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Abstract

The microstructure and resultant mechanical properties of the hardened case produced in steels by induction surface hardening
are discussed. The development of the final structure is followed throughout its characteristic evolutionary stages; its dependence
on heating and cooling rate, maximum temperature of the treatment, composition, and initial microstructure is described in detail.
Gradients of microstructure, composition, and hardness brought about by induction surface hardening inside the case are studied
and explanations about their origin are proposed. The properties of the hardened case completely rely upon its microstructure,

whose control is then a key factor for engineering applications.
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1 Introduction

Induction heat hardening has become increasingly important
through the last decades [1, 2]. The advantages of induction
heat treatments over the traditional methods are numerous:
short treatment time, repeatability, high efficiency with conse-
quent energy savings, no naked flame or atmosphere safety
issues, rapid focused heat, and increased automation of the
process. Some of these features make induction heating eco-
logically more favorable than conventional furnace-based heat
treatments [3].

In particular, induction surface hardening, as technique ap-
plied to steels, is receiving increased attention by the industrial
and scientific world. With this technique, a hardened surface
layer, called hardened case, can be formed with a depth rang-
ing from sub-millimeter to a few millimeters. This technique
allows to selectively harden surfaces without affecting the
interior structure of the part.

The increasing use of surface-hardened steels for many
industrial components, e.g., gears, bearings, shafts, and cut-
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ting tools, coupled with the use of complex monolithic com-
ponents in the manufacturing industry, has lately brought a
spread of induction hardening techniques [4, 5]. For example,
because of the need of performing treatment over complex
surfaces, the spot induction hardening has been developed.
This technique adopts a single-turn copper coil coupled to a
five-axis CNC machine tool to realize a small region heat
treatment of curved surface or some other complicated shapes
[1, 6, 7].

The automotive industry has played a decisive role in
bringing new attention on induction surface hardening due
to its need to achieve weight reduction of the vehicle struc-
tures without compromising passengers’ safety. In this field,
the interest about induction treatments is also linked to the
push to develop innovative heat treatment procedures that
can be used as an alternative to the current production
methods for advanced steels [8].

During induction hardening, the metal undergoes a double
phase-transformation, first to austenite, upon heating, and
then, upon quenching, to martensite, so that the hardness of
the part increases. Besides the main phase-transformations,
many other phenomena, as recrystallization, grain growth,
carbide dissolution, and diffusion of alloying elements, can
be involved in the process. Many technological parameters,
such as the form of the induction coil, its distance from the
surface, current frequency, current, and moving rate of the
induction coil, can affect the microstructure and properties
of the treated part. Thus, it is possible to state that induction
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hardening is one of the most complex from a metallurgical
point of view among the heat treatments.

Induction surface hardening is even more complex because
the aforementioned phase transformations happen in the thin
superficial layer of the workpiece. The rapid heating and
cooling of the process generate sharply different thermal cy-
cles in function of the depth below the surface. This results in
a gradient of microstructure and proprieties within the hard-
ened case. Evaluation of the case depth and its microstructure
is important for controlling the quality of the components and
to guarantee the fulfillment of the required mechanical perfor-
mances [3, 9-12].

The hardened case can be defined in two different ways.
The effective case is the layer under the surface showing a
hardness higher than a specific level (frequently, it is the depth
below the surface measured to 40 HRC); the total case is the
layer under the surface showing differences in microstructural
properties as compared to the core [13]. The total case is
deeper than the effective case; therefore, their difference de-
fines a case-core transition zone, or just transition zone, which
can be very important for part performance.

To study the case microstructure, a three-step approach is
needed. In the first step, the thermal cycle generated by the
process is discussed, in the second step the post-heating mi-
crostructure is described, and then in the last step the alter-
ations of the microstructure caused by the quenching are
highlighted.

2 Thermal cycles inside the workpiece

The heating mechanism during induction heating is due to two
phenomena. The principal one, active for any material which
presents electrical resistivity, is the Joule heating due to the
induced eddy current. The magnetic field produced by the
alternating current circulating in the induction coil induces
eddy currents in the workpiece. The eddy currents have the
same frequency and opposed verse to the coil current. The
resultant distribution of heating power density inside the
workpiece is function of the electromagnetic coupling be-
tween the coil and workpiece. The second mechanism, occur-
ring only for ferromagnetic materials, is caused by the energy
dissipation required to reverse the magnetic domains inside
the workpiece, the so-called magnetic hysteresis. This mech-
anism is active only below the Curie temperature, Ac,, 768 °C
for Fe-C, because the relative permeability of the steel, the
main factor of the magnetic energy losses, drops to values
around 1 approaching the Curie temperature. Compared with
the magnetic losses, the Joule effect has a much greater influ-
ence on the overall heating throughout the process, in partic-
ular above the Curie temperature [14].

The distribution of the eddy currents within the work-
piece perpendicularly to its surface is not uniform; the
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current density decreases from the surface toward the work-
piece core. Indeed, the highest values of the eddy currents
are mainly produced close to the surface of the workpiece in
what is often referred to as “skin effect.” This means that
almost all of the heat is produced near the surface. For
practical purposes, to describe this phenomenon, a current
penetration depth or skin depth, 4, is used [15]. Under the
assumption of an exponential decay of the eddy current
density, and then of the heating power density, from the
surface toward the workpiece core, § is defined as the dis-
tance from the surface, at which the current decreases to 1/e
its surface value. Then, the power density at this distance is
equal to 1/¢” its value at the surface. Using this approxima-

tion, the skin depth can be calculated as § = 503+/p/ (1, F),
where F is the frequency (Hz) of the inducing current, p is
the electrical resistivity (2m), and , is the relative magnetic
permeability of the workpiece. It can be demonstrated that
the skin depth is the layer within which the 86% of all the
power induced is concentrated while, at a depth equal to the
skin depth, the current is 37% of its surface value.

However, the assumption of exponential decay of the cur-
rent density is correct only for a material having constant
electrical resistivity and magnetic permeability and can be
very misleading in the case of surface hardening. The co-
dependence of permeability, resistivity, specific heat, and tem-
perature, coupled with the non-standard behavior of steel near
the Curie point, see Fig. 1 for example, is the cause of many
difficulties in the study of the evolution of the heating power
density profile during induction heating.

The process develops in three stages (see Fig. 2). First, in
the cold stage, the power density and the heat rate increase
very steeply, because the material heats up both for the Joule
and magnetic losses. The surface material, being the one more
coupled to the magnetic flow, is the main site of the heating in
this stage. For this reason, the surface layer temperature will
approach Ac, before the deeper layers. When the temperature
in the surface layer rises above Ac, its permeability falls to 1,
stopping the magnetic losses in this layer. As consequence, the
rate of heat production falls in comparison with the deeper
layers whose temperature is still under Ac,. This, in associa-
tion with the spike of the specific heat and with the increase in
heat dissipation due to the rise in temperature, reduces the
heating rate of the surface layer. A further lowering of the
heating rate is due to the heat absorption of the on-heating
phase transformation to austenite which starts at temperature
around 720 °C.

This lowering of the heating rate produces a typical
temperature-time profile with a double slope: a steep heating
rate in the first part followed by a more gentle one so that the
average heating rates used in the industrial practise, ranging
from ~ 100 to 1000 °C/s, are reduced to a much lower value in
the temperature range of the transformation, i.e., above
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Fig. 1 a Electrical resistivity, b conductivity, ¢ relative permeability, and d specific heat of the S5CrMo steel. Source: Li et al.[10]

720 °C. For example, in Fig. 3, to a nominal heating rate of
600 °C/s corresponds a real heating rate in the transformation
zone of 270 °C/s.

The second stage of the process, called transition stage,
starts when the surface temperature rises above Ac,. The pow-
er density distribution along the thickness shows in this stage a
typical wave shape, very different from the commonly as-
sumed exponential distribution; in literature, this is called

Cold stage
Transition stage
Hot stage

S Surface

Power density (heat source)

Distance from the surface [mm]

Fig. 2 Qualitative profiles of power density at different stages of
induction heating of a steel bar. Redrawn after [13, 16]

the magnetic wave phenomenon [13, 16]. This shape presents
two peaks: one at the workpiece surface and one at a deter-
mined distance from the surface, whence it starts again de-
creasing; owing to this phenomenon, the maximum of the
power density can occur on an internal layer and not at the
workpiece surface under certain conditions. The depth of the
inner peak is not constant but increases with the passing of the
time, as deeper and deeper layers reach Ac,.
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Fig. 3 Typical temperature-time profile at the workpiece surface for an
induction surface hardening heat treatment
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As soon as the whole workpiece has exceeded Ac,, the last
stage, the hot stage, starts and the profile of the power density
returns to a classical distribution characterized by a smooth
decrease from the surface to the core.

Obviously, in applications such as through hardening or
induction heating, the transition stage is an insignificant por-
tion of the induction process, due to the fact that the hot stage
covers around 65% of the whole heating time. On the con-
trary, in induction surface hardening, the magnetic-wave phe-
nomenon can be very significant in determining the temper-
ature profile that develops within the workpiece. For exam-
ple, a plateau on the temperature profile located near the
surface can come about after the surface has reached Ac,,
especially for low power density applications. Under certain
conditions, an inversion of the expected radial temperature
profile during the heating up is observed, with the subsurface
temperature being higher than the surface one [17]. While this
inversion is quite uncommon, it can happen or for large case
depth (> 20 mm) or for the use of inadequate process param-
eters or for the presence of high unexpected surface heat
losses.

In the quenching stage, as expected, the surface region
cools faster than the core. As consequence, after the
quenching has started, the temperature profile shows
higher temperatures inside the workpiece and not at the
surface; subsurface regions might spend longer time at
high temperatures, i.e., above Acs or Acy, than the surface
layer (this phenomenon can be additionally increases by
the magnetic-wave phenomenon). Furthermore, the heat
accumulated in the interior can temper back the superficial
martensite if the quenching stage is stopped too early. All
these phenomena have an enormous impact over the final
microstructure of the hardened case, for example in term of
the differential grain growth and nucleation over the dis-
tance below the surface.

Some possible evolutions of the temperature profile in the
workpiece are reported in Fig. 4. Figure 4a shows the typical
progress of the profile temperature during an induction surface
hardening. There is first a sharp increase of temperatures with
the surface being distinctly always at the highest temperature;
during the earliest instants of the quenching stage, an internal
maximum in the temperature profile shows up. In the case of
Fig. 4b, the magnetic-wave phenomenon gives rise to a slight
temperature maximum in the subsurface during the final part
of the heating.

3 Microstructure evolution during the heating
stage
Understanding phase transformation kinetics during the

heating stage is a key point in the induction surface hardening
of steels. Indeed, the austenite phase fraction, microstructure,
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and composition obtained during this stage play a major part
in establishing the final microstructure and mechanical prop-
erties of the hardened case, considering that all on-cooling
transformation products derive from the austenite generate in
this phase. Moreover, it is of great importance to know how
profiles of microstructures, for example in terms of grain size,
concentration, and product phase fraction, are related to the
distance from the surface.

It is well established that the kinetics of austenitization
depends strongly upon the steel composition as well as the
starting microstructure, more specifically distribution, size,
and type of the starting phases. Any prior mechanical process
that alters the microstructure is expected to heavily influence
the austenitization kinetics. Moreover, this kinetics is strongly
dependent from the heating rate, which is quite important in
induction hardening applications.

The discussion about austenitization can be divided in
two cases depending on the starting microstructure: ferrite-
pearlite/pearlite (e.g., hypoeutectoid or eutectoid steel in
hot-rolled or normalized conditions) and ferrite matrix with
a dispersion of carbide/cementite particles (e.g., quenched
and tempered steels or spheroidized steels obtained from a
microstructure containing pearlite). According to the stan-
dard convention, the on-heating transformation temperatures
are indicated by Ac with a subscript referring to the trans-
formation type (Ae indicates the same temperatures at equi-
librium condition). The following simple nomenclature will
be herein adopted. For hypoeutectoid steels, Ac; is the
temperature at which austenite begins to be experimentally
observed and Acj; the temperature at which the
austenitization is mainly completed; in case, some cement-
ite is retained after Acs, as sometimes observed for a
spheroidized pearlite microstructure, Ac. indicates the tem-
perature at which the solution of carbides in austenite is
completed. Considering that for this class of steel the
austenitization of pearlite is usually quite faster than that
of proeutectoid ferrite (see below), many authors prefer to
introduce beside Ac;, the austenite start temperature, a
pearlite to austenite transformation finish temperature; how-
ever, for the sake of simplicity, this nomenclature is not
herein adopted. For hypereutectoid steel, Ac, is the temper-
ature at which austenite begins to form and Acy the tem-
perature at which the transformation of ferrite to austenite
is completed; at Acg, some of the cementite/carbide has
been dissolved to form austenite and some fraction of ce-
mentite is retained, so that for these steels there is always
the need of introducing Ac, with the abovementioned
meaning.

Experimental studies pointed out that the austenite forma-
tion is a very complex phenomenon. The nucleation and
growth of austenite begin from different sites in the initial
microstructures which are characterized by different phases
of different stability. However, previous researches showed
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Fig. 4 Evolution of the temperature profiles during induction hardening. a Surface hardening of a 16-mm-diameter steel shaft (SAE 4340, 125 kHz;
heating, 2 s). Redrawn after [13]. b Surface hardening of a 50-mm-diameter steel bar (SAE 1045, 10 kHz; heating, 8 s; dwell, 0.5 s) redrawn after [18]

that, as general rule, the pearlite-to-austenite transformation is
much faster than the ferrite-to-austenite transformation
[19-23]. The difference in the diffusion distances that atoms,
especially carbon atoms, have to cover in the two cases is
certainly the explanation. Indeed, diffusion distances are sig-
nificantly shorter in lamellar pearlite, even in coarse pearlite,
in comparison to proeutectoid ferrite, leading to high rates of
pearlite dissolution. The dissolution of particles of cementite
and other carbide is the slowest of all the concerned processes
[24, 25].

3.1 Ferrite/pearlite mixtures

For a ferrite/pearlite microstructure, once Ac; has been
reached, the pearlite is the first to start transforming into aus-
tenite. In particular, the austenitization begins from the pearl-
itic ferrite and continues into the pearlitic cementite. It was
observed that pearlitic ferrite transforms to austenite very
quickly compared to the pearlitic cementite, which dissolves
in austenite at a slower rate [24, 26]. This two-step process of

austenitization of pearlite was observed to occur at high
heating rate (higher than 20 °C/s), right in the heating rate
range of interest for induction hardening, while at lower
heating rates, ferrite and cementite plates seem to transform
simultaneously [27].

The start of the transformation of the proeutectoid ferrite is
the subsequent phase of the austenitization process. There is
no agreement among the experimental observations of differ-
ent authors whether the austenitization of pearlite and ferrite
processes overlap or happen sequentially. Dykhuizen et al.
[28] asserted that the conversion of the ferrite to austenite does
not initiate until the pearlite region is one-tenth transformed to
austenite because the ferrite cannot transform near Ac; until
carbon is available from the pearlite region. In fact, if the
transformation of ferrite is modeled as simultaneous with the
transformation of the pearlite the resulting forecast fits poorly
with the experimental data. Savran et al. [21] and Jayaswal et
al. [29] also support the idea of a probable overlapping of
pearlite-to-austenite and ferrite-to-austenite transformations
while proposing different explanation of the phenomenon.
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On the contrary, other researchers are in favor of the strict
sequentiality of the two stages: first the dissolution of the
pearlite then the transformation of the proeutectoid ferrite.
To this regards, see, for example, Katsamas [26], Puskar
[30], and Schmidt et al. [31] or Garcia de Andres et al. [32]
in their study of austenitization in DP steel. Oliveira et al. [33]
observed that these two stages are characterized by two dis-
tinct and subsequent peaks of contraction in the dilatometric
curve. Speich et al. [34], Huang et al. [19], and Azizi-
Alizamini et al. [23] concluded that austenite formation can
be divided into two stages: (1) very rapid growth of austenite
into pearlite until the complete dissolution of the pearlite and
(2) slower growth of austenite into ferrite primarily controlled
by carbon diffusion in austenite.

This divergence can be solved considering the nucleation
mechanism because the growth of austenite is strongly affect-
ed by the nucleation sites and rate. The observed sites for
nucleation of austenite growing in pearlite are the interfaces
between ferrite and cementite platelets and the grain bound-
aries between pearlite colonies (especially triple junction
points) [31]. The second site is the most advantageous from
the point of view of surface energy considering the high angle
boundary between pearlite-pearlite grain, while a single pearl-
ite colony offers a larger amount of internal interfacial area but
a lower mismatch between the ferrite-carbide lamellae [20].
On the other hand, nucleation can also take place at the
pearlite-ferrite boundary for ferrite/pearlite steels [31].
Austenite has been also observed to form at the ferrite-ferrite
grain boundaries. This was explained by the presence of ce-
mentite particles [19] and, more rarely, by the presence of
retained austenite in the starting microstructure [29] and, for
heating rate not very high, by the decreasing equilibrium of C
content of ferrite at the increase of temperature [27].

In general, the austenite nucleation is then associated with
cementite precipitates, the most favorable nucleation sites be-
ing the ferrite/pearlite interfaces followed by the pearlite/
pearlite interfaces and, eventually, by the ferrite/ferrite inter-
faces. In any case, however, the measured advance rates of the
austenite/pearlite front are much faster than those of the
austenite/ferrite front; to this regard, much valuable data about
austenite growth rate were measured by Schmidt et al. (2006)
using an in situ visualization of the phase transformation by
means of a confocal scanning laser microscope.

Short-range carbon diffusion between adjacent pearlitic ce-
mentite lamellae controls the austenite growth from prior
pearlite. However, the diffusion of substitutional elements
can also play a key role; for example, the growth of austenite
during pearlite dissolution is much slower in presence of sub-
stitutional elements, as Mn (see below). On the contrary, the
growing of austenite nucleated at ferrite/ferrite boundaries re-
quires the carbon diffusion over relatively large distances from
pearlite-nucleated austenite along with the parallel cumber-
some diffusion of substitutional alloying elements. Thus, the
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growth of austenite nucleated at pearlite sites and at the ferrite
grain boundaries is in competition [19, 35]. Huang et al. [19]
stated that the competition between austenite formed at these
different sites is responsible for the marked heating rate effect
on the austenitization kinetics.

Slow heating rates will favor the austenitization of the prior
pearlite sites (see Fig. 5). In this case, the transformation of the
pearlite will be completed before the one of the proeutectoid
ferrite, which will be hampered because of limited carbon
supply due to the few and isolates nucleation sites at the ferrite
grain boundaries. The consequence is that the austenite will
inherit the distribution of prior pearlite colonies.

High heating rates shift the transformation to higher tem-
peratures and increase the superheating therefore promoting
additional nucleation at the ferrite grain boundaries (see
Fig. 6). The result is an increase in the nucleation site density
with a consequent decrease of the average austenite grains size
(see Fig. 6). In this scenario, the austenitization of pearlite and
that of proeutectoid ferrite overlap.

After the transformation of the pearlitic ferrite, in accor-
dance with the austenitization path undertaken, the structure
can consist or of a mixture of austenite with untransformed
proeutectoid ferrite at low heating rate (Fig. 5) or of austenite
with partially dissolved pearlitic cementite and partially trans-
formed proeutectoid ferrite at high heating rate (Fig. 6). As the
austenitization proceeds further, the proeutectoid ferrite con-
tinues to transform; simultaneously, the thickness of the car-
bide lamellae, possibly retained, progressively reduces due to
the additional amount of carbide dissolution occurred in the
pearlite colonies.

It has to be pointed out that the dissolution of lamellar
pearlite occurring during the first stage of austenitization in
ferrite/pearlite steels generates a carbon-rich austenite, which
is not in equilibrium with ferrite, as described by Katsamas
[26], Clarke et al. [24], Gaude-Fugarolas [36], and Savran
[20]. As a consequence, when the temperature rises above
Acy, there are two carbon transfer mechanisms acting in the
microstructure. The first one is the short-range diffusion in the
pearlitic-generated austenite involving undissolved cementite
lamellae and the second one is a long-range diffusion between
pearlitic-generated austenite and the ferritic-generated austen-
ite, the latter having a low carbon content.

The same process, but much more limited due to the lower
diffusion coefficient, involves substitutional alloy elements,
e.g., Mn and Cr, which has to diffuse in the forming austenite.
To this regards, some authors talk of the rapid diffusion of
carbon and the slow diffusion of the alloying elements at the
ferrite/austenite interface [37]. Indeed, the presence of substi-
tutional elements drastically influences the kinetics of
austenitization for multicomponent steels [38]. For example,
Atkinson et al. [39] showed that the addition of Si slows the
transformation into austenite, while the addition of Mn
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increases it, being the former a stabilizer of ferrite and the
latter of austenite.

The austenitization of pearlite is then problematic for steel
containing high amounts of alloying elements as Cr, Mo, or V.
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They dissolve preferably within stable carbides increasing
their stability, diffuse slowly, and slow down the diffusion of
carbon. Furthermore, the solubility and diffusivity of carbon
or other alloying elements are decreased by the presence of
alloying elements like Cr, which delay the austenitization. On
the other side, elements like Cr or Mo form stable carbides
which limit the austenite growth [40, 41].

Then, the forming austenite is progressively enriched with
carbon and is enriched or depleted of alloying elements ac-
cording to the allowable equilibrium level and diffusion
kinetics.

If the austenitization process is not given enough time, the
dissolution of pearlitic cementite or proeutectoid ferrite may
not be completed during the heating stage. This results in the
preservation of some phases from the initial microstructure
after the quenching, i.e., pearlitic cementite, or in general car-
bides, and ferrite [14]. For example, retained ferrite is visible
inside the structure as big blocky white areas of undissolved
ferrite [30].

Analogously, and this is valid especially for the pearlitic
cementite, if the diffusion does not is have time to homogenize
the structure after the cementite or ferrite dissolution, concen-
tration gradients of carbon and alloying elements can remain
in the resulting austenite. The transformed microstructure in
which gradients in composition still persist is called inhomo-
geneous austenite. For example, concentration gradients, rem-
nants of pearlite dissolution, called “pearlite ghosts,” can often
be observed after etching steel containing Cr. Concentration
gradients of Mn or other alloying elements that do not alter the
etching response like Cr cannot be visualized using optical or
electrical micrographs [24]. Similarly, the scientific literature
provides data of the austenite carbon content as a function of
the austenitizing time for prior spheroidized ferrite/pearlite
microstructure [14].

This phenomenon is very important since the microstruc-
ture and composition gradients developed during the heating
stage are frozen by the subsequent quenching. The steel trans-
forms in function of the local composition upon cooling so
that the resulting microstructure will be a consequence of it.
For example, Lee et al. [42] observed a decrease of Ms tem-
perature of an AISIT 52100 steel with the increase of the max-
imum temperature attained during the heating stage. This de-
crease was attributed to the increase of the carbon concentra-
tion in the transformed austenite due to the greater dissolution
of cementite achieved at higher temperatures; it is remem-
bered that Ms decreases with the increase of the carbon con-
centration in the austenite. The authors concluded that the Ms
reduction correlates with the carbon concentration in the aus-
tenite because of its greater effect on Ms than other substitu-
tional alloying elements. Measured values of Ms can be used
to infer the carbon concentration in transformed austenite
from a microstructure consisting of spheroidized carbides in
a ferrite matrix by using Andrews’ linear Ms equation [42]. In
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addition, an uneven distribution of carbon in the austenite
results in a low hardness of the resultant martensite, consider-
ing that the martensite hardness is mainly a function of its
carbon content. To this regard, Clarke et al. [24] observed that
the martensite obtained from induction hardening of hypoeu-
tectoid steels attains maximum hardness, for the same treat-
ment time, only when it is heated at temperatures above Acs
because the prior austenite structure does not reach
homogenously distributed carbon concentration until higher
temperatures are attained. Similar results can be obtained with
a longer duration of the heating stage.

Similarly, concentration gradients of alloying elements oth-
er than carbon can be important for their final effect on the
case microstructure. For example, segregation of alloying el-
ements in zones of prior pearlitic cementite was observed by
Clarke et al. [24], particularly of Cr and Mn. They concluded
that longer heat treatments may be necessary to eliminate seg-
regation, because after the austenite formation from the prior
ferrite, the retained carbide dissolution is controlled not by
carbon diffusion but by the much slower substitutional diffu-
sion at interfaces. Similarly, Agren [37] showed that the Mn
enrichment in the austenite is of great importance because it
stabilizes the austenite relative to the ferrite and thus increases
the austenite hardenability. In the case of Mn segregation, the
Mn-rich layers of austenite transform to martensite at lower
temperatures and can be left untransformed after the
quenching in case of high Mn content as well as for an in-
creased carbon content caused by the strong affinity between
C and Mn.

As expected, the scale of the initial microstructure
strongly influences the austenitization kinetics. It has
been reported that both the nucleation rate and the aus-
tenite growth rate increase with the decrease of the mi-
crostructure coarseness. Indeed, a decrease in the micro-
structure average dimension provides more potential nu-
cleation sites and reduces the diffusion distances. There
are many experimental data confirming that the nucle-
ation and the growth rate of the austenite in a micro-
structure containing pearlite increase with the edge
length of the pearlite colonies, i.e., inversely proportion-
al to the area per unit volume of pearlite/pearlite colony
interfaces, and decrease with the interlamellar spacing
(see for example [14, 31, 43)).

Summarizing, the austenitization of a ferrite/pearlite steel at
high heating rates can be described as follows:

1. High-rate transformation of the pearlitic ferrite to austen-
ite and concomitant start of the dissolution of the pearlitic
cementite into the austenite under formation at a slower
rate

2. Growth of the austenite into the proeutectoid ferrite and
dissolution of cementite retained form the previous stage;
possible overlap between (2) and (1)
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3. Completion of the transformation of the ferrite to austenite
with resultant inhomogeneous structure

4. Homogenization of the austenite by means of the diffu-
sion of carbon away from the original sites of the cement-
ite lamellae. Other alloying elements also diffuse in this
stage and flatten out their concentration gradients

The same sequence of events occurs during the
austenitization of a fully pearlitic structure; the only difference
is the absence of the austenitization of the proeutectoid ferrite.
In this case, the pearlitic cementite is the last to austenitize.

3.2 Ferrite/carbide mixtures

Mixtures of ferrite and spheroidized cementite/carbides
austenitize in two stages as observed experimentally by
Miyamoto et al. [44], Chae et al. [45], and Lee et al. [46].
Firstly, the ferrite transforms to austenite with the contempo-
rary start of the dissolution of the cementite (see Fig. 7). This
process is driven by the carbon diffusion from the cementite to
the forming austenite until the ferrite is totally consumed at the
Acy. At this stage, the carbon content of austenite rapidly
increases, although the amount of austenite grows up, because
the dissolution speed of the carbides is high (Molinder 1956).
The rapid dissolution of cementite in the initial stage was
proven by both experimental measurements and numerical
calculations. Then, this dissolution gradually slows down
due to the change of the concentration slope at the interface
of both carbon and substitutional elements [47].

Austenite was observed to nucleate preferentially near in-
tergranular carbides located on ferrite grain boundaries [45].
Howeyver, a limited amount of austenite nucleation was also
observed at intragranular carbide as shown in Lai et al.. At the
end of this stage, the structure is composed by austenite grains
engulfing the remaining cementite particles (see Fig. 7).
Afterwards, the residual cementite particles are dissolved into
the austenite by carbon diffusion. At Ac,, the cementite is
consumed but the carbon distribution in the austenite is inho-
mogeneous, so that further time is needed until the carbon
attains a homogeneous distribution into the austenite [48, 49].

Also in the case of ferrite/carbides particle microstructures,
the presence of substitutional alloying elements affects the
reverse transformation to austenite considering that they are
inhomogeneously distributed; for example, it is known that in
tempered martensite cementite/carbide are enriched in Mn
while ferrite is enriched in Si or Al [42]. Such inhomogeneity
makes the austenitization more difficult in alloyed steels both
when the austenite growth is controlled by the carbon diffu-
sion, the addition of these elements decreasing the carbon
activity gradient, and when the diffusion of the alloying ele-
ments is necessary for austenite growth, as in the case of Cr-
added steel. For example, Miyamoto et al. [44] reported that
the reverse transformation kinetics from spheroidized ferrite/

I:IAustenite =A -Ccmentite/Carbide =C

|:|Martensite =M |:|Ferrite =F

Fig. 7 Microstructure evolution during induction surface hardening of a
ferrite/carbides aggregates steel. a Initial microstructure. b
Transformation of ferrite to austenite and partial dissolution of
cementite particles. ¢ Final quenching to obtain martensite and probable
remnants of carbides particle

cementite aggregates is slowed down by the addition of Mn,
Si, and Cr. The retarding effect of Cr is particularly remark-
able; indeed, it was found that the advance of the austenite/
cementite interface is accompanied by Cr partitioning.
Similarly, the analysis of Lai et al. [S0] showed that for high
Mn content in cementite, the austenite growth is essentially
composed of a partitioning growth controlled by Mn diffusion
in ferrite and a subsequent Mn diffusion in the austenite for the
final equilibration. On the contrary, if the Mn content in the
cementite is small, the initial negligible-partitioning growth
controlled by carbon diffusion in austenite becomes signifi-
cant and the transformation is so accelerated.

The inhomogeneous distribution of alloying elements can
also influence the stability of the forming austenite. For exam-
ple, Liu et al. [51] experimented that the Cr enrichment

@ Springer



2628

Int J Adv Manuf Technol (2018) 98:2619-2637

observed during the dissolution of the carbide particles in a
Fe-2.06Cr-3.91C steel brings about a supersaturated cementite
which can decompose into austenite and Cr,Cs. On the con-
trary, in case of Mn steel, the austenite/cementite interface
advances without Mn partitioning and in doing so the forming
austenite inherits the high Mn content of the cementite; that
can cause the formation of retained austenite under quenching
[44].

As in the case of ferrite/pearlite structure, the coarseness of
the initial microstructure retards the austenitization kinetics;
for example, it was observed that steels containing larger ini-
tial cementite particles exhibit slower reversion kinetics [44].

4 Heating rate effects

The response of steels to austenitization during induction sur-
face hardening is very sensitive to the heating rate. Increasing
the heating rate, indeed, increases the delay of the transforma-
tion, an effect known as the thermal hysteresis of steel [24].
This results in an increase of the start and finish transformation
temperatures, both of the temperatures at which austenite for-
mation starts and ends, and of the temperature at which the
cementite or carbide dissolution is completed. The tempera-
ture of attainment of the thorough austenite homogenization is
also affected by thermal hysteresis. Furthermore, it was dem-
onstrated that the rise of the critical temperatures with heating
rate depends on the initial microstructure of the steel, namely
the coarser the initial structure is, the stronger is the thermal
hysteresis effect, with a higher increase of the transformation
temperatures. This dependence on the structure is influenced
by the heating rate because the higher the heating rate is, the
stronger the structure influence on the critical temperatures is.
However, increasing the heating rate has a greater effect on
Acs than on Acy, which generally results less responsive to the
variation of heating rate [24, 52]; so that as the heating rate
increases (Acs;—Ac;) increase.

To this regard, valuable data about ferritic, ferritic/pearlitic,
and pearlitic steels can be found in Clarke [14], Clarke et al.
[24], and Caballero et al. [52]. Similar data about prior
spheroidized cementite particles embedded in a ferrite matrix
can be found in Mohanty et al. [53], Miyamoto et al. [44], and
Clarke [14].

For example, Clarke et al. [24] demonstrated that, for an
AISI 5150 steel, on-heating transformation temperatures are
significantly higher for a hot rolled condition, with a ferrite/
pearlite initial microstructure, than for a finer quenched and
tempered prior microstructure. Furthermore, increasing the
heating rate has a greater effect on transformation tempera-
tures for the hot rolled initial microstructure than for the
quenched and tempered prior condition. Likewise, Caballero
et al. [52] and Caballero et al. [54] reported that for pearlitic
steels, the larger the interlamellar spacing and area per unit
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volume of the pearlite colonies interface are, the more they
increase their critical temperature with the heating rate (see
Fig. 8).

All the factors which retard the austenitization kinetics ob-
viously increase the critical temperatures of the transforma-
tion, as already pointed out before. For example, the presence
of some alloying elements, as Si which was demonstrated by
Hernédndez-Morales et al. [55] to increase both the critical
temperatures and the transformation temperature range.

It is important at this point to discuss the austenitization of
cold worked steels since it is strongly affected by the heating
rate. As a general rule, austenitization kinetics is accelerated
by prior cold work [19, 23]. Cold working produces a de-
formed structure with grains elongated along the direction of
the plastic flow and showing an aspect ratio consistent with
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Fig. 8 Effect of heating rate and microstructure on Ac; and Acs of two
0.76C-0.91Mn wt. pct. steels with a pure pearlitic initial microstructure. a
Ac; and Acj vs. heating rate. b Temperature differences (steel b — steel a)
between Ac; and Acs for each tested heating rate (steel a: average
interlamellar spacing = 0.06 pm, area per unit volume of the pearlite
colonies interface = 1432 mm™'; steel b: average interlamellar
spacing = 0.2 wum; area per unit volume of the pearlite colonies
interface = 581 mm ). Data from Caballero et al. [52]



Int J Adv Manuf Technol (2018) 98:2619-2637

2629

the level and direction of cold deformation. For example, cold
rolling of pearlitic/ferritic steel produces a structure with both
the ferrite grains and pearlite colonies aligned along the rolling
direction. An increase of the dislocation density and then of
the stored energy which supplies the driving force for recrys-
tallization upon heating, an increase of the grain boundary
area, and the breakup of the laminar structure of the pearlite
are the final effect of cold working.

Whereas for non-deformed structure austenitization is the
main process, for prior cold worked structures, recrystalliza-
tion of deformed ferrite, spheroidization of broken cementite
lamellae and austenite formation can occur and interact de-
pending on the heating rate. The nucleation events are still
crucial in this case as for the austenite formation in unde-
formed structures. As before, slower heating rates support
the growth of austenite nucleated at prior pearlite areas, while
higher heating rates stimulate additional nucleation at ferrite
grain boundaries. However, nucleation at ferrite/ferrite grain
boundaries can take place only at recrystallized grains, since
moving ferrite grain boundaries under recrystallization do not
provide suitable nucleation sites for austenite [19, 35].
Furthermore, the degree of spheroidization of carbide lamellae
and of recrystallization of deformed ferrite grains is reduced
with increasing the heating rate. Thus, the overlap between
recrystallization and austenitization will encourage the growth
of austenite grains from the prior pearlite colonies.

Under heating rates typical of induction hardening for nor-
mal steels, the recrystallization of deformed ferrite has gener-
ally concluded or has reached a great degree before sample
reached the intercritical temperature range. In this case, the
austenitization proceeds as for undeformed structures and a
fine equiaxed structure can be obtained after austenitization,
the only difference being dictated by the degree of
spheroidization reached by the pearlite colonies (usually the
spheroidization degree is low in induction heating). For low
spheroidization, the austenite morphology engulfs the shape
of the initial pearlite colonies which are basically elongated
along the direction of the plastic flow, e.g., along the direction
of cold rolling. Figure 9a—c schematizes the microstructure
evolution according to this mechanism. The observed se-
quence is recrystallization, transformation of pearlitic ferrite
to austenite and partial dissolution of pearlitic cementite par-
ticles, formation of nucleation sites within the proeutectoid
ferrite, and final austenitization.

Increasing the heating rate, ferrite recrystallization and
austenite formation can overlap more and more progres-
sively. Partially recrystallized structures thwart the nucle-
ation of austenite at nonstationary ferrite grain boundaries,
thus encouraging the growth of austenite nucleated on
deformed pearlite colonies (spheroidization of deformed
cementite lamellae is hampered by high heating rate).
Then, the growth occurs by means of lengthening and
thickening of the former pearlite colonies rather than

additional nucleation on recrystallizing ferrite grain bound-
aries. The result is a banded structure of austenite charac-
terized by block-like distribution that inherited the form of
the prior pearlite colonies aligned along the flow direction.
As it is imaginable, a more intense interaction between
recrystallization and transformation leads to a more refined
microstructure of the austenite. Figure 9a, d, e schematizes
the microstructure evolution according to this mechanism.
The observed sequence is transformation of pearlitic ferrite
to austenite and partial dissolution of pearlitic cementite
particles, overlap between growth of the austenite coming
from pearlite and recrystallization of the cold worked fer-
rite (in this phase the lamellae of pearlitic cementite are
further thinned), and complete austenitization with possible
formation of pearlite ghosts.

Usually, a significant overlap of recrystallization and
austenitization can be observed at the upper boundary of
the heating rates typical of induction hardening, namely of
the order of several thousand of kelvin per second.
However, situations that obstruct the recrystallization can
significantly decrease the heating rate needed to visualize
this overlap, for example the presence of microalloying
elements, as Ti and Nb, or of second phases with their
pinning effect on grain growth. For example, Huang et al.
[19] observed that approximately 90% of ferrite grains
remained unrecrystallized at 100 K/s at the beginning of
austenite formation in a 0.178C-1.55Mn-0.155Mo TRIP
steel due to the presence of the Mo, which strongly delays
recrystallization. Similarly, the opposite effect can be ob-
tained adding Si that increases Ac; and then favors the
ferrite recrystallization.

The heating rate effects can be easily visualized using
continuous heating transformation (CHT) diagrams which
are the analogous of the continuous cooling transformation
diagrams. CHT diagrams are used to describe anisothermal
on-heating transformations, especially for steels, and are an
important tool to design and optimize thermal treatments
such as induction hardening or intercritical annealing.
Many studies have been performed to experimentally eval-
uvate CHT diagrams for a wide range of steels character-
ized by various compositions, microstructures, and heating
rates. The most important studies to this regard were pro-
posed by Orlich et al. [56, 57], but very useful discussions
about CHT can be also found in Clarke [14] and Lee et
al. [42]. For example, Fig. 10 reports the comparison be-
tween the CHT diagrams of two AISI 52100 steels both
with a microstructure of spheroidized carbides in a ferrite
matrix, but one is characterized by an average carbide size
of 0.44 um and the other by an average carbide size of
0.70 wm. Data about Ac; and Acg are experimental,
while data about the carbide dissolution completion tem-
perature, Ac., and austenite homogenization temperature
were simulated. It is quite evident that while Ac; and
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Fig. 9 Microstructure evolution
during the austenitization of a
cold worked ferritic/pearlitic
steel. a Initial microstructure. b, ¢
Sequence of events observed for
normal heating rates. d, e
Sequence of events observed for
very high heating rates

Fig. 10 CHT diagrams for two
spheroidized AISI 52100 steels
characterized by a a fine (average
carbide size = 0.44 um, carbide
volume fraction 0.24) and b
coarse (average carbide size =
0.70 wm, carbide volume fraction
0.238) microstructure. Data from

Clarke [14]
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Acyq are slightly higher for the coarser morphology, yet
the kinetics of the carbide dissolution and austenite ho-
mogenization are quite retarded increasing the carbide av-
erage dimension.

5 Austenite microstructure

The final austenite microstructure is the result of the compe-
tition among nucleation, growth, and grain coarsening. As
already partially anticipated, many nuclei appear at high
heating rate so that the nucleation dominates over the growth
and the final grain size is smaller. On the contrary, longer
heating times result in a larger grain growth that generates a
coarse martensite and an extended transition zone. It was ob-
served that fine-grained austenites are obtained with increas-
ing the heating rate, with decreasing the holding time, and
with increasing the amount of prior cold work [40, 58].
Some of these effects are synthesized in Fig. 11 which reports
the prior austenite grain size as a function of the heating rate
for a 50CrMo4 steel induction hardened at three different an-
nealing temperatures (cooling rate of 280 K/s). The grain size
decreases with the increase of the heating time and the de-
crease of the annealing temperature. Lesch et al. [60] observed
that the alloying elements also play an important role in de-
termining the prior austenite grain size. With an increasing
amount of microalloying elements, the achievable mean grain
sizes decrease significantly. Under the same cold work and
annealing conditions for example, the grain size can be re-
duced by about two ASTM classes by microalloying with Ti
or Nb.

According to the previous discussion, annealing tempera-
tures just above Acs in association with very short holding
times should be applied to obtain a refined structure. Since
these conditions are usually fulfilled during a well-designed
induction surface hardening, a very refined microstructure
with respect to the initial structure is normally achieved.
This, along with a further grain refinement achieved after the
quenching (see below), generates the well-known super-hard-
ening phenomenon. Due to this phenomenon, the surface
hardness of an induction-hardened steel can be 2-4 HRC
higher than after a through-hardening treatment [61].

Typical prior austenite mean grain sizes obtainable by in-
duction surface hardening range from ASTM G 12 to 8; for
example, Vieweg et al. [59] observed a mean prior grain size
of 12 um for a ferritic/pearlitic S0CrMo4 steel (austenitized at
950 °C at 100 K/s), Hayashi et al. (2010) measured a value of
6 pum for a quenched and tempered 0.4Mo steel (austenitized
at 1050 °C at 350 K/s, 1 s soaking time), and Yang etal. [18] a
value of 21 pm for a quenched and tempered SAE 1070 steel
(austenitized at 1036 °C at 250 K/s, 0.5 s soaking time).

The best results in terms of prior austenite grain size have
been obtained through the double induction hardening
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Fig. 11 Effect of heating rate and maximum heating temperature, 950,
1000, and 1050 °C, on prior austenite grain size for 50CrMo4 steel.
Redrawn from Vieweg et al. [59]

treatment which performs a rapid heating and rapid cooling
of the part twice [62]. The double treatment can be varied in
many ways, e.g., a higher annealing temperature can be used
for the first stage followed by a second treatment at lower
temperature. Generally, the aim of the first treatment is to
produce a satisfactorily homogeneous carbon distribution,
whereas the desired hardened layer is obtained through the
second treatment. This process produces a remarkable refine-
ment of the prior austenite grain, especially in presence of
inhibitors of the grain growth [58, 63]. To this regard,
Hayashi et al. [58] claim to have invented a new steel contain-
ing 0.4% by weight of Mo which subjected to the double
induction hardening (heating to 1050 °C at 350 K/s and
quenching, followed by a re-heating to 950 °C at 350 K/s
and quenching) develops a prior austenite grain size as small
as 3 um.

As already pointed out, the material undergoes different
thermal cycles as function of the distance below the surface,
experiencing then differential treatments from the surface to-
ward the workpiece core. Hence, the austenitization dynamics
generate a profile of prior austenite microstructure from the
surface toward the workpiece core at the end of the
austenitization process. In particular, three zones can be dis-
tinguished at this stage: the fully austenitized zone, close to the
surface (henceforth called austenitic zone), the zone farthest
away from the surface, unaffected by the heat treatment (sub-
sequently called unaffected zone), and the zone intermediate
between the previous ones (afterwards called intermediate
zone) (see Fig. 12). After the quenching, this zone along with
the part of the austenitic zone which possibly is not cooled fast
enough to reach the required hardness constitutes the transi-
tion zone of the hardened case [13, 64, 65]. The transition
zone is the part of the total case that may include a
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Fig. 12 Qualitative description of the typical distribution of peak
temperature, austenite and martensite content, prior grain size at the end
of the austenitization, and hardness along the workpiece thickness

combination of martensite, bainite, pearlite, and ferrite, while
the most superficial part of the case is predominantly martens-
itic. It has to be said, however, that the martensitic zone
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coincides with the austenitic one in typical induction surface
hardening practise, so that usually the transition zone is the
resultant of the intermediate zone. On its own, the intermedi-
ate zone can be subdivided in two parts going deeper into the
workpiece from the surface (see Fig. 12). The first part is the
one that was annealed within the intercritical region so that its
microstructure is only partially composed by austenite. The
second part did not experience any austenitization process,
since it did not reach Ac;. Nonetheless, its structure is differ-
ent from that of the unaffected zone having been subjected to
temperature rise that can have activated recovery processes,
grain growth, and recrystallization, as it will be explained
below.

The workpiece experiences different thermal cycles along
its thickness; the heating rate and the maximum annealing
temperature normally decrease going from the surface to the
core. Then, according to what was previously exposed, two
phenomena are operative. Firstly, going toward the workpiece
core, the growth of austenite is favored over its nucleation; this
promotes a coarsening of the obtained austenite grains. On the
other hand, starting from the depth at which the maximum
temperature reached is Acs, overaging of the untransformed
volume fraction is active, especially where temperatures ex-
ceed 500—600 °C. This induces grain coarsening, recrystalli-
zation, and recovery (especially for cold worked materials)
and brings about a softening of the material. The importance
of softening is higher the higher the attained temperature is
and the lower the volume fraction of the austenite is. In par-
ticular, softening can be quite important in the region of the
treated layer which is heated below Acy, considering that there
are no phase transformation there.

Accordingly, a gradient of prior austenite grain size de-
velops along the thickness (see Fig. 12). This is characterized
by an increase of the grain size from the surface to the unaf-
fected material. It is to be noted that the prior grain size of the
intermediate region which was heated below Ac; is larger than
that of the unaffected zone, since it was subjected only to
overaging and not to austenitization. When the temperature
of the subsurface exceeds the temperature of the surface or
its dwell at high temperatures exceeds that of the surface, then
another maximum in grain size is observed in the subsurface,
as demonstrated by Yang et al. (2010).

Figure 12 tries to rationalize the previous discussion show-
ing the qualitative extent of the abovementioned zones with
the distribution along the workpiece thickness of the maxi-
mum reached temperatures. To be noted, the hardness decay
is displayed by the overaged zone.

It is quite obvious at this point that the initial microstructure
has a pronounced effect on the shape and extension of the
previous zones, especially on the transition one. Figure 13
reports the hardness profiles obtained applying the same in-
duction hardening process to three steels of same composition
but different initial microstructure. Finer structures, as the
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Fig. 13 Hardness profiles obtained in three AISI 1060 steel bars in
dependence of the initial microstructures (induction generator operating
at 400 kHz with a power density of 2.5 kW/cm?)

quenched and tempered, are more favorable to austenitization,
according to the previous discussion: this produces a deeper
effective case compared with other structures. However, fine
microstructures are also keener on undergoing softening pro-
cesses into the overaged zone. Hence, for this structure, the
larger transition zone is observed, with the larger hardness
decay as regards the unaffected material. The initial annealed
structure in Fig. 13 develops the smaller austenitic zone, pow-
er density, and treatment time being equal, so that it results in
the shorter effective case. Softening effects are absent in the
transition zone of the annealed structures considering that an-
nealing produces equilibrium microstructures.

6 Microstructure of the hardened case

The quenching, the final stage of the process, acts on such a
complex parent microstructure. The features that most influ-
ence the lath martensitic structure and hardness of the case are
the non-homogenous concentration of carbon and substitu-
tional alloying elements and the dimension of the parent aus-
tenite structure.

The lath martensite structure is hierarchical. Indeed, any
prior austenite grain is divided into several packets, which
are subdivided into blocks. Each block contains a group of
laths with almost the same orientation. Blocks which accom-
modate laths with almost the same habit plane are grouped
into the same pocket. Since packets and blocks form high
angle boundaries, they are like affective grains and act as
barriers for the dislocation motion during plastic deformation
[66]. It is known that the strength and toughness of lath mar-
tensite structures are improved with the decrease in packet and
block size [67, 68]. The packet dimension and block size of
the martensite decrease with increasing the carbon content, as
demonstrated by [69, 70]. The packets, blocks, and laths are
also refined by increasing the cooling rate [71, 72].

On the other hand, both the block width and the packet size
are proportional to the prior austenite grain size, so that the
prior austenite grain size plays a role in controlling the
strength and toughness of the lath martensitic structure [67,
73]. To this aim, the refinement of the prior austenite grains
can be used to induce the refinement of the martensitic packets
and blocks [74].

The carbon content of the parent austenite is also to be
taken into account. The hardness of the martensite and the
amount of retained austenite markedly increase with the in-
crease of the carbon content, as reported by Krauss [75].
Retained austenite bears the risk of dimensional instability
and can spoil the finishing or hardness of the treated surface.
Carbon content also influences the autotempering phenome-
na, because Ms decreases with increasing the carbon concen-
tration [75, 76]; a high Ms leads to a potential autotempering
of the martensite during the cooling after the martensitic trans-
formation. Autotempering reduces the hardness of the mar-
tensite improving its ductility and should be usually avoided
in induction surface hardening. Moreover, the decrease of Ms
with the increase of the carbon content is the cause of the
increase of the retained austenite with the carbon content, as
demonstrated by Koistinen and Marburger [77] and Harris and
Cohen [78]. Finally, the dislocation density in martensite is
strongly related to the carbon content in solution [69, 79]. In
particular, the dislocation density and thus the strength in-
crease with the carbon of the martensite.

The homogenization of the carbon concentration during the
heating phase is then critical to maximize the hardness of the
resulting martensitic case. It was demonstrated that the hard-
ness of the case increases with the maximum temperature
attained during the austenitization; however, a plateau is even-
tually reached, so that the case hardness does not increase any
further for any increase of the austenitization temperature
above this point [14, 24]. This threshold value of the temper-
ature increases with the heating rate. On the other hand, the
maximum hardness is just a function of the carbon content and
not of the initial microstructure (Fig. 14).

The final microstructure of the case is then constituted by
lath martensite with block and packet size which normally
increase from the surface toward the material core or at least
follow the size gradient of the parent austenite grains (see
Fig. 12). Due to the presence of carbon inhomogeneity, the
effective case can show retained austenite, which was ob-
served by Clarke [14] for example, and non-martensitic prod-
ucts, as bainite or acicular ferrite and even pearlite [24, 40].
Tempered martensite and fine precipitated carbides in zones of
low carbon content can also be present due to some degree of
autotempering.

Residual stresses associated with the hardened case are
another critical factor in induction surface hardening. The
martensite formation, with the associated expansion that takes
place during the transformation, results in a substantial surface
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compressive residual stress in a majority of induction surface
hardening applications [13, 80-82]. For the most employed
shapes, i.e., planar or cylindrical, which represent the majority
of the practical cases, the directions of the principal compres-
sive stresses run parallel to the surface, while the other prin-
cipal stress, normal to the surface, is almost zero, so that a
plane residual stress state can be assumed [83]. Complicate
situations can happen considering that the final residual stress
state of a component arises from the overlap of residual stress-
es produced by the different phases of its manufacturing
process.

Considering that profiles of microstructure and hard-
ness are present into the total case and that they influ-
ence the material response to the strain caused by the
expansion due to the displasive transformation, a resid-
ual stress profile is generated by induction hardening.
The peak of the compressive stress is registered at the
surface Fig. 15, but it can also be observed in the sub-
surface in the special case in which the maximum mar-
tensite content is developed at the subsurface, as previ-
ously discussed [84]. The high compressive residual
stress state needs to be balanced by a tensile stress.
The transition from compression to tensile stress marks
the end of the hardened case. More precisely, the resid-
ual tensile stress develops into the softer zones adjacent
to the effective case, namely into the transition zone
and partially into the unaffected material. This generates
a residual tensile stress peak in the transition zone. The
profile of the tensile residual stress and of the
compressive/tensile transition depends on the shape
and width of the transition zone. Smooth transition
zones generate a smooth compressive/tensile transition
of the residual stress which in this case is characterized
by a broad tensile peak and a slow decrease toward the
workpiece core. On the contrary, narrow transition zones
produce a more pronounced peak of the residual tensile
stress with a steeper drop toward the core. Obviously, a
higher residual tensile peak corresponds to a higher
hardness in the transition zone. For example, Fig. 15
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reports the qualitative profile of the residual circumfer-
ential stress which arises in a steel cylinder subjected to
induction surface hardening as function of the initial
microstructure. Due to the higher hardness and smooth-
ness of its hardness profile across the transition zone,
the quenched and tempered initial microstructure reaches
a higher tensile peak than the starting normalized struc-
ture; moreover, the quenched and tempered microstruc-
ture presents a smoother compression/tension transition
at the deep end of the case.

While the residual compressive stress of the hardened
case acts as a crack arrester and increases torsional and
bending fatigue life, the tensile peak of the transition zone
can cause serious risk of fatigue failure, especially when it is
associated with pre-existing residual tensile state, as the ones
generated by machining operations prior to the induction
hardening. Decreasing the transition zone can be highly det-
rimental from this point of view, considering that a sharp
transition zone can be associated with a higher residual ten-
sile peck.
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Fig. 15 Qualitative profile of the residual circumferential stress in a

normalized (N) and quenched and tempered (QT) steel. Elaboration of

data from Kristoffersen and Vomacka, Coupard et al., and Holmberg et al.
[80, 82, 84]
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7 Conclusions

The structure of the superficial layer of steels treated by in-
duction surface hardening is very complex. Its main charac-
teristics are as follows:

* A hardened case located close to the surface. This is a zone
of high and constant hardness with a fully martensitic
structure (Fig. 12).

* A transition zone between the hardened case and the un-
affected material. It shows a decreasing profile of hardness
with minimum values sometimes lower than that of the
base material (Fig. 13). Its structure can include a combi-
nation of martensite, bainite, pearlite, and ferrite

* A profile of residual stresses with a marked compressive
stress at the surface balanced by a tensional residual peak
into the transition zone (Fig. 15).

* A size of prior austenite grains which increases from the
surface to the base material and, due to overaging phe-
nomena, can reach a maximum in the transition zone
(Fig. 12).

The relative dimensions of the abovementioned zones and
the shapes of the abovementioned profiles of hardness and
grain size are strongly dependent on the applied thermal cycle,
composition, and initial microstructure of the treated steel.
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