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Abstract
Laser surface hardening provides for many advantages in terms of flexible production due to very localized and controlled energy
input into the material. Laser processing offers the possibility to treat surfaces in order to locally strengthen the areas that are
prone to fatigue cracking. It is well known that laser energy absorption depends on many parameters, e.g., the surface structure
and the surface orientation. The incident angle of the laser beam plays a key role in this regard. When complex geometries like
crankshaft fillets are treated, the surface cannot be considered a series of flat surfaces. Obviously, this leads to locally varying
degrees of energy absorption. In the present work, curved surface structures were chosen in order to analyze the impact of the
geometrical characteristics on surface and subsurface material properties after laser treatment. Microstructure evolution generally
was found to be similar for flat and curved geometries. However, even if higher absorption in the groove due to the illumination at
larger incident angles was expected, the outer parts of the curved geometry were not fully hardened. Thus, the increased effective
length of the complex geometry-treated and the larger heat-affected volume are expected to have a more dominant influence on
the final appearance of the subsurface microstructure. Eventually, for austenitization of the complete illuminated surface volume,
the energy density needs to be increased.
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1 Introduction

Laser beam processing is widely used in many fields and for
many applications today. Besides well-known applications,
e.g., welding, cutting, and drilling, where the material is heated
to temperatures above the melting point, several processes are
in operation, where the melting temperature is not reached, e.g.,
in laser hardening. In these cases, only solid to solid phase
transformations induce changes of mechanical properties [1].
During laser hardening, the temperature increase in the surface
region can be considered to be extremely rapid [2] compared
with conventional hardening methods like induction heating
[3]. Since the base material around the laser-illuminated area

acts as an effective heat sink, rapid cooling occurs (e.g., [1]). In
general, the transformation of the material from austenite to
martensite (e.g., [4]) and the precipitation effects (e.g., [5, 6])
can lead to surface hardening. The use of a laser beam as a heat
source in order to illuminate the surface provides the advantage
of a controlled and local heat input. However, the depths of the
hardened zone is mostly comparably narrow due to the limited
dwell time, which might not give enough time for microstruc-
tural transformations in deeper regions (e.g., [7]). It was shown
that the fast thermal cycle leads to a different microstructural
appearance compared with traditional heat treatments due to the
limited time for carbon diffusion (e.g., [8]) inherent to the rapid
laser processes. In consequence, ferrite islands can be present
although austenitization temperature was reached at the surface
and in subsurface areas [7].

One of the possible applications of laser hardening is seen
in crankshaft hardening, e.g., treatment of the fillet regions,
where currently traditional surface treatments (e.g., induction
heating, deep rolling) are used in order to prevent fatigue
cracking. Typically, microalloyed steels are used for crank-
shafts, such as 38MnSiVS5 [9–12] and 44MnSiVS6 [4],
respectively.
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The fillet region of a crankshaft shows a quite complex
geometry, which is curved in two ways and is typically
polished, which can decrease the laser beam energy absorp-
tion [13]. Typically, the laser beam illuminates a flat surface
for which the absorption values are known in general (e.g.,
[14]). However, the laser energy absorption depends also on
the local incident angle (e.g., [14]). This effect needs to be
considered in order to establish a reliable procedure for crank-
shaft hardening using the laser beam.

Eventually, the impact of complex geometrical condi-
tions, e.g., related to crankshaft fillets, on laser hardening
effectiveness and robustness must be understood in detail
in order to identify strategies for safe and reliable
treatments.

2 Methodology

2.1 Setup and materials

In order to investigate the impact of the surface geometries on
the characteristics of the heat-affected and hardened zones,
laser hardening experiments were conducted in the present
work using a laser beam emitted by an IPG fiber laser (max.
power of 15 kW) at a laser power of 2 kWand a round top-hat
beam shape of 9 mm diameter. The focal position was placed
at the material surface at z = 0 (Fig. 1). The feeding rate was
10 mm/s. No shielding gas was used. A microalloyed medium
carbon steel 38MnSiVS5 was investigated (Table 1). The av-
erage surface roughness of the polished surfaces was 0.5 to
1 μm.

Two surface geometries were studied to compare flat and
curved specimens (Fig. 1). Four specimens of both the curved
and flat specimens were produced. The milled groove simu-
lates a geometry similar to the fillet section of a crankshaft.
The radius of the groove of 4 mm at a depth of 2 mm results in
a groove width of 6.9 mm at the material surface.

The hardened surface regions were characterized on
specimen cross sections with respect to microstructure
and micro-hardness using optical microscopy and Vicker
hardness tests, respectively. Residual stresses and the in-
tegral width values were determined using X-ray measure-
ments transverse (x) and longitudinal (y) to the laser feed-
ing direction. For details regarding characterization, the
reader is referred to previously published work on the
topic [15].

2.2 Absorption calculation

The laser beam incident angle relative to the illuminated ma-
terial surface influences the local energy absorption. The
angle-dependent absorption coefficients applied in the present
work were extracted from [14] (Fig. 2).

The angles of incidence were calculated based on the shape
of the groove in 20 steps, and the related absorption coefficient
was determined (Fig. 3).

The absorption coefficients were then used as input for the
calculation of the locally absorbed energy. The absorbed en-
ergy was calculated for flat and curved surfaces, while the
absorption coefficient for the flat surface was considered to
be constant at a value of 0.31.

A circular top-hat beam profile was employed in the pres-
ent work. The total energy input along a specific evaluation
line (Fig. 4) was calculated.

The total energy input was accumulated based on
steps of 0.35 mm size. Since a top-hat beam was used,
the intensity (power per illuminated area) is assumed to

Fig. 1 Principle setup used for
laser beam hardening of a flat and
b curved surfaces

Table 1 Nominal chemical composition of 38MnSiVS5 (wt%, balance
iron)

C Mn Si V Cr Ni S Mo

0.38 1.4 0.61 0.11 0.13 0.09 0.061 0.03
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be constant across the entire beam. The input energy
was calculated to

E ¼ A � I � Nsec � l=vs ð1Þ
based on [16] and summed up for all time steps of laser
beam-surface interaction. In Eq. (1) the input energy E,
the absorption coefficient A, the local laser intensity I,
the number of sectors Nsec to sum up along the length l
of the laser beam at that position and vs the processing
velocity are considered.

3 Results

3.1 Energy distribution on the surfaces

The calculation of the energy absorption along a single, rep-
resentative evaluation line during beam illumination was con-
ducted for a flat and a curved surface (Fig. 5).

Due to the higher absorption coefficients at a given beam
incidence, e.g., for any angles deviating from zero, the
absorbed energy is slightly higher at curved surfaces.

3.2 Macrostructure and hardness

The macrostructures and hardness values were evaluated
within representative cross sections of flat and curved speci-
mens upon laser treatment (Fig. 6).

The hardened zones can be identified in the cross sections
due to the different optical appearance of the martensitic re-
gions compared with the base material. In parallel, the hard-
ness values reveal the transition from the hardened to the non-
hardened regions. Obviously, both characterization techniques
qualitatively reveal the same distinct features. The depths de-
termined from the optical micrographs and the hardness maps
are highlighted in Table 2.

Fig. 3 Absolute angles and
related absorption coefficients in
the groove

Fig. 4 The evaluation line being the basis for energy absorption
calculation

Fig. 2 Angle-dependent absorption coefficients according to [14]
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The maximum hardness values measured were
942 HV0.05 (flat surface) and 943 HV0.05 (curved sur-
faces). The variations within the hardness maps shown
in Fig. 6 reveal very similar patterns for flat and curved
surfaces.

3.3 Residual stress analysis

The X-ray measurements conducted in the middle of the
groove revealed in-depth information on both residual stress
and the integral widths (Fig. 7).

The residual stress values are characterized by pronounced
scatter within the hardened zones. This is in line with previous
studies on a similar steel grade. Due to the extremely rapid
nature of laser treatment, the material is not fully austenitized,
and ferrite islands remain due to the limited time for carbon
diffusion [7]. In case of the present work, the absolute values
are similar for both surface geometries. However, the transi-
tion zones, e.g., the areas, in which the compressive stresses
turn into tensile stresses, seem to be slightly different. The
transition of compressive to tensile residual stresses appears
smoother for the flat specimens compared with the curved
ones. In addition, the maximum depths of compressive resid-
ual stresses of 899 μm± 24 μm (flat) and 776 μm± 5 μm

Fig. 6 Microstructure analysis by
optical microscopy of the
hardened region (top) and
hardness distribution (bottom) for
flat and curved surfaces

Fig. 5 Distribution of the local energy input for the flat and curved
surfaces

Table 2 Maximum depths of the laser hardened zones for flat and
curved surfaces including sample standard deviations

Max. depth Optical microscopy Hardness maps

Flat 890 μm± 6.5 μm 897 μm± 4 μm

Curved 719 μm± 75 μm 706 μm± 17 μm
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(curved) differ for both specimen types. Integral width values
in both cases support the findings related to residual stress and
hardness.

4 Discussion

In the “Results” section, it is shown that the laser-hardened
zones of the flat and the curved specimen geometries are in
general very similar. By optical microscopy, hardness mea-
surements and X-Ray analysis, it was revealed that surface
layers are characterized by very similar characteristics and
dimensions when the cross-sectional view is considered
(Figs. 6 and 7, Table 2). The heat-affected zones were deter-
mined based on the presence of martensite (optical microsco-
py), hardnessmaps, residual stress measurements, and integral
width profiles. This clearly indicates that for identification of
the depths of the hardened zones, either method can be used.
Since very similar maximum hardness values were seen for
curved and flat surfaces, it can be concluded that there is no
significant impact of the surface shape on the overall micro-
structure evolution and phase transformationmechanisms, up-
on laser processing.

Although a top-hat beam was used, the energy input differs
within the hardened zone (Fig. 5). In the center of the laser-
treated surface, most energy is absorbed resulting in highest
hardened depths. This was seen in the center of the hardened
tracks for both surface shapes. The slightly higher absorption
values at the curved surface (Fig. 5) did not result in a higher
hardened depth as initially expected. Since surface prepara-
tion, and thus, the surface roughness was similar for the flat
and curved surfaces, and as the processing conditions were the
same for both conditions, other factors must be responsible for
the discrepancy. One impact factor can be the laser beam focal
position. As the curved surface is characterized by an absolute
depth (specimen surface to lowest point in the groove) of
2 mm (Fig. 1), laser energy is delivered at different focal
planes along the groove. As the focal position was the same
as in case of the flat specimen, the intensity values in the
center can be lower than on the flat surface. Therefore, the
effective intensity of the laser beam is reduced as the laser
has to heat up a larger surface, and thus, a larger specimen
volume in case of the curved geometry. As the laser power
was kept constant throughout the present study, this most
dominant influencing factor led to an incomplete
austenitization of the outer areas of the groove and a decrease
of depth of the heat-affected zone in general.

While the absolute hardness values within the direct vicin-
ity of the surface and the residual stress values are similar in
case of the flat and curved surfaces, a smoother transition of
the residual stresses for the flat surface was found. As already
discussed before, the complex geometry of the groove does
not only result in an enlarged surface area, which is illuminat-
ed by the laser beam, but also leads to an enlarged volume of
the underlying base material. In fact, this leads to a strongly
promoted heat dissipation, so that only a smaller sub-surface
area is austenitized. Thus, martensitic transformation is limit-
ed to smaller specimen volumes leading to the changes in
residual stress and hardness profiles as revealed by the results
presented in the present work (Fig. 6). Since the residual stress
development during laser hardening mainly depends on the
martensitic transformation and the corresponding temperature
gradient, a more pronounced influence of the bulk material as
the heat sink compared with the flat surface can be derived
from the present results for the curved specimen condition.
This effect can be also seen by comparing the transition zones
of the different geometries in Fig. 7. For the complex geom-
etry, an abrupt transition of the corresponding residual stress
state can be observed.

4.1 Conclusions

The results of the present work focusing on the impact of
different surfaces treated by a laser beam to induce hardening
revealed:

Fig. 7 Residual stress and integral width profiles (along the center of the
hardened zone/center of the groove) for laser-hardened flat (top) and
curved (bottom) surfaces
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The depth of a hardened zone can be measured in cross
sections, hardness distributions, or residual stress curves since
comparable values were identified.

No significant impact of the surface shape on the micro-
structural development characteristics could be identified,
which means that the assumption of a significant impact of
the angle-dependent laser beam absorption was not seen in
this case.

The defocusing of the laser beam in the groove along with
the locally reduced laser beam intensity seems to lead to a
wider heat input that decreases the effect of the expected
higher absorption in a groove due to the illumination at larger
incident angles.

The enlarged laser illuminated area results in an enlarged
underlying volume of the base material, which promotes the
self-quenching process and thus leads to an increased thermal
influence. This results in a less material transformed into aus-
tenite and martensite in the edge regions of the hardened zone,
which also affects the residual stress states.
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