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This work investigates the in-depth residual stress distribution and retained austenite content in plates
that were wire eroded from one locally quenched and one locally quenched-tempered 50CrMo4 cylinders
by the means of high-energy X-Ray synchrotron transmission techniques. The main challenge was to
interpret the results from all diffraction angles to obtain meaningful validation data for future computer
simulations of induction hardening and tempering. The results were discussed in relation to hardness dis-
tribution. With the help of the applied measurement technique, even the effects of macro-segregation
near the longitudinal sample axis can be detected. In inductively heated and quenched cylindrical spec-
imens of 50CrMo4 specimens, macro-segregations near the longitudinal sample axis lead to a reduced
retained austenite content, which shifts the axial stresses towards tensile stresses. Comparing the results
with those from the literature, it can be seen that variations in the chemical composition of the sample
within the specification range of the steel grade have less influence on the residual stress distribution in
the induction hardened samples than the sample geometry and/or the quenching rate.
� 2022 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Induction heat treatment is a field of research that has been
studied for a long time and offers wide application possibilities
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due to its short treatment times and high productivity [1]. Surpris-
ingly, it is still not fully understood because of the complex rela-
tionships of the steels’ microstructure and the electric and
electromagnetic properties. These relationships influence the
inductive heating of a sample and vice versa. Important material
properties (such as hardness, yield strength, toughness) and
microstructural features (such as grain size, precipitations,
martensite structure) can be specifically influenced by a targeted
selection of the inductive heat treatment parameters if the interre-
lationships for a particular material and its microstructure are fully
known. For instance, A. Eggbauer (née Vieweg) studied the effect of
different inductive heat treatment parameters in case of a
50CrMo4 steel [2], some relevant results are: Different initial
microstructures of 50CrMo4 samples have a notable effect on heat-
ing rates and the austenitization process [3]; the different heating
rates influence the austenitization and tempering process [4,5] and
the cementite/carbide precipitation during tempering [6].

The development of the mechanical properties in 50CrMo4 steel
using different induction heat treatment parameters was studied
in [7]. There, the authors found that the strength-toughness rela-
tionship of a steel can be improved with the right choice of initial
microstructure (normalised versus soft annealed) and the appro-
priate inductive heat treatment parameters (higher tempering
heating rates). However, the development and distribution of
residual stresses and phase composition for a locally and induc-
tively quenched and quenched-tempered 50CrMo4 was not yet
investigated to gain a better understanding of the processes
involved. Locally heat treated samples are rarely studied because
they involve a complex distribution of microstructure and residual
stresses. Both are important parameters in computer simulations
of real induction heat treatments to predict the local properties.

There are two main types of strains causing the crystal lattice
deformation that leads to residual stresses within a quenched sam-
ple: thermal strains caused by the different cooling rates experi-
enced by the surface and the interior of the sample and the
transformation strains due to the volume changes, which occur
when austenite transforms into other phases [8]. During heat treat-
ment the strains from inhomogeneous cause stresses, which can
locally exceed the elastic limit thus causing plastic deformation.
After cooling the remaining elastic stresses and strains trapped
within the inhomogeneously plastically deformed material form
long-range residual stress fields in the sample or component but
also shot-range residual stress fields with crystals.

The development and distribution of these strains and stresses
and their origin have been studied in general for a long time [9],
although, they seem to be different for each steel composition
and heat treatment. J. Todt et al. have analysed the residual stress
distribution of a high pressure torsion deformed iron disk by
means of High-Energy X-Ray Diffraction (HE-XRD) [10]. They dis-
cussed the planar stress gradients measured inside the sample
with the present hardness distribution. This HE-XRD analysis
method neglects transversal stresses allowing only the analysis
of the stresses normal to the beam. Neutron diffraction analysis
can determine residual stresses in all three dimensions, as used
by Drexler et al. [11], but it only allows an insufficient determina-
tion of phase fractions compared to a HE-XRD method. The advan-
tages of using synchrotron techniques are in general the good
space- and angle resolution of the diffractions. Additionally, the
use of high-energy beams enables the transmission of macro-
samples analysing planar in-depth and in-plane microstructure
states [12].

The main purpose of this work is to investigate the distribution
of the phase fractions of the microstructural elements (e.g. retained
austenite) and residual stresses using HE-XRD in transmission
mode: a two-dimensional presentation of corresponding results
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is shown and discussed. This type of analysis for an inductively
heated and locally quenched and tempered 50CrMo4 steel is new.
2. Experimental

Two cylindrical (Ø22 � 200 mm) 50CrMo4 steel rods were used
in normalised initial state (as received, before heat treatment). The
chemical composition of the steel is shown in Table 1. The heat
treatment parameters were set considering a previous work [7].
The normalised pearlite-ferrite microstructure of 50CrMo4 is
described in detail in [13].

2.1. Performed heat treatments

The time-temperature plot of heat treatment carried out is
shown in Fig. 1 (a). The average heating rate (from room tempera-
ture to the target temperature of 1050 �C) was chosen to be about
10 K/s. After reaching the Curie temperature, the heating power
was increased to keep the heating rate largely constant. The heat-
ing frequency was set at 15 kHz for both heat treatments – austen-
itization and tempering. Quenching was performed using a
circumferential water shower unit mounted 50 mm below the
inductor with a cooling parameter of k� 0.0341 (this equals a cool-
ing rate of about 88 K/s) near to the surface. For quenching, the
water shower unit was moved to the heat treated region. The tem-
perature inside the rod was measured with type K sheath thermo-
couples at a distance of 65 mm from the top face of the specimen.
The temperature measurement was made both in the centre of the
specimen and 2.1 mm below the mantle surface. k is an industri-
ally commonly used cooling parameter, defined as the cooling time
from 800 to 500 �C in seconds divided by hundred. The chosen high
cooling rate ensures a definite transformation into a martensitic
microstructure. For the additional tempering of the second sample,
the heating rate was again chosen to be about 10 K/s and the sam-
ple was heated up to 650 �C, followed by cooling in still air. A
detailed description of the used induction hardening test rig is
given in [7]. The ‘‘centre” and ‘‘surface” positions indicated in
Fig. 1 (a) are the temperatures measured using the previously men-
tioned type K sheath thermocouples at the centre of the sample
and 2.1 mm below the mantle surface, both thermocouples were
inserted at a distance of 65 mm from the top face of the sample.

The heating rate and power were determined based on the
results from preliminary tests. The specimens were statically heat
treated after positioning the centre of the inductor (height 38 mm,
inner diameter 36 mm, four windings) at a distance of 65 mm from
the top face of the rod, so that the thermocouples were located in
the centre of the inductor.

2.2. Preparation of samples for synchrotron measurements in
transmission mode

For the investigations, normalised cylindrical 50CrMo4 samples
were inductively heat treated. The heat treatment conditions
selected were austenitised and quenched (NOQ) on the one hand
and austenitised quenched and subsequently tempered (NOQT)
conditions on the other. 200 mm long and 3 mm thick plate sam-
ples were carefully wire eroded from the centre of the cylindrical
samples as illustrated in the sketch in Fig. 1 (b). The final thickness
of the samples of 2.5 mm was achieved by fine grinding. Cutting
out the flat samples (200 � 22 � 2.5 mm) for the synchrotron
investigations from the rods using wire erosion leads to the release
of a certain amount of transverse residual stress [10]. This
preparation-related change of transversal residual stresses is
neglected in this work. However, the original residual stress state



Table 1
The chemical composition of 50CrMo4 steel.

Element C Mn Cr Mo Si P S Fe

50CrMo4
[wt.-%]

0.49 0.71 1.05 0.18 0.27 0.016 0.01 �97,1

Fig. 1. (a) Time-temperature plot of the local heat treatments performed on the
cylindrical 50CrMo4 samples with normalised initial microstructure. Sur-
face = near-surface, 2.1 mm from the surface inside the sample; Centre = temper-
ature in the centre of the sample, 11.0 mm from the surface. NOQ = austenitised and
quenched condition (martensitic), NOQT = austenitised and quenched and subse-
quently tempered condition. (b) Sketch of the sample with the position of the
2.5 mm thick plate eroded from the cylindrical sample (marked with two white
lines) and of the heat treated zone (marked in red).

Fig. 2. Schematic representation of the locally heat treated zone (38–42 mm
extension in axial direction) of the 2.5 mm thick plate sample with the two
symmetry axes and the shaded, light-blue area, where the HE-XRD analyses were
performed. This figure is showing a part of Fig. 1 (b) rotated by 90�. The analysed
regions and zones are indicated within the analysed area. All subsequent illustra-
tions of the results are positioned symmetrically to both axes of the heat treated
zone in radial and axial direction. In addition to the region investigated, the
directions of the stresses and the path A are also given, which are of importance in
the further course of this work.
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in the cylindrical specimen could be approximated by means of
finite element method (FEM) simulations.

The shaded light-blue area in Fig. 2 shows the analysed area of
the sample around the heat treated zone and a section to highlight
details. The austenitised zone extends up to 2 mm beyond the
height of the inductor of approx. 38 mm height of the inductor
(red dashed lines). Due to the higher heat coupling near the surface
and the heat conduction in the sample, the extension of the heat
treated zone in axial direction is slightly larger near the edge than
in the centre. The heat treated area is separated in distinct zones
and regions as also indicated in the Fig. 2. These zones and regions
are references for the section ‘‘Results and discussion” of this work.
All subsequent illustrations of the results show this axially sym-
metrical half-view of the heat treated zone as illustrated in
Fig. 2, and can also generally be considered symmetrical from
top to bottom and from left to right.
Fig. 3. Measurement setup of the HE-XRD-measurements (Petra III, DESY Ham-
burg). The beam-stop is behind the positioning diode.
2.3. Synchrotron measurements in transmission mode

The HE-XRD measurements were performed at the High Energy
Materials Science (HEMS) beamline (P07b) at PETRA III [14] using a
simple screw clamp sample holder (see Fig. 3). In order to pene-
trate the 2.5 mm thick samples, high energy X-rays were used with
a photon energy of 87.1 keV, corresponding to a wavelength of
0.014235 nm. The beam size was set to 0.1 � 0.1 mm. The resulting
transmission diffraction rings were recorded with a Perkin Elmer
XRD1621 flat panel 2D detector with an exposure time of 1 s.
The detector was placed 1320 mm behind the sample. Conical slits
were not used for the experiments, because the analysis of the
whole transmission spectrum was required determining also the
3

phase fraction of the heat treated area. A pattern of measurements
was performed in 1 mm increments, covering half of the symmet-
ric locally heat treated zone. For clearer interpretation, the missing
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areas between the measurement points have been interpolated in
the representation of the results.

2.4. Other measurements

Vickers HV5 hardness was measured according to EN ISO 6507-
1:2006-03 with hardness indentations every 1 � 1 mm in the
shaded zone in Fig. 2 using a QNess Q10+ hardness tester. Based
on the hardness distribution of inductively austenitised and
quenched as well as inductively austenitised and quenched and
subsequently tempered 50CrMo4 steel samples, the distribution
of residual stresses and retained austenite phase content and their
differences in the differently heat treated samples are discussed in
more detail. All the analyses were carried out with the same grid
arrangement, but the hardness measurements were excluded in a
range of 0.5 mm around the longitudinal axis due to the increased
segregations there.

Cross-beam scanning electron microscopy device, Zeiss AUR-
IGA� – CrossBeam� workstation and Energy-Dispersive X-ray
(EDX) spectroscopy was used with 20 kV acceleration voltage
and 10 mm sample distance to prove the existence of the segrega-
tions present near the centre of the cylindrical sample.
3. Used evaluation methods

The diffraction data was used for residual stress analysis and
determination of retained austenite content. Fig. 4 shows an exam-
ple of the Debye-Scherrer rings of a single diffraction image and
the integrated diffraction pattern of the quenched zone of
50CrMo4. The calculations were performed using the programs
Fit2D [15], Matlab [16], Origin [17] and the pyFAI software package
[18].

3.1. Residual stress analysis

Residual stresses were evaluated by dividing and integrating
Debye-Scherrer rings into 36 azimuthal sections, each 10�wide,
subsequently fitting the martensite (ferrite) 110 peak, and finally
calculating the elliptical distortion of the ring from the variation
of the 2h position of the peak. This distortion is proportional to
the difference between axial and radial stress ðrax � rrad) and the
method is insensitive to the exact unstrained lattice parameter
Fig. 4. Example of Debye-Scherrer rings and the integrated intensity pattern
(average value over the entire rings) with the indexing of the martensite (ferrite)
and austenite peaks of the steel 50CrMo4 in the quenched state (NOQ).
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used for evaluation. Assuming that the radial stress is small or neg-
ligible, the calculated value approximates the actual axial stress.
Therefore, the stress results are referred to as axial stresses in this
work. The elastic constant employed for calculation of stress from

strain was 1
2 S

110; martensite
2 ¼ 5:59� 10�3 GPa�1. For more details

please refer to S.C. Bodner et al. [19], where the same approach
has been used to determine residual stress maps in similarly sized
and microstructurally complex additively manufactured samples.

3.2. Determination of the retained austenite content

To evaluate the austenite phase fraction, selected peaks of fer-
rite and austenite were fitted using a Pseudo-Voigt function [20].
To minimize the effect of overlapping signals, peaks without adja-
cent peaks of other phases were chosen. The most probable phases
existing in our case are ferrite, austenite and cementite/carbides.
For ferrite/bcc (space group: Im-3 m), these were the 200 and
211 peaks, for austenite/fcc (space group: Fm-3 m) the 200 and
220 peaks. The ferrite peak is indicated as martensite in Fig. 4,
since the martensite peaks occur at almost the same position as
those of the ferritic matrix, despite it being supersaturated with
carbon and exhibiting tetragonal distortion. In case of the initial
normalized microstructure of 50CrMo4, which is consisting of fer-
rite and pearlite, the austenite / martensite phase fraction was cal-
culated according to ASTM-E975-13 [21] considering also the
estimated 7.5 wt-% cementite phase-content (estimated from the
iron-carbon phase diagram assuming all the alloying elements
are bound in the cementite of the pearlite).
4. Results and discussion

First, the hardness around the heat treated zone in the induc-
tively austenitised and quenched (hardened only) and in the induc-
tively austenitised and quenched and subsequently tempered
condition is discussed. Then the results of the synchrotron analysis,
i.e. retained austenite content and residual stresses, are presented
and discussed.

4.1. Hardness results

Fig. 5 (a) shows the hardness distribution of the NOQ and NOQT
samples using matched scaling. A more detailed view (individual
hardness-scaling) of the hardness values of the heat treated region
is shown in Fig. 5 (b). The region directly at the centre of the sam-
ple was not relevant for the purpose of this work, therefore no
results are presented of the area between 0 and 0.5 mm from the
centre of the rod.

The shape of the heat treated zone becomes concave towards
the centre of the sample (about 2 mm in both directions as also
indicated in Fig. 2) indicating a slightly inhomogeneous tempera-
ture distribution during austenitization. The accumulation of heat
near the surface of the sample is caused by the skin effect. The
NOQ sample shows a homogeneous hardness distribution through-
out almost the whole hardened volume (Fig. 5 (a)). A slight
increase in hardness can be observed towards the surface of the
hardened zone, especially in the axial 0-position. The cause is the
higher heating intensity and the higher quenching intensity in
the surface region, which causes a stable and fine martensite struc-
ture with less retained austenite content transforming the austen-
ite in a greater proportion into martensite (as described in [22]). In
axial direction, the transition zones from the untreated microstruc-
ture to the hardened zone have a width of about 3 mm where the
hardness strongly increases from the base level of the original nor-
malised microstructure to the martensite hardness level. The con-
tinuously increasing hardness (from about 230 to about 700 HV) in



Fig. 5. (a) Hardness mappings (same scaling) of the inductively austenitized and
quenched (NOQ) and the inductively austenitised and quenched and subsequently
tempered (NOQT) 50CrMo4 steel samples, both were inductively heat treated from
normalised initial microstructure, and (b) a finer graded view (different scaling) of
the same results.
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the transition zones to the heat-treated zone indicates the pres-
ence of a mixed microstructure (ferrite, bainite, martensite) in this
region. A similar investigation has been conducted by Mevec et al.
[23] in the case of an in-depth analysis of an inductive surface
hardening process.

In contrast to the NOQT sample, the NOQT sample does not
show an increasing hardness towards the surface, but a decreasing
hardness in axial direction towards the axial zero position. The
kink in the upper transition range that appears in the NOQ sample
is probably due to the scattering of the hardness measurements in
this transition range. Most noticeable, the NOQT sample is charac-
5

terised by a zone of lower hardness that increases from the axial
zero position towards the untreated regions. Before the hardness
drops to the level of the untreated normalised microstructure,
there is a thin (ca. 0.5 mm) transition zone of increased hardness
(approx. 400–500 HV5 compared to 380 HV5 at the axial zero posi-
tion), which can be attributed to a reduced tempering temperature,
as this is the area where the inductor terminates. This decreasing
tempering effect can be observed starting from the axial 5 mm
position towards the transition zone. The decreasing tempering
temperature with increasing distance from the axial zero position
is likely to result in increased dislocation densities, as indicated e.g.
in [24].

4.2. Distribution of retained austenite

Depending on the carbon content and the alloying elements of
the steel, slow cooling rates during martensite formation can lead
to carbon accumulation in the retained austenite, which is thus
increasingly stabilised as the cooling rate slows down [25]. It can
also be observed in Fig. 6 (a) in the case of the NOQ sample: except
in the transition zones, the average retained austenite content is
mostly above 6 vol-%. The main alloying elements, Cr and Mo are
ferrite stabilisers. Therefore, the retained austenite content is gen-
erally expected to be at low levels (under 10 vol-%) in this steel
after quenching [8,22].

The more detailed view of the NOQ sample in Fig. 6 (b) shows
an increasing retained austenite content towards the centre of
the sample in radial direction, which is in line with the previously
mentioned fundamentals of the incomplete martensitic transfor-
mation. This trend of the increasing retained austenite content is
also in line with the trend of the decreasing hardness values of
the same sample shown in Fig. 5, especially in the axial zero posi-
tion from the surface towards the centre of the sample. The only
discontinuity in the trend of increasing retained austenite content
towards the centre of the sample is a line-shaped zone extending
in axial direction of the near-centre region at a distance 1 mm from
the centre. Its probable cause of this line-shaped zone is segrega-
tion that occurs during the casting of the pre-material.

This segregation affects the martensitic transformation and
thus the retained austenite content. Theoretically, an enrichment
of the alloying elements Cr and Mn in these segregations would
lead to an improved hardenability, which should also increase
the hardness in the region. It would explain the decreased retained
austenite content (about 3–4 vol-% compared to its neighbouring
areas) in this region. The hardness values of this specific region
show no measurable hardness increase, therefore, another method,
EDX was used to validate the existence of the segregations in this
region.

The tempered sample (NOQT) in Fig. 6 (a) shows no significant
(detectable) amount of retained austenite except some artefacts
caused by the failure of the diffraction peak fitting process of the
austenite phase due to insufficient intensity, which are filtered
by capping the scale at 2 vol-%.

4.3. The effect of segregations on the retained austenite content

To validate the previously mentioned segregations, present at
the 1 mm radial position, EDX measurements were performed.
According to [22,24], even a small but significant difference in
the chemical composition (particularly the Cr and Fe contents)
can prove the existence of segregation in the material. As shown
in Fig. 7, the Cr and Fe contents at the radial position of about
1 mm, measured from the longitudinal axis of the sample, differ
from those of the adjacent positions. Interestingly, the Cr content
is not higher, but lower in this region. However, the difference is
very small (about 0.07 wt-%). It disproves the aforementioned pre-



Fig. 6. Comparison of the retained austenite content of (a) the NOQ and NOQT samples (with different scales to filter the errors caused by insufficient intensity of austenite
diffraction peak), and (b) a view of the NOQ sample with the scale adjusted to show the variations in retained austenite content within the hardened zone.

Fig. 7. Check for segregation using an EDX line profile at the axial position zero
between the radial positions 0 and 6 mm.
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sumptions in the previous section about the enrichment of ele-
ments, which assumes a slightly higher hardness in this region.
This lower Cr content can be explained due to a higher martensite
start and finish temperature, which shifts the retained austenite
content in this region to lower levels [26].
4.4. Residual stress distribution

In this section, the results of the NOQ sample are first presented
and partly discussed, followed by a comparative discussion of the
results of the NOQT sample.

During the quenching process, martensite phase transformation
induces compression stresses in the vicinity of austenite crystals
and stabilize the retained austenite phase [8]. In a local hardening
process, macro-stresses arise in all directions, regardless of the sign
6

of the stresses. Stresses due to temperature gradients can lead to
plastification on the one hand and they also influence the transfor-
mation strain during phase transformation (TRansformation
Induced Plasticity - TRIP) on the other [26].

TRIP is a simplified macroscopic description often used in finite
element models addressing two microscopic effects that occur dur-
ing martensite formation during quenching [27]. The first is the
Magee Effect, which describes a martensitic transformation of
the austenite grain with a preferred orientation of the martensite
variants in the energetically favourable direction. In cases where
stresses are present during transformation, the energetically
favourable variants are those that lower those stresses. The second
is the Greenwood-Johnson Effect, which states that the formation
of martensite or other phases causes plastic deformation in the
surrounding austenite grains. In the presence of an external load
or local stresses the plastic deformation has a preferred orienta-
tion. Both effects can lead to a preferred orientation of the strain
and cause a macro-elongation of the sample in a preferred direc-
tion. Both mechanisms are relevant for the strain history during
local quenching but cannot be separated from other relevant strain
contributions, unless simulations with special material models are
available. In principal, however, the TRIP effect lowers the stresses
prevailing at the time of the phase transformation but can con-
tribute to the final residual stresses when the temperature of the
component has reached room temperature.

Fig. 8 represents a qualitative depiction of the residual stresses
in the NOQ sample. The white regions are all under tensile stresses
(hydrostatic) and the black regions are under compressive stresses.
During quenching, the narrow near surface region is subjected to
continuous water-cooling (quenching) with a cooling rate of �
88 K/s, which forces a rapid martensitic transformation. As shown
in Fig. 5 (b), the near-surface region of the heat-treated zone exhi-
bits a slightly higher hardness compared to the core along the
radial symmetry axis (path A from Fig. 2). In the case of a perfect
through-hardened sample, tensile stresses are expected in the
near-surface region [28]. The slightly higher hardness and the
somewhat lower residual austenite content in the area near the



Fig. 8. Black and white representation of the tensile and compressive stress regions in the NOQ sample.
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surface indicate that through-hardening did take place but was
uneven. The influence of the incompletely transformed initial
microstructure (ferrite-pearlite) can be observed in the transition
zones where compressive stresses are present indicating the edge
of the transformation in the axial direction.

The space between the near-surface region and near-centre
region is strongly under tensile stresses up to around 600 MPa that
are counterbalancing the compressive stresses caused by the
martensitic transformation process along the radial direction
towards the centre (the ‘C’ shape of the tensile stress region in
Fig. 8 and Fig. 9). The transformation does not take place instanta-
neously over the entire cross section, but continuously from the
surface towards the centre of the sample. Therefore, when the
transformation reaches the near-centre region, the ‘‘freshly” trans-
formed martensite there therefore causes tension in the previously
transformed region. This region of tensile stresses can build up due
to plastic deformation incurred due to uneven plastic deformation
caused by the temperature gradients as well as by transformation
strain. Towards the centre, a region with compressive stresses
Fig. 9. Comparison of the axial stresses of the samples NOQ and NOQT. The path
along which the martensite transformation propagates is marked by arrows in the
NOQ sample. The region where segregation occurs is outlined with a dotted line.
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occurs again, as the phase transformation comes to a standstill
there [9,22,26].

Another representation of the residual stresses is shown in
Fig. 9, where the colouring indicates the magnitude of the residual
stresses. The arrows indicate the direction in which the martensitic
transformation is progressing. The relatively high tensile stresses
below the near-surface zone indicate the aforementioned accumu-
lation of stresses in this region.

In the case of the NOQ sample, an interesting region is found at
around 1 mm radial position as indicated by the dotted line in
Fig. 9, where the tensile stresses appear in the form of a wedge that
almost closes the C-shaped region of the tensile stresses. This local
axial shift towards tensile stresses can be related to the above-
mentioned macrosegregation mentioned caused by casting of the
pre-material.

Macrosegregation causes an inhomogeneous distribution of
alloying elements, impurities and carbon or a combination of these
factors in a sample. A macrosegregation consists of several
microsegregations. These microsegregations appear generally at
grain boundaries and in the spaces between dendrites upon solid-
ification of the melt as explained in [28]. In segregated regions one
or more alloying elements are unevenly distributed. In the present
case, the segregated zone has the shape of an almost central line,
but this shape depends strongly on the manufacturing process.

In the case of NOQT, the residual stress distribution is rather
even. The highest residual stresses remain in the transition regions
A and B as indicated in Fig. 2, where the initial microstructure
remains partly untransformed. The higher the tempering tempera-
ture, the stronger the effects on stress relaxation and reduction of
hardness. This is evident from Figs. 5 and 9 where hardness and
axial stresses at the axial centre, close to and at path A, are clearly
reduced in comparison to the corresponding figures for sample
NOQ. Hardness and residual stresses are less affected in the transi-
tion zones. The effect of the segregation close to the centre disap-
pears completely in the tempered sample due to stress relief.
4.5. Further discussion of residual stress formation of the NOQ sample

In this section, similar residual stress distributions of previous
studies found in the literature will be discussed in relation to our
results.

As the review work by Arimoto [9] describes, the development
of residual stresses is dependent on the chemical composition of
the sample, the shape and diagonal size of the cross-section, the
shape of the treated volume/surface and the quenching rate. One
of the presented studies in [9] has shown a similar residual stress
distribution in the radial direction in the axial zero position for a
steel with 8.5% Ni and negligible carbon content. This was a study
on the effect of Ni-content on the development of residual stresses
in Fe-Ni alloys. This similarity with the results of the present work
is interesting because the 50CrMo4 used in present work has no



Fig. 10. A CCT diagram of 50CrMo4 (taken from [30]) as a comparison to the
presented quenching heat treatment. From the temperature change (dT) over the
change of the cooling time (dt), one can calculate the cooling/quenching rate (dT/
dt). [30].
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significant Ni content. The results show that similar residual stress
patterns can be achieved for different chemical composition of
steels depending on the previously mentioned influencing param-
eters such as cross-section, shape of the treated volume/surface
and quenching rate.

Another review paper by Walton [29] about the distribution of
residual stresses of steels explains that compressive stresses are
preferred after quenching at the surface, because they provide
higher fatigue strength and higher crack resistance of the sample.
This is the case for a quenched sample with higher surface hard-
ness (i.e. surface hardening) or thermal treatments such as carbur-
izing and nitriding. Through hardening, in contrast, builds tensile
stresses at the surface, but provides a more even hardness distribu-
tion in the cross section of the sample. This fact is interesting in our
case, because an inductive through-hardening process at low heat-
ing rates of 10 K/s shows a not completely homogeneous hardness
distributions in radial direction, as shown in Fig. 5(b). This is also
supported by the fact that the axial residual stresses near to the
surface (shown in Fig. 9) in the quenched state are under compres-
sive stresses, which is common for the surface hardened products
as mentioned before. The cause could be the skin effect of the
induction heating in this case, which concentrates the heat to the
surface region of the sample. The skin depth for induction heating
by about 15 kHz for 50CrMo4 is estimated to several lm in the sur-
face region.

Comparable results were also found in a case study [29] of AISI
1045 steel with similar C and Mn contents and a ferritic-perlitic
initial microstructure that was quenched from 850 to 20 �C in
11 s under pressurized water. The samples of that cases study
had similar geometry to that used in the present work and showed
the same residual stress distribution in the radial direction of the
symmetry plane. S45C and SAE 1052 steel samples – again with
similar C content – investigated in [29] also exhibit this distribu-
tion of residual stresses, but with a larger diameter (Ø50,
51 mm) of a cylindrical sample. While these steels all had similar
C contents as the one used in this work, their alloying elements dif-
fer considerably. This supports the previously stated hypothesis
that different chemical compositions (albeit similar C content) of
a steel can provide a similar residual stress distribution of a sample
by varying the other influencing parameters.

The quenching rate is also an important parameter, which
defines the completeness of the martensitic transformation and it
can lead to different retained austenite contents of the resulting
martensite. This completeness means that the entire austenite
phase transforms into martensite, or that part of the austenite
phase transforms into bainitic ferrite or ferrite. This can happen,
if the cooling rate is not sufficient enough for the martensitic trans-
formation [8,9]. Therefore, the quenching rate is related to the
development and distribution of residual stresses, as mentioned
previously in this work. A continuous-cooling-transformation
(CCT) diagram provides a good basis for the discussion of effect
of different quenching rates visualising the phase evolution during
the cooling of a specific material and after an austenitizing heat
treatment. A reasonably compatible diagram (published in [30])
to the quenching presented in this work has been reused in
Fig. 10 with the permission of the authors.

The curves starting from a temperature of about 850 �C at
t = 10�1 s (Tstart) in Fig. 10 are the cooling curves with different
cooling rates. The hardness achieved in the hardened state is indi-
cated in the circles at the end of these curves. The hardness profile
shown in Fig. 5 (a) includes the hardness of the initial structure
(about 220 HV), the transition zone and the martensitic hardened
zone (about 700 HV). The cooling rate applied in this work was
set to about 88 K/s near the surface and 65 K/s near to the centre,
which corresponds to an undrawn curve in Fig. 10, which would
end at about 101 s. This suggests a higher hardness value then
8

the maximum value given in Fig. 10 (max. 703 HV), which is con-
sistent with the results shown in Fig. 5 (max. 760 HV).

The results of these studies from the literature are in line with
and supporting/validating the results shown in this work allowing
a detailed explanation of the microstructural changes and pro-
cesses undergoing in 50CrMo4 steel during a local inductive
quenching and tempering. These results assist to set an optimal
choice of future induction heat treatment parameters for the afore-
mentioned heat treatments and serve as validation data for future
computer simulations of similar heat treatments on 50CrMo4 steel.

5. Conclusions

This work presents the results of state-of-the-art analytical
methods dealing with the depth distribution of hardness, residual
stresses and retained austenite content in an inductively heat trea-
ted cylindrical sample of a 50CrMo4 steel. The inductive heat treat-
ment carried out comprises, on the one hand local inductive
austenitizing followed by water quenching and, on the other hand
inductive austenitizing followed by water quenching and subse-
quent inductive tempering followed by air cooling.

The following conclusions can be drawn from this work:

� The distribution of residual stresses in axial direction in the
cross section of 1) a locally hardened and 2) a locally hardened
and tempered steel rod was characterized by specific prepara-
tion of plate-like 50CrMo4 samples and HE-XRD using syn-
chrotron radiation in transmission mode. It should be noted
that the residual stress state is influenced by the relaxation of
the residual stresses in out-of-plane direction, which causes a
transverse strain during sample manufacturing. This method
was implemented successfully to be able to present the residual
stress and retained austenite distribution of the presented heat
treatments.

� The local through-hardening causes a complex distribution of a)
the hardness, b) the residual stresses and c) the residual austen-
ite phase fractions in the cylindrical samples. The presented
heat treatment and characterization results can be used as a
complex test case to validate multiphysics simulations of induc-
tion heat treatment for general applications of through harden-
ing processes.

� The near-surface region is under strong compression stresses,
which are unusual for through-hardening processes. This phe-
nomenon can be caused on the one hand be the skin effect on
the other by the volume changes in the centre of the sample
at the end of the quenching process forcing the surface towards
compression.
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� Segregations, stemming from the manufacturing of the mate-
rial, can be observed in the results of retained austenite content
and the residual stresses in axial direction at the inductively
austenitized and water quenched heat treated zone. In the seg-
regated areas the retained austenite content is lower and the
axial stresses are shifted towards tensile stresses due to their
lower Cr and speculated lower C content, causing theoretically
the local martensite start and finish temperatures also to higher
values.

� Comparing the results with the literature, it can be concluded
that the exact chemical composition of the sample has a less
significant influence on the residual stress development in the
samples than the sample geometry and/or the quenching rate.
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