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Abstract

Internal stresses which are, since the completion of manufacturing, termed residual stresses very much reflect the manufacturing
procedures and machining conditions.

Residual stresses are analysed in terms of different induction surface hardening conditions and then also after finish grinding in terms of
different machining conditions.

Induction surface hardening creates very desirable residual stresses in the hardened surface layer. Residual stresses are always of a
compressive nature and are usually present to the depth of the induction-hardened layer. By the appropriate selection of grinding wheel and
grinding conditions and taking into account the physical and mechanical properties of the workpiece material very favourable compressive
residual stresses in the hardened surface layer can be retained.

How is it possible to assure a desirable surface and surface layer quality after induction-hardening and fine grinding? Finding an answer
to this question requires a very good knowledge of the process of grinding on the micro-level as well as knowledge of mechanical and heat
effects acting on the layer of the workpiece including the type and condition of the grinding wheel. An all-inclusive consideration of the
numerous influences of the kind and condition of the tool on the changes on the surface and in the surface layer of the workpiece in the

given machining conditions is described by the term °

‘surface integrity”’. © 2001 Elsevier Science B.V. All rights reserved.

Keywords: Residual stress; Induction surface hardening; Grinding; Grinding conditions; Grinding wheel

1. Introduction

In most applications, induction heating in used to selec-
tively heat only the portion of the workpiece that requires
treatment. This usually means that the process can be
accomplished in a relatively short time and with high
efficiency because energy is applied to the workpiece only
where it is needed.

Induction surface hardening is applicable to axisymmetric
or near axisymmetric machine parts in steel or cast iron
which are being produced in substantial volumes. There are
two basic techniques for induction hardening machine parts,
‘single-shot’ and ‘scanning’. The former employs selective
heating and quenching to harden a specific area or areas of
the machine part in one operation. The latter is usually
applied to harden progressively long, continuous sections,
such as shafts and spindles. In this instance, the scanning
inductor traverses the length of the section, heating only a
relatively small area at any given time, and is followed
closely by the quench arrangement which is often an integral
part of the inductor [1,2,4,5].

It is very important for dynamically loaded machine parts
that the total compressive stresses in the thin, most loaded
surface layer are ensured. The total stresses are a sum of
residual stresses in a machine part and of load stresses
produced by the action of external forces and moments.
In order to ensure a long life of the machine part, knowledge
of the residual stresses in the machine part and how to adjust
the size and distribution of the residual stresses by means of
the selection of an appropriate production technology is
highly important.

In surface hardening compressive residual stresses always
occur in the thin surface layer due to martensite transforma-
tion. The size and variation of the residual stresses depend
mostly on a carbon content and much less on the type and
content of alloying elements in heat-treatment and surface-
hardening steels. The variation of stresses in the surface
layer can be varied by varying induction-heating conditions
and by a quenching method.

Braisch [6] presented a model for a description of beha-
viour of dynamically loaded machine parts under different
conditions of hardening and tempering as well as of surface
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induction hardening. The model developed is based on
experimental data obtained with torsion-bending loads
and allows optimisation of the conditions of surface induc-
tion hardening in terms of fatigue resistance. In recent
technical literature, various models for an analytical descrip-
tion of heating can be found. They take into account a mutual
physical dependence of a magnetic field and a microstruc-
ture as well as mechanical properties of the steel treated in
order to determine thermal cycles at the surface and in the
material as well as transformation and thermal stresses
occurring during heating and quenching. The same physical
models permit the determination of the size and variation of
residual stresses in the surface layer after surface induction
hardening [7-11].

Melander [7] analytically monitored the time variation of
axial stresses during single-shot surface induction hardening
and determined also the distribution of residual stresses after
hardening. The same calculation was suitably supplemented
also for progressive induction heating and quenching.

Denis et al. [8] proposed an analytical model to describe
the temperature/time variation in surface induction heating
and quenching. They proposed a so-called metallurgical and
mechanical model for the determination of the portion of
microstructure phases, the stress condition during heat
treatment and the variation of residual stresses and hardness
in the surface layer after heat treatment, respectively.

Raniecki et al. [9] extended the analytical model of
Melander [7] for progressive surface hardening including
surface induction heating and quenching with a differential
equation for the description of pearlite—austenite transfor-
mation instead of using the conventional Johnson—Mehl
equation. The authors verified the analytical model by
applying it to a hollow cylinder with a description of a
momentary thermal field in order to determine varying of
individual components of internal stresses as a function of
cylinder radius and cylinder length, respectively. Axial
stresses were considered at the outside and the inside of
the hollow cylinder. Inoue et al. [10], however, treated
varying of a thermal field at a tooth of a gear wheel at a
single or dual frequency in order to ensure as weak as
possible distortion of the teeth, i.e. of the gear wheel as a
whole, and as high as possible compressive residual stresses
in the surface layer.

Longeot et al. [11] described mathematical relations
between the created electro-magnetic field in the workpiece
material and the thermal phenomena occurring in it. Thus a
picture of the thermal field in the surface layer of the
workpiece was obtained. If changes of individual micro-
structure phases during heating and quenching as well as
temperature variation of mechanical properties are known,
such a picture permits an on-line analysis of strain and stress
conditions. The model proposed also permits the prediction
of the final size of strain and the size and distribution of
residual stresses after heat treatment. The paper states the
results of the simulation performed. The latter provide quite
a good insight into the heating and quenching processes

going on in different workpieces under different heating and
quenching conditions.

Different experimental methods have to be used due to a
particularly exacting physical description of induction sur-
face heating and quenching. The ones are used for measure-
ment of strains and the others for measurement of residual
stresses. For the measurement of residual stresses, destruc-
tive testing methods are prevailing. They can be applied
directly to machine parts or to specimens adapted to the
purpose. The destructive methods are characterised by
relaxation of the stressed layer at the machine part or the
specimen. The residual stress is then calculated from the
measured strain. Lately, the method of X-ray diffraction at
crystal lattices has been used predominantly. It permits
determination of relative changes of the crystal-structure
parameter. Then the size of residual stresses at the micro-
level can be calculated.

In practice, experiments are often performed on speci-
mens of a suitable shape and size and made of the given
material. These specimens are then surface induction har-
dened with different heat inputs and at the same or different
current frequencies. Such studies indicate the relation
between individual parameters of heat treatment and the
size and variation of residual stresses [12,13]. In industry,
technologists control quality of a machine part after surface
induction hardening and fine grinding by measuring the
thickness of a hardened layer and determining the hardness
obtained in the hardened layer by various non-destructive
testing methods. One such method is the eddy-current
method [14]. Another very efficient method of quality
control is measurement of strain after hardening of the
machine part and straightening of the machine part prior
to fine grinding [15]. In any case final grinding, i.e. grinding
to size, is necessary and often results in huge costs due
mainly to grinding additions. Grinding additions themselves
depend on the expected size of strain after surface hardening
and the efficiency of straightening of the machine part. A
suitable grinder and adapted grinding conditions should be
selected for final grinding. Moris and Snoeys [16] gave first a
critical review of literature in terms of heat generation in the
grinding process. In this connection they explain micro-
structural changes and, consequently, also residual stresses
and microhardness after grinding the selected material in the
thin surface layer. In the second part they focus on repre-
sentation of various theoretical and experimental thermal
models in grinding. They relate them to microstructural
changes and, consequently, with a change of hardness and
residual stresses.

Tomlinson and coworkers [17,18] treated, in two papers,
formation of a some micrometers thick white layer in the
thin surface layer in very coarse grinding processes in terms
of surface roughness and different damages to the surface as
well as microstructural changes and the variation of micro-
hardness and residual stresses in the surface layer.

Brinksmeier [19] presented numerous experimental
results obtained in grinding of hardened steel under various



214

grinding conditions and with different kinds and grain sizes
of the grinding material in terms of force measurement,
grinder wear with regard to material removal from the
workpiece during the grinding process, as well as in terms
of residual stresses in the thin surface layer. The experi-
mentally measured variations of residual stresses were
compared with the variations of residual stresses calculated
by means of FEM programmes ADINA and ADINAT. From
the investigations described in this paper a qualitative model
for the heat generation and heat distribution in grinding with
CBN and Al,Oj3 can be derived. The critical heat energy on
the workpiece surface is defined by tensile residual stresses.
It can be seen that this value will be exceeded when grinding
with aluminium oxide. Using a CBN grinding wheel with a
small grain size, the conditions are becoming even more
favourable. As could be seen, the tangential forces are lower
for small grain sizes which thus lead to a reduced amount of
generated heat. The percentage of heat distribution into the
grinding wheel and workpiece is principally the same there-
fore the safety margin to the critical heat energy in the
workpiece is even higher under this condition.

Walker [20] in his paper treats changing of residual
stresses and hardness in the surface layer after surface
induction hardening and the total residual stresses after
hardening and final grinding. The final fine grinding was
carried out under different grinding conditions so that
microstructural changes occurred in the cold workpiece
material due to friction heat generated in the contact zone
and to heat conduction. The microstructural changes are
accompanied by volume changes, which results in changes
of the size and variation of residual stresses through the
thickness which slightly exceeds the depth of the heat
affected zone.

Mahdi and Zhand [21] proved, with the method of final
elements, that compressive residual stresses after surface
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induction hardening are almost independent of a quenching
agent if the latter ensures at least the upper critical quench-
ing rate. Another very important finding is that during the
grinding process, also phase transformation occurs in the
thin surface layer due to friction heat, which in almost all
cases produces tensile residual stresses due to grinding.

2. Main feature of induction hardening

One of the main features of induction heating compared
with conventional heating procedures is that heat is gen-
erated in the workpiece itself. In conventional heating
procedures the heat input achieved is only 5-200 kJ/
m? s energy, whereas in induction heating this energy input
is 300 MJ/m? s. In induction heating, heat penetrates into
the workpiece by the aid of high frequency alternating
current, the choice of frequency depending on heating
requirements. Induction heating power supplies are fre-
quency changers that convert the available utility line
frequency power to the desired single-phase power at
the frequency required by the induction heating process.
They are often referred to as converters, inverters, or
oscillators, but they are generally a combination of these.
The converter portion of the power supply converts the line
frequency alternating current input to direct current, and
the inverter or oscillator portion changes the direct current
to single-phase alternating current of the required heating
frequency.

Many different power supply types and models are avail-
able to meet the heating requirements of a nearly endless
variety of induction heating applications [2,3]. The specific
application will dictate the frequency, power level (Fig. 1),
and other inductor parameters such as coil voltage, current,
and power factor (cos ¢) or Q factor.
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Fig. 1. Typical power—frequency regions of induction heat treatment applications.
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Induction hardening is most often used for surface hard-
ening of machine components and has the following advan-
tages over other procedures [1,2,5]:

e Relatively short heating up times.

e Heating procedure is not strictly governed by hardening
temperature. All that matters is that the heating process is
not at too low a temperature as sometimes is necessary for
the transformation into austenite. Upwards the tempera-
ture of heating is limited by the solidus-line temperature
since the process is to be carried out while the material is
in the solid condition. Due to a short heating up time, there
is no danger that at higher autenitisation temperatures the
austenite grains would grow, which also means that there
is no danger of formation of coarse and brittle martensite.

e The quenching procedure is easy to perform contributing
to short surface hardening times. In progressive induction
hardening, right beneath the inductor, a spray coil is
located directly performing the quenching of the heated
surface. In single-shot hardening, the inductor is designed
so that it performs the function of heating as well as
quenching. The coil around the workpiece functions as
inductor in the phase of heating and after the austenitisation
temperature has been reached, the current is interrupted and
the coil starts functioning as a spray for quenching.

e Induction hardening is a short procedure not requiring any
additional protection against oxidation. Thus compared
with other similar procedures such as cementation, it does
not require much subsequent machining.

e Thanks to the nature of the procedure, after induction
hardening the workpieces especially if shaped symme-
trically are less susceptible to undesirable deformations.
The volume changes in the workpieces after hardening the
surface layer can be very accurately predicted or esti-
mated. The volume changes after induction hardening of
thin layers are so small that quite often the function of the
machine component is not affected.

e Especially in induction hardening of thin layers and
workpieces with low mass it is possible to achieve the
desired critical rate of cooling by self-cooling in air alone,
i.e. by heat conduction from the heated surface layer into
the remaining cold part of the workpiece. With thicker
layers and workpieces of greater mass, it is necessary to
use such quenching agents that move the actual cooling
rates close to the critical cooling rate. These requirements
can be met with a right selection of quenching oils or
polymer water solutions. Practical experience has shown
that polymer water solutions are very suitable for quench-
ing of induction-heated surface since with the right choice
of concentration of the polymer water solution optimal
quenching can be ensured.

e The induction hardening procedure enables the engineer,
by simply adapting the shape of the induction coil, to
ensure a desired shape of the hardened profile of the
surface layer. Likewise, the engineer can surface harden
only that part of the surface (local hardening) on which a

certain increased level of hardness and wear resistance are
wanted. One of the main advantages of induction hardening
is that it makes possible to harden a surface layer only on
certain places, at defined penetration depth and shape.

e These advantages make it possible that the induction
hardening can be fully automated and is especially sui-
table for large series of workpieces.

e Induction hardening always leaves compressive residual
stresses in the surface layer which makes machine com-
ponents more resistant to dynamical loads. Compressive
residual stresses in the surface layer after induction hard-
ening reduce the occurrence of cracks in dynamically
loaded components and reduce the growth of existing
cracks on the workpiece surface if these are present due to
hardening or hardening and grinding.

e Induction hardening is appropriate for small-sized work-
pieces since by well chosen technology of heating and
cooling or quenching we can ensure a hardened surface
layer and a refined core. Thus we can create a required wear
resistance of the machine component on a certain location
as well as required load bearing capacity of the component
suffering only a slight loss in toughness of the core.

3. Experimental procedure
3.1. Workpiece material and manufacturing crankshaft

For manufacturing crankshafts a heat-treatable steel 4140
according to AISI standard, was used. This steel is very
appropriate for dynamically loaded machine parts of car
engines and machines especially because of its high tensile
strength after quenching and tempering. The steel is char-
acterised by good hardenability and is thus suitable for
manufacturing parts with large cross-sections in which after
refinement a very high strength can be obtained. After
tempering, the steel does not show a tendency to brittleness
and therefore no special heat treatment procedures are
required. This steel is also suitable for flame or induction
surface hardening and displays a very good resistance to
wear. However, special attention has to be paid in the phase
of product design and great care should be given to the
design of radius and transition areas to prevent notch effects
under dynamical loads. The steel is adapted for the use in a
wide range of temperatures and preserves high toughness
even at low temperatures.

Table 1 presents the chemical composition of structural
heat treatable steel 4140 according to AISI standard. The
steel contains between 0.38—0.45% carbon, 0.90-1.2% chro-
mium and 0.15-0.30% molybdenum. It has very high hard-
enability, contributing to high strength values also in
products with high mass. Molybdenum yields a desirable
fine microstructure after hot working as well as heat treat-
ment contributing to a good strength-to-toughness ratio.
Thanks to its fine-grained microstructure it also reaches a
relatively high toughness in the heat-treated conditions.
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Table 1

Chemical composition (%) of quenched and tempered structural steel 4140 according to AISI standard

C Si Mn Cr Mo Prnax Smax
0.38-0.42 0.15-0.40 0.50-0.80 0.90-1.20 0.15-0.30 0.035 0.035
Table 2

Mechanical properties of heat-treated structural steel 4140

Diameter D (mm) Yield point Ry» (N/mm?)

Tensile strength R, (N/mm?)

Extension As (%) Toughness p3 (J)

16,...,< 40 769 980, ...,1180 11 41
40,...,< 100 635 880, ...,1080 12 41
Table 3

Fatigue strength of structural steel 4140 after quenching and tempering at different temperatures

Diameter D (mm) Fatigue strength

Tensile strength R, (N/mm?)

Bending op (N/mm?)

Compression—tension oc_t (N/mm?) Torsion o (N/mm?)

16,...,< 40
40,...,< 100

980,...,1180 470
880, ..., 1080 430

375 285
345 255

The strength of the steel concerned as well as its surface
hardness and consequently wear resistance may be increased
by heat treatment and thermochemical treatment. Mechan-
ical properties of steel having diameter of up to 40 mm and
between 40 and 100 mm are given in Table 2. Tensile
strength of the steel concerned varies between 880 and
1080 N/mm? and a minimum toughness value p; amounts
to around 41 J. The steel is very sensitive to notch and
transition on machine parts subjected to fatigue loading.
Table 3 gives values which are a basis of evaluation of
fatigue strength for various loading conditions. Fatigue

BEARING LOCATION

SPECIMEN C2
SPECIMEN C1

SPECIMEN A1

strength of the material is lowest under torsional load ot
and varies, for the diameters mentioned, i.e. 16—40 mm, is
or =285N/ mm” and for diameters greater than 40 up to
100 mm is o1 = 255 N/mmz. Fatigue strength under tor-
sional load is three or four times lower than the tensile
strength of steel under static load according to the data in the
tables.

Fig. 2 presents the crankshaft formed by hot forging and
Fig. 3 shows manufacturing procedure from blank to crank-
shaft. The procedure of forming should be carefully pre-
scribed including the initial and final temperatures of forging

SPECIMEN A2

Fig. 2. Schematic presentation of crankshaft and marking main bearing locations.

BLANK 3 INDUCTION
MATERIAL QUENCHIN SURFACE
FORGING |—]p| AND —P ROUGH AND FINE —»| HARDENING > FINISH
42CrMo4 TEMPERING TURNING AND GRINDING —»CRANKSHAFT
TEMPERING

Fig. 3. Manufacturing procedure from blank to crankshaft.
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and the uniform plastic deformation rate for the entire
volume. This is followed machining procedures of turning
and grinding with the purpose to approach the final dimen-
sions of the product. The technology of manufacturing the
crankshaft involves careful selection of the conditions of
turning and subsequent grinding to avoid the negative
occurrence of tensile residual stresses that would remain
in the material even after induction surface hardening and
would thus reduce the fatigue strength of the material.
Induction surface hardening may be preceded by stress
annealing if the depth of the surface hardening is smaller
than the depth of the damaged layer, since in this way it is
possible to change the unfavourable stress state in the sur-
face layer induced by machining. In our case, the depth of
the induction surface hardening was greater than the depth of
the damaged surface layer, therefore machining could
immediately be followed by induction surface hardening.
However, it is necessary that after induction surface hard-
ening the size and distribution of residual stresses are made
such that they contribute to toughness and fatigue strength of
the material. In our tests, the induction surface hardening
was followed by finish grinding and non-destructive mag-
netic testing of the surface layer to reveal possible existence
of cracks on the product’s.

3.2. Conditions in induction heating and quenching of
machine parts

Heating of workpieces is done so that in the inductor
which is connected to a high frequency generator creates a
magnetic field. When a ferromagnetic material or workpiece
is introduced into the magnetic field, eddy currents are
induced in it. The distribution of eddy currents in the
workpiece is specific, their density being highest on the
surface and falling towards the inside. This phenomenon is
known as the surface effect or skin effect. Due to resistance
offered by the workpiece material, heating takes place
mostly in the thin surface layer, whereas the inner core
remains cold or is only slightly heated (low-mass work-
pieces).

The penetration depth of the surface layer, i.e. hardened
layer is the smaller, the lower is the specific electrical
conductivity, and the higher is the magnetic permeability
of the workpiece material and the higher the frequency of the
current. In heating, specific electric resistance rises with
temperature and is even 5—6 time bigger than in the begin-
ning. On the other hand, the magnetic permeability of the
workpiece material falls with increase in temperature. The
drop in magnetic permeability of steels depends on the
temperature line A, where steel transform from magnetic
into non-magnetic ferrite. The effect of the change of
magnetic permeability on line A, is the bigger, the smaller
the C content in the steel (the bigger is the proportion of
ferrite in the steel) and vice versa. Due to rapid heating, the
phase transformation moves upwards towards higher tem-
peratures. The temperature/time curves of heating along the

depth of the cylindrical component depend on the kinetics of
the magnetic transformation A, and effects of other phase
transformations during induction heating. The thickness of
the hardened layer depends among other things also on the
size of the gap between the inductor and the workpiece
surface. In hardening with a high frequency current, the
hardened layer thickness ranges between 0.5 and 1.0 mm,
and in hardening with a medium frequency current a thick-
ness of 1.0—1.5 mm is reached. The temperature time varia-
tion over the cross-section of the steel workpiece is a
function of the following factors: penetration depth of eddy
currents, heat conduction of the material, heating rate of the
surface, initial temperature of the surface, size and shape of
the workpiece [1,4,5].

The depth of penetration of the heat is governed mainly by
the power and frequency employed. The normal power
density is 0.1-2 kW/cm? of the heated surface. The relation-
ship between depth of penetration and frequency can be
calculated approximately by using simplified expressions,
which are valid for the temperature rise in steel up the
hardening temperature [22]:

20

dns = —= coldstate (20°C)
VI
500

dns = —= hotstate (800°C)

v

where f (Hz) is the frequency, d (mm) the depth of penetra-
tion.

Owing to heat conduction in the material during heating,
the overall depth of penetration is larger. Is it possible to
calculate the additional penetration due to heat conduction
from expression:

dne =021

where ¢ (s) is the time, dy,. (mm) the depth of penetration.

The total depth of penetration is obviously dy = dpg + dh.
It should be stressed that these expressions give only a rough
estimate of the depth of penetration and they have been
included here only to show the fundamental effects of
frequency and time.

In flame heating the temperature achieved on the surface
at equal energy input is considerably higher than in induc-
tion heating, the overheating and the hardened layer thick-
ness being dependent on the heat conduction of the
workpiece material. In Fig. 4, we can see the temperature
time variation over the cross-section of the workpiece in
flame heating. Characteristic of this variation is that the
temperature rapidly changes with time and therefore the
conditions for the formation of homogeneous austenitic
microstructure are not fulfilled.

In Fig. 5, we can see the temperature time variation over
the cross-section of the workpiece in induction heating. It
can be noted that the temperature variation is very similar to
that in flame heating up to magnetic transformation, i.e. to
line A,. At temperatures higher than line A,, eddy currents
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Fig. 4. Temperature profile in subsurface at various heating time in flame
surface heating.

grow characteristically and the rate of heating decreases
sharply. This slows down the heating above the temperature
line A,. Reduced rate of heating on the surface provides the
conditions for faster heating into the depth of the workpiece.
From the figure we can see that a relatively thin layer is
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Fig. 5. Temperature profile in subsurface at various heating time in
induction surface heating.

heated up but this layer has a rather homogeneous austenitic
microstructure. The temperature time variation on the work-
piece cross-section, or the temperature field, depends on the
workpiece size and shape. Thus in heavy-mass workpieces,
faster heat abduction into the remaining cold part of the
workpiece is achieved and that is why the actual variation of
temperature over the cross-section is steeper. This means
that in heavy-mass workpieces, a higher temperature on the
surface has to be ensured than in low-mass workpieces in
order to grant the same penetration depth.

The microstructural changes in induction hardening
depend to a large extent on the rate of heating and subse-
quent cooling. The rates of heating range from one to a few
seconds, which means that the diffusion processes might get
jeopardised. It is known that in steel transformation of
pearlite into austenite takes place in induction heating at
almost the same temperature as in conventional heating. In
subeutectic steels suitable for surface hardening it is impor-
tant that for transformation of ferrite into homogenous
austenite the induction heating procedure ensures enough
time for the diffusion of carbon.

3.3. Residual stress profiles after induction surface
hardening

Internal stresses are induced in heat treatment by tem-
perature and microstructure changes. Residual stresses in the
induction surface hardened layer are always of compressive
nature and are relatively high and have a good effect in
dynamically loaded components. Very important is the
existence of residual stresses in the radial direction, i.e. into
the depth of the hardened layer. Importance is attributed also
to the absolute value of residual stress on the surface and the
stress profile in the transition from compressive into tensile
stresses (Fig. 6). In the cases of induction hardening a
maximum compressive residual stress in the surface layer
is achieved, being very desirable for dynamically loaded
components. The transition from compressive into tensile
stresses should be as gentle as possible lessening the effect
of stress concentration in loaded components. This contri-
butes to the fact that a machine component is less susceptible
to overloads in operation. It has been shown that residual
stresses are closely linked to hardness variation and micro-
structure in the transition zone of the hardened layer, i.e. in
the narrow range between the hardened and not hardened
microstructure. Some examples of the dependence between
the microhardness and residual stresses are shown in Fig. 7.
In Fig. 7A, we can see a very steep microhardness profile in
the transition zone and the highest compressive stress in the
surface, and related to this, a very steep transition of residual
stresses into tensile range. The change from compressive
stresses into residual happens on the place of transition
between the hardened and not hardened area. Fig. 7B and
C shows graphs of broader transition zones which produces a
change in the microhardness and also residual stresses. Thus
in Fig. 7C for the same microhardness on the surface we can
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Fig. 6. Residual stresses profile below the surface after induction surface
hardening.

note a very slight drop in hardness in the transition zone.
This is reflected in lower compressive stresses in the surface
accompanied by a slight change of stresses in the transition
zone into lower tensile residual stresses. It has proved that in
induction surface hardening the engineer should choose the
kind of heat treatment conditions that will result in the
microhardness and residual stress profiles as shown in the
last two cases.

Investigations of residual stresses after induction surface
hardening have confirmed that when the hardened layer is
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2 mm thick, the change of compressive into tensile stresses
happens in compliance with the transition zone, i.e. the
achieved depth of the hardened layer. When the thickness
of the hardened layer is greater than 2 mm, the transition
from compressive into tensile stresses happens in the har-
dened zone, i.e. martensite microstructure. This means that
induction surface hardening is much more difficult if the
thickness of the layer is above 2 mm. Due to intensive
cooling, the internal stresses in the surface layer may
become so high that they cause failure of the component.
This failure is very typical as due to high radial stresses the
surface layer separates from the core. Important features on
the curve are:

e maximal value of compression residual stress in the
hardened surface layer;

e maximal value of tension residual stress in the hardened
surface layer;

e transition width of compression to tension of residual
stress in the hardened surface layer;

e transition steepness compression to tension of residual
stresses profile;

e layer depth with transition microstructure.

3.4. Measuring and analysis of residual stresses after
induction surface hardening and finish grinding

3.4.1. Method of measuring residual stresses

In this study the identification of residual stresses was
based on the relaxation method which consisted in measur-
ing specimen strain. The relaxation was induced by electro-
chemical removal of the stressed surface layer, causing a
breakdown in the existing equilibrium state. The restoration
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Fig. 7. Various types of residual stress and hardness profiles below the surface after induction surface hardening.
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of the equilibrium was accompanied by specimen strain and
residual stress. The strains were measured by means of
resistance strain gauge and calculated into residual stresses
using a physical model.

Fig. 8 illustrates the relationship between the measured
strains and the calculated residual stresses. Computer soft-
ware was designed to calculate the stress state in discrete
points. Each value of residual stress was computed on the
basis of the mean value for strain. The computations were
made to the same depth as that of electro-chemical removal,
considering the size of the strain and the specimen thickness.

For the calculation of variation of residual stresses as a
function of depth of flat specimens, it is necessary to know
the time-dependent variation of the depth of electro-
chemical removal. For each material we have to know the
characteristics of electro-chemical material removal.

The rate of electro-chemical dissolving of specimens
connected as anode depends on:

type of anode metal;

the gap between the anode and cathode d (mm);

flow velocity of the electrolyte between electrodes v (m/s);
current density D, (A/cmz);

voltage between the anode and the cathode U, (V).

The tests of electro-chemical dissolving of the material
were made for a variety of machining conditions applied on
the studied materials. From the figure we can see that the
removal or electro-chemical dissolving of the material runs
linearly with time, which makes the calculation of the depth

at which the measured strain is reached very simple. From
these data we can then calculate the residual stresses as we
know the change of the specimen cross-section and thus also
the data about the inertia and resistance moment necessary
for the calculation. From the data about the time-variation of
the depth of electro-chemical removal, we can choose the
most suitable conditions of the electro-chemical removal,
namely:

e uniform material removal;
e suitable rate of removal;
e cfficient disposal of anode products from the gap.

A right composition and microstructure scale of the
particular phases in the surface hardened layer are important
in defining the optimal properties in machine parts.

3.5. Analysis of residual stresses after induction
hardening

Crankshafts were taken from production after induction
surface hardening with the heat treatment and machining
conditions as specified in the technology sheet. The residual
stresses on the main crankshaft bearings were measured on
the bearing location in the middle (A) and the extreme left
side (C).

Fig. 9 shows the residual stress distribution after induction
surface hardening in the central bearing location (A) and on
the extreme left side (C). For both location residual stresses
were measured on two samples. The distribution of residual
stresses on the location (A) is as expected very similar
on both samples, the highest compressive stress ranging
between 1020 and 1060 N/mm? in the depth around 250 pm
and then slowly dropping to a depth of 3.5 mm.
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Fig. 9. Residual stress profiles after induction surface hardening on the
specimens A; and A, of the mean bearing location in the middle of the
crankshaft and on the specimens C; and C, on the extreme left side.
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The residual stresses distribution after induction surface
hardening on the bearing location (C) is very similar to that
in the central bearing location (A) only that its absolute
values are slightly lower and that a distinct fall in the residual
stresses can be noted as early as around the depth of 3 mm
reaching its minimum value already at a depth around
5.0 mm.

It can be seen that the residual stress distribution is just as
favourable as in the central location only that its absolute
values are slightly lower. Our belief is that the difference in
the residual stress distribution can be related to the period of
overheating on the austenitisation temperature which
resulted in a thinner layer in austenitisation and thus also
a thinner hardened surface layer.

3.6. Hardness in induction surface hardened layer

The induction surface hardened layer was analysed also
by measuring the hardness and microhardness and their
relations to microstructure. Since we wanted to establish
some relationships between microstructural changes versus
hardness across the entire hardened layer and microhardness
in the very thin surface layer, the latter were measured by the
Vickers method. Thus, Figs. 10 and 11 show the hardness
profiles versus the induction-hardened layer depth according
to Vickers at the load of 20 N or measurements of micro-
hardness according to Vickers in a very thin surface layer to
a depth of 150 pm at the load of 1 N.

The hardness of the surface layer after induction surface
hardening is very uniform in all the investigated main
bearing locations and amounts to around 520-550 HV, .
The hardness profile highly conforms to the residual stress
profile, which is confirmed by the drop in hardness in the
transition zone. The hardness profile in the transition area is
likewise very steep and points to high stress concentrations
on this location when the crankshaft is in the loaded state.

Fig. 10 presents the hardness profile in an induction
surface hardened layer to a depth of 5.0 mm and the
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microhardness profile to a depth of 150 um on the bearing
location A. From the hardness measurements we can see that
the quenched and tempered steel has a hardness around 220—
260 HV, and the surface hardened layer has a hardness
around 540 HV, . In the surface hardened layer we can also
note a slight increase in hardness as a function depth, which
is conditioned by microstructural differences due to varied
cooling rates of the surface layer. The surface is cooled
under the effects imposed by the cooling medium, yet at a
greater depth the effects of the medium are accompanied by
a more expressed effect of the cold mass of the core,
resulting in the formation of very fine martensite and greater
hardness in greater depth. In Fig. 11, we can see the hardness
profile in the hardened layer and the microhardness profile in
a very thin surface layer for the bearing location C.

3.7. Analysis of residual stresses after induction surface
hardening and grinding

The last phase in the manufacturing of crankshafts is fine
grinding where in order to achieve the desirable condition of
the surface and the surface layer, i.e. we have to ensure:

e suitable dimensions of the particular bearing locations
with respect to the allowable deviations;

e suitable surface roughness;

o that the grinding stresses are compressive or lowest tensile
so that the favourable stress profile obtained by induction
surface hardening of the surface layer is maintained;

e smallest changes possible in the microstructure and thus
also smallest changes in the hardness and microhardness
profiles in the heat-affected zone after grinding.

How is it possible to assure a desirable surface and surface
layer quality after induction surface hardening and fine
grinding? Finding an answer to this question requires a very
good knowledge of the process of grinding on the micro-
level as well as knowledge of mechanical and heat effects
acting on the layer of the workpiece including the type and
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Fig. 10. Hardness profile in the induction surface hardened layer and microhardness profile in a very thin surface layer for the bearing location A.



222

[=2]
o
o

S 600
: Ja\ P
<
@ 500 B A\ 500 _C
g f'
2
£ 400 e 400
[e] o
T -
2 300 . - 300 \
0050 0,100 0150 0200 @ \
DEPTH BELOW THE SURFACE z [mm] % -
9 200
<
T SPECIMEN : C
100

J. Grum/Journal of Materials Processing Technology 114 (2001) 212-226

0 1 2 3 4 5 6
DEPTH BELOW THE SURFACE 2z [

Fig. 11. Hardness profile in the induction surface hardened layer and microhardness profile in a very thin surface layer for the bearing location C.

condition of the grinding wheel. An all-inclusive considera-
tion of the numerous influences of the kind and condition of
the tool on the changes on the surface and in the surface layer
of the workpiece in the given machining conditions is
described by the term ‘‘surface integrity” [23].

For the grinding process the following conditions have
been selected:

e different kinds of grinding;
o different grinding conditions (gentle, conventional, abu-
sive).

Because of thermomechanical loads in the thin surface
layer during the grinding process, on the micro-level very
complex physical and chemical processes are going on. For
an accurate description of the conditions in the contact zone
in machining a given material it is necessary apart from the
grinding method, to consider also the kind of material from
which the grinding wheel is made, its structure and grinding
conditions. The heat conditions in grinding are a result of the
conditions in the contact between the individual grinding
grains and the workpiece material and deformation energy in
chip formation in the shear zone. The amount of generated
heat is strongly dependent on the chosen machining condi-
tions and is conducted mainly through the chip while a
smaller part of the generated heat is transferred through heat
transfer into the thin surface layer of the workpiece. Heating
of the chip does not cause any particular difficulties, but the
heating of the thin surface layer of the workpiece creates the
conditions for different mechanical and thermokinetic pro-
cesses which cause microchemical changes. The heating up
of the thin surface layer of the workpiece can leave certain
undesirable effects which change the properties of the
product’s surface layer and thus harm its operational abil-
ities. The generated friction heat is transferred through heat
transfer phenomenon from the contact between the grinding
grain and the workpiece into the grinding grain. The
increased amount of heat on the grinding grain or grinding

wheel intensifies the wear processes and damage of parti-
cular grinding grains which follow very different and com-
plex mechanisms and in the final phase affect the
serviceability and operational life of the tool.

The grinding tool consists of grinding grains representing
each by itself a single-cutting tool of rather different, ran-
dom shape and orientation towards the workpiece surface
during the grinding process. Grinding grains are intercon-
nected with an appropriate binder which is defined by
different degrees of porosity of the grinding wheel structure.
Therefore, it is necessary to know also the force necessary
for the breaking of grinding grain from a given structure
expressed by the grinding wheel hardness. Simultaneous
changes in volume proportions of the grinding grains and
binder can create different structures of the grinding wheel
which do not behave in the same way. This means that by
changing the kind of material for the grinding wheel and the
binder it is possible to achieve equal effects also by changing
the structure of the grinding wheel. From this follows that by
a suitable combination of the influential parameters it is
possible to achieve a longer life and wear resistance of the
wheel in equal kinematic conditions of the wheel and the
workpiece. The wear of the grinding grains is a result of
mechanical and thermal effects which are reflected in
reduced cuttability. Fig. 12 shows the basic forms of wear
and damage on the grinding wheel grains expressed by
characteristic changes on the grinding grains. Due to
mechanical loads on particular grinding grains, in the con-
tact or on the friction surfaces with the workpiece short-lived
but intensive heat effects are created. In this cases, blunting
of the grinding grains (Fig. 12A), breaking off of the
grinding grains (Fig. 12B) or splitting of the grinding grains
(Fig. 12C) may happen. Requirements are quite often set that
a worn out grain should fall from the grinding wheel at a
certain moment. A worn out grain has the contact surface
typically increased, which causes that during the cutting
process the forces on the grinding grain are higher than the
binding forces between the grains, therefore the grains fall
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Fig. 12. Basic forms of wear and damage on the grinding wheel grain.

out (Fig. 12D). It is expected that the manufacturing engi-
neer will carefully choose all the parameters of the process
so that the worn-down grains fall out. This ensures a more
efficient machining and reduced thermomechanical effects
in the thin surface layer of the workpiece material. For
creating a suitable quality of the surface and surface layer of
the workpiece it is necessary to ensure that grinding grains
would fall out, and that the activation of new sharp grinding
grains is made possible. Here it is very important to choose
such cutting condition that would make the grains fall out
only when their cuttability is reduced. Fig. 12E illustrates
characteristic blunting of the grinding grain due to chemical
reactions at high temperatures. Chemical reactions at high
temperatures are frequently followed by filling the pores
with overheated, highly plastic chips of the workpiece
material (Fig. 12F). In cases when the pores on the wheel
surface get filled, the temperature in the contact zone rises
and changes the progress of the temperature cycle into the
depth of the workpiece. The maximum temperature of the
temperature cycle on the surface rises and so does the
temperature in the particular depths of the workpiece mate-
rial. This results in greater depth of the heat affected zone in
the material, which may have serious consequences in terms
of surface layer properties of the workpiece material. Gen-
erally, we can state that the blunting of the grinding grains
makes the contact surfaces between the grains and the
workpiece larger, which creates the conditions for increased
mechanical effects in the contact zone and higher heat input
accompanied by stronger heat effects in the surface layer of
the workpiece.

A plastically deformed layer is created because of inter-
action between the grinding tool and the workpiece on the
place where the chip separates from the base. A result of this
is the hardening of the thin surface layer of the workpiece
material and occurrence of internal stresses which may lead
to failure of the thin surface layer and/or deformation of the
workpiece/product with the presence of residual stresses at

the end of machining. Macro- and micro-analysis with
optical and/or electronic microscopes shows microcracks
and/or other damage on the surface caused by inadequate
grinding method or procedure. Microscopic assessment of
the surface state and damage on the surface quite often point
back to inadequate grinding conditions. The most frequent
surface damage includes hollows, mars, torn-off areas, built-
up edges of the workpiece or the tool, etc. It is often
necessary to consider also the generated heat effects which
cause microstuctural and/or chemical changes accompanied
by dimensional changes. The damage on the workpiece
surface should be taken very seriously since in the operation
with another element in the mating pair this may give rise to
very detrimental friction conditions.

The engineer should be aware that surface integrity
depends on the tribological conditions in the operation of
a component/assembly. Therefore, adequate knowledge for
the assessment of tribological conditions of a component in
operation is very important for the prescription of machining
that would result in the wanted surface condition and subsur-
face layer. In general, we can state that there are two
tribological systems: the first is the one present during the
machining, and the second is acting in operation. In both
tribological systems, however, it is the properties of the
workpiece material and its condition prior and after machin-
ing that play a key role.

Fig. 13 presents the temperature cycles on the specimen
surface as a function of depth in the hardened steel at given
grinding conditions. The temperature cycles can be treated
separately as heating phase and then also as cooling phase.
In the analysis of microstructural changes in a thin surface
layer of the hardened steel specimen it is possible to
determine the size of the remelted and re-hardened layer.
In Fig. 14, we can see the time variation of the maximum
temperature on the surface at the particular depths according
to grinding temperature cycles with respect to the work
speed V.. Knowing the temperature of melting and the
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Fig. 13. Grinding temperature cycles in different depths in the hardened
steel at given grinding conditions.

temperature of austenitisation of discussed steel, we can
define the depth of the remelted layer and the depth of the re-
hardened layer.

Under different machining conditions of grinding, differ-
ent temperature cycles were obtained on the surface and in
the depth of the heat-affected zone which has effected
microstructural changes and changes in the microhardness
and residual stresses. What kind of microstructural changes
will occur in the surface layer of the specimen depends on
the temperature in the contact zone between the grinding
wheel and the specimen and the variation of temperature
through the specimen depth, respectively.

In the grinding process, the changes of temperature in the
thin surface layer of the specimen are very important.
Temperature measurements provide data on temperature
cycles, which, because of the relative movement of the
specimen and the grinding wheel, indicate the variation of
temperature both in heating and cooling of the given spot at
the specimen. The maximum temperatures achieved at the
surface and in the surface layer, respectively, are also very
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Fig. 14. Maximum temperature drop as a function of depth in the
hardened steel at various work speed Vi,.

important. A distinction can be made between three char-
acteristic cases of temperature cycles, which is to say:

e The maximum temperatures at the surface and in the
surface layer, respectively, are higher than the melting
temperature of the specimen material depending on the
temperature cycles. Such conditions may occur due to
very sharp grinding conditions or due to the selection of
an inappropriate grinding wheel with regard to the speci-
men material. The depth of the remelted layer is only a
few micrometers and makes a very fine ledeburite micro-
structure containing fine cementite spread in residual
austenite. The newly formed microstructure has a slightly
lower hardness than martensite. The residual stresses in
the thin surface layer will be tensile due to plastic
deformation of the surface layer in grinding caused by
tensile forces in the contact zone of the specimen material
and to this should be added also the tensile stresses
induced by the occurrence of residual austenite.

e The maximum temperature in the contact zone is lower
than the temperature required for the beginning of melting
of the given material and higher than the austenitising
temperature. The lower temperature, that is the austenitis-
ing temperature, will shift because of a high rate of
heating of the specimen towards higher temperatures as
known from transformation diagrams. Provided the pre-
vious microstructure of the surface layer was martensite—
cementite—carbide, after grinding a finer martensite
microstructure with a higher carbon content obtained at
the expense of cementite—carbide phases and with a
possibility of a lower a content of the residual austenite
may be expected in the thin surface layer. The modified
content of the cementite—carbide phase depends on the
heating conditions, whereas the content of the residual
austenite depends on the cooling conditions.

e The maximum temperature in the contact zone is lower
than the temperature required for the beginning of aus-
tenitisation and higher than the lower temperature which
is limited by the temperature of steel tempering and
amounts to approximately 200°C. In this case the grinding
conditions are very mild so that with the selection of the
right kind of grinding wheel neither major no important
changes are expected either or in the surface layer. In the
surface layer only martensite tempering may occur if it
was not performed already during the induction surface
hardening of the specimen.

In conventional grinding conditions, on bearing location
A relative grinding tensile stress amount to +425 N/mm?
and then change the sign in the depth around 175 pm, as
shown in Fig. 15. The relative grinding stress is obtained by
measuring the residual stress after induction surface hard-
ening and then by measuring on the same spot after induc-
tion-hardening and grinding and then calculating their
difference. In Fig. 16, we can see the measured absolute
residual stress profile after induction surface hardening and



J. Grum/Journal of Materials Processing Technology 114 (2001) 212-226 225

-700 + BEARING LOCATION A

Lerem ]
e RESIDUAL STRESS
§ 8001 AFTER INDUCTION SURFACE
= HARDENING AND GRINDING
g
O
w
£ RESIDUAL STRESS
» -1000 1 AFTER INDUCTION
g SURFACE HARDENING
7 )
@ 1ooL N b
w -

N N 1 " 1 1 Ny
005 010 015 020 025 030 ~
DEPTH BELOW THE SURFACE z [mm]

Fig. 15. Residual stress profile below the surface after induction surface
hardening and residual stress profile after induction surface hardening and
grinding on bearing location A.

grinding, and the measured residual stress profile after
induction surface hardening. Fig. 16 shows the absolute
residual stress profile after hardening and grinding on bear-
ing location A as well as the average residual stress after
induction surface hardening, and then the relative grinding
stress can be calculated. The results confirm as predominant
the residual stresses, stresses induced by the plastic defor-
mation of the material and a lesser influence of tensile
stresses caused by the formation of residual austenite. On
the basis of the measurements of residual stresses after
induction surface hardening and/or induction surface hard-
ening and grinding, we can conclude that:

e Special attention should be paid to the selection of the
kind of the grinding wheel in terms of grinding wheel
material, binding agent, hardness and pore density, since
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Fig. 16. Grinding residual stress profiles below the thin surface layer on
bearing locations A and C at various grinding conditions.

by a right selection we can contribute to higher cutting
efficiency concerning the plastic deformation of the work-
piece material. In this way we can keep the grinding
tensile stresses as low as possible and make the compres-
sive residual stresses induced by induction surface hard-
ening the prevailing kind.

e For residual stresses after induction surface hardening and
grinding, the conditions of gentle grinding are a more
favourable choice. They lower to a lesser extent the
desirable compressive residual stresses after induction
surface hardening.

e Grinding conditions can be chosen also so that the melting
temperature of the specimen material is not exceeded
(gentle or conventional grinding conditions). Then the
favourable compressive stresses after induction surface
hardening are lowered only due to plastic deformation of
the workpiece material during the process and thus rela-
tively low tensile residual stresses are thus obtained.
However, we should take into account that this will
significantly lower the productivity.

e Abusive grinding conditions contribute to blunting of
abrasive grains, which produces a larger contact zone
between the abrasive grains and the specimen surface,
which in turn produces a stronger overheating of the thin
surface layer. In such cases burns will occur that specimen
surface and consequently, softened spot which do not
ensure the working life required of a machine component.

Induction surface hardening creates very desirable resi-
dual stress state. Residual stresses are always of compressive
nature and are usually present to the depth of the induction
surface hardened layer. A major difficulty in induction
surface hardening is, however, to ensure a very slight/slow
variation in microhardness and the existence of compressive
residual stresses in transition areas to the microhardness of
the core material. By gently grinding varying the hardness
and existence of compressive stresses in the transition area it
is possible to diminish the notch effect induced by stress
concentration. Additional grinding of induction surface
hardened deteriorates the stress state in the surface layer,
since grinding has always induced tensile stresses. By a right
selection of machining conditions and grinding wheel taking
into account its properties, the engineer will contribute to
lesser tensile residual stresses and will avoid deteriorating
the favourable residual stress state after induction surface
hardening.

4. Conclusions

Induction surface hardening of machine parts and espe-
cially crankshafts is a very complex process involving a
whole range of possible heat treatment methods, which are
all reflected in either good or bad serviceability. The heat
treatment engineer has to be aware of the different effects of
particular design shapes of induction coils, be familiar with
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electromagnetic phenomena and eddy currents, and have
some experience in the right choice of energy inputs neces-
sary for heating. The energy needed for heating can be
provided by changing the generator power as well as chan-
ging the frequency of the current. In progressive hardening,
to achieve a suitable energy input, the workpiece feed rate or
the rate at which the coil is moved have to be adjusted,
whereas in single-shot hardening suitable energy input is
achieved by adjusting the heating up time with a high
frequency current. An essential advantage of induction sur-
face hardening is that it is possible to achieve a sufficient
repeatability of the hardened layer thickness on the work-
piece as well as a desirable or even prescribed hardened
layer profile, ensuring sufficient hardness and favourable
distribution of residual stresses in the hardened layer. A
variety of steels and a whole range of induction hardening
methods provide the possibilities for very accurate planning
of the size and distribution of residual stresses. This is of
growing importance since manufacturers are more and more
often required to produce machine components, which
among other surface properties, will have to have quite
specific residual stress distribution along the depth of the
hardened layer. It has become a proven fact that high
compressive stresses ensure high fatigue strength of
machine components and reduce the danger of the occur-
rence and growth of cracks on the surface of components. As
far as induction surface hardening is concerned, it is also
quite important to choose the right quenching medium and
method of quenching. For this reason, engineers have to
direct their attention not only to the method of heating and
possible overheating of the surface layer but also to the
methods of quenching and the right choice of the medium for
quenching.
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