 
cast irons (e.g. pearlitic) allows fast transfor-
mation at minimum hardening temperatures, 
making it imperative to minimize distortion. 

PROPER CHEMICAL COMPOSITION
If, for some reason, cast iron does not 
respond to IH in an expected way, then 
one of the first steps in determining the 
root cause for such unexpected behavior is 
to make sure the chemical composition and 
matrix are appropriate. In some cases, what 
is supposed to be the same iron castings 
purchased from two different suppliers may 
have appreciable variations of composition, 
matrix, and properties.

Silicon should be closely controlled 
because of its powerful impact on the fer-
rite and graphite formation, eutectic reac-
tion, and solubility of carbon in austenite. 
Extreme levels of Si are undesirable: a very 

low Si content promotes carbide formation, 
while excessive Si levels may promote more 
ferrite in the matrix [9].

Although carbon and silicon are two of 
the principal alloying elements in gray, mal-
leable, and ductile irons with a significant 
influence on the as-hardened microstruc-
ture, the examination should not be limited 
to an evaluation of only these two elements. 
Commercial cast irons may have a consid-
erable amount of other alloying elements, 
and their inappropriate levels may have an 
impact on results of IH. For example, the 
phosphorus concentration should be below 
its prescribed maximum level. It has been 
reported that an excessive amount of P (the 
normally specified amount for ductile irons 
is ≤0.05%, whereas that for gray irons is 
≤0.2%) can form a low melting point phase 
(steadite) producing increased brittleness 
and reduced impact strength, which worsen 
with increasing hardening temperatures 
and phosphorus concentration. 

An excessive amount of P is also associated 
with a greater risk of melting a phosphorus 
eutectic. Therefore, elevated levels of phos-
phorus should be taken into consideration if 
problems arise. At the same time, it should 

Figure 7: An attempt should be made to avoid the formation of an undesirable mixture of martensite and upper 
transformation products in as-quenched microstructure [1] .

Figure 8: Close-up of Inductoheat’s SHarP-C inductor (a) and as-hardened microstructure (b) that reveals the two-
phase (fine-grain martensite and nodular graphite) structure with an insignificant amount of retained austenite. 
(Courtesy of Inductoheat Inc., an Inductotherm Group company.)
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not be assumed that elevated amounts of P 
automatically cause cracking problem. On 
several occasions, investigations reveal that 
cast irons containing an elevated amount 
of phosphorus (0.39%–0.57% P) have been 
induction hardened without cracking [9]. 

All commercial cast irons, to a different 
extent, consist of traces of residual impuri-
ties resulting from raw materials and the 
ironmaking practice. These residuals and 
alloying elements under certain conditions 
may have mutual interactions affecting the 
results of hardening. Even seemingly small 
amounts of such elements (e.g., Bi, Pb, Ti, 
Ni) may have a marked effect on the results 
of hardening.

It is also imperative to remember that some 
elements have a combined effect (i.e., carbon 
and silicon, sulfur and manganese); therefore, 
it is important to control their combined effect. 
An increased Mn content exhibits a tendency 
to increase the amount of RA, causing Mn 
segregation and reduced hardness readings 
[10]. On the other hand, it is necessary to 
have a sufficient amount of Mn to neutralize 
S. Some investigators suggest following the 
Mn–S correlation for a minimum amount of 
Mn in gray cast irons [9]:

Mn(%) = 1.7•S(%) + 0.3%.

DESIGN FACTORS AND QUALITY  
OF CASTINGS
Poor-quality castings and casting defects 
can cause problems by themselves. For 
example, the presence of such casting 
defects as porosity, abnormal inclusions, 
sand and gas defects, blowholes, pinholes, 
and excessive segregation may cause a devia-
tion in eddy current flow, local overheating, 
stress concentration, cracking, hardness 
scatter, etc.

When iron castings have a complex shape 
featuring geometrical discontinuities and 
irregularities, the regions with substan-
tially different masses have a tendency to 
heat and quench differently. This promotes 
the appearance of thermal gradients and 
undesirable transient stresses that could 
create conditions for excessive distortion 
and cracking. 

CONCLUSION
Among other factors, the success in induc-
tion hardening of cast irons and repeatabil-

ity of obtained results are greatly affected 
by a potential variation of matrix carbon 
content. This requires tighter control of the 
process recipe/protocol. An attempt should 
be made to select a process recipe that would 
allow avoiding the formation of undesirable 
transformation products in the as-quenched 
microstructure. Figure 7 illustrates an exam-
ple of such undesirable mixed structures.

“Friendly” prior microstructure in 
combination with advanced technol-
ogy produce fast phase transformations 
at minimum hardening temperatures 
with minimized distortion [1,11,12]. For 
example, the case study provided in [11] 
reveals achieving almost undetectable 
camshaft distortion of approximately 3 to 
5 microns (based on 1.5- and 2.0-L diesel 
or regular fuel engines) while applying 
Inductoheat’s non-rotational technology 
(SHarP-C Technology). In many cases, 
this technology eliminates sequential cam-
shaft straightening operation. Figure 8 
shows a close-up of the unique design 
of the SHarP-C inductor (left) and the 
as-hardened microstructure (right) that 
reveals a two-phase structure (fine-grain 
martensite and nodular graphite) with an 

insignificant amount of retained austenite.

NEW TECHNICAL RESOURCE FOR 
INDUCTION HEATING PROFESSIONALS
Space does not permit a discussion of all the intri-
cacies of induction heat treating of cast irons. More 
information can be found in the 2nd Edition of 
the Handbook of Induction Heating (Figure 9), 
which embarks on the next step in designing 
cost-effective and energy-efficient induction pro-
cesses. It is intended to reach a variety of readers 
including practitioners, engineers, metallurgists, 
managers, students, and scientists. 
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