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Abstract: Knowledge of the relationships between thermomechanical process loads and the resulting
modifications in the surface layer enables targeted adjustments of the required surface integrity
independent of the manufacturing process. In various processes with thermomechanical impact,
thermal and mechanical loads act simultaneously and affect each other. Thus, the effects on the
modifications are interdependent. To gain a better understanding of the interactions of the two loads,
it is necessary to vary thermal and mechanical loads independently. A new process of laser-combined
deep rolling can fulfil exactly this requirement. The presented findings demonstrate that thermal
loads can support the generation of residual compressive stresses to a certain extent. If the thermal
loads are increased further, this has a negative effect on the surface layer and the residual stresses
are shifted in the direction of tension. The results show the optimum range of thermal loads to
further increase the compressive residual stresses in the surface layer and allow to gain a better
understanding of the interactions between thermal and mechanical loads.

Keywords: deep rolling; laser treatment; residual stresses; process signatures

1. Introduction

It is well known that during thermomechanical processes, a wide range of surface
modifications result and affect the surface integrity [1]. In order to make a prediction
concerning the functional properties of a workpiece, it is necessary to understand the
relationships between the loads and the resulting material modifications. The loads can
occur individually and in combination [2]. These relationships can be determined via
changes in state variables and described in models. In the future, it should be possible to
adjust the required surface integrity by a targeted selection of the manufacturing process
and its process parameters. This solution to the inverse problem is gaining more and
more attention in both, academics and industry. Load-oriented approaches to predict the
resulting surface integrity of manufacturing processes instead of process parameter-based
approaches are currently presented e.g., by Brinksmeier et al. [2]. The innovative approach
of the so-called Process Signatures should make it possible to draw conclusions about the
resulting modifications independently of the manufacturing process and only by means of
internal material loads prevailing in the workpiece [3,4].

For example, Kämmler et al. have developed a Process Signature component for the
deep rolling process [5]. The internal material loads were analysed based on the Hertzian
contact conditions and the modifications considered were the residual stress change at the
surface. In addition, Frerichs et al. managed to establish a Process Signature component
for processes with thermal load. It was found that the maximum temperature gradient is
appropriate to describe the resulting residual stresses [6].

For a better understanding of the modifications induced by thermomechanical pro-
cesses, it is necessary to be able to adjust the two acting loads independently. For most
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thermomechanical processes this is not possible, because the change of one process variable
leads to a change of the thermal and mechanical load at the same time. Independent
variation of the loads is possible with the newly introduced laser-combined deep rolling
process [7]. Here, the laser couples the thermal loads into the workpiece. Deep rolling is
used in this process as it offers the possibility to introduce mechanical loads into the work-
piece [8,9]. By combining these processes, it is possible to vary both loads independently of
each other and thus to consider the interactions in a targeted manner.

A large amount of research has already been carried out on laser-assisted processes.
However, the focus of these works was mostly on the optimization of the process, the
reduction of tool wear or the increase of the lifetime of the processed workpieces [10–16].
The fundamental consideration of how thermal and mechanical loads interact has not been
fully investigated to date. Studies by Maier used the process of laser-combined deep rolling
to prove that the consideration of thermal loads during grinding is sufficient to make a
prediction of the structural changes in the subsurface layers [17]. The investigations show that
the mechanical loads have no influence on the formation of new microstructural changes.

In his work, Cherif was able to demonstrate the positive influence of deep rolling
at elevated temperatures on the stability of the residual stresses. With these more stable
residual stresses, he shows an increase in life under alternating load [18]. In this case, the
workpieces were heated by induction heating and the temperature was kept constant. In
thermomechanical processes, however, there is always a heat source that moves over the
workpiece surface and thus high temperature gradients are acting during the processes.
The correlation of different temperature gradients, which are realized by laser heating, with
varying mechanical loads and the achievable modifications are examined in detail for the
first time in this paper.

2. Materials and Methods
2.1. Material, Heat Treatment, and Specimen Geometry

The investigations were performed with the material AISI 4140 (42CrMo4). The
analysed material is well studied and comprehensive data (including common thermal
and mechanical properties of this steel) also from other publications are available [19].
Furthermore, publications aiming specifically at the generation of process signatures
mainly use an AISI4140. For a better transferability comparable heat treatment condition
were chosen. In addition, this steel is used for highly stressed components, where the
combination of high strength and wear resistance with toughness is especially important.
The chemical composition of the material is shown in Table 1. Cylindrical specimens were
heat treated including austenitizing at 850 ◦C for 2 h, oil quenching to 60 ◦C, and tempering
at 400 ◦C for 4 h. The diameter of the specimens before pre-machining was 58 mm. Prior to
deep rolling, the workpieces were turned to a diameter of 57.5 mm with a depth of cut of
ap = 0.4 mm, a feed of f = 0.2 mm, and a cutting speed of vc = 900 m/min. The length of
the specimen was 100 mm.

Table 1. Composition of AISI 4140 in weight percent.

Notation C Cr Ni Mo Si Mn

AISI 4140
42CrMo4 0.43 1.09 - 0.25 0.26 0.74

2.2. Experimental Setup and Analysis

The deep rolling process, which realizes the mechanical load in this process, was per-
formed using a mechanically supported deep rolling tool from Ecoroll AG Werkzeugtech-
nik. The diameter of the roll was 55 mm with a rounding radius of 1 mm and a tilt angle of
1.5◦. The thermal load was applied to the workpiece using a 12 kW disk laser from Trumpf.
The wavelength of the laser was 1030 nm. It was applied to the workpiece surface using a
line optic (width 0.5 mm perpendicular to rolling direction; length 10 mm parallel to rolling
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direction) and a robot arm. During processing, oxidation, which would affect the coupling
of the laser and the measurement of the surface temperature, was prevented by supplying
inert gas. Figure 1 shows the experimental setup.
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Figure 1. Schematic experimental setup for laser-combined deep rolling.

The deep rolling force was measured via an analogue gauge integrated in the deep
rolling tool EG45, which recorded the deflection of the tool and was able to indicate the deep
rolling force by means of a defined spring characteristic. By using a Metis M3 22 quotient
pyrometer from SensoTherm GmbH, it was possible to measure the surface temperature
on the reflective workpiece surface in a range of 350–1300 ◦C without contact.

In order to record the influence of the thermal load on the modifications during
thermomechanical processing, four different laser powers were selected at three fixed deep
rolling forces. Table 2 lists the individual parameters.

Table 2. Parameters for laser-combined deep rolling process.

No. Deep Rolling
Force Fr

Laser Power PL
Circumferential Speed
of the Workpiece vcw

Feed f

1 900 N 0/240/380/550/725 W 7.28 m/min 0.4 mm
2 1600 N 0/240/380/550/725 W 7.28 m/min 0.4 mm
3 3000 N 0/240/380/550/725 W 7.28 m/min 0.4 mm

Each experiment was carried out in such a way that a deep rolled track width of 10 mm
was achieved. This ensured that no edge effects could falsify the subsequent measurement
of the residual stresses, performed in the center of the tracks.

To determine the required maximum temperature gradients, a numerical simulation
of the temperature fields was performed. The software Sysweld from ESI Group’s and
the model of the moving heat source with an area of 5 mm2 was used. The 3D simulation
was carried out with a total of 10800 3D elements with 8 Gaussian points each. The
dimension in the depth is 33 µm and on the surface 27 µm. The entire mesh consists of
a total of 12348 nodes. The simulated element is 30 mm long, 10 mm deep and 5 mm
wide. In addition, the mirror symmetry with regard to the axis was used. The value of 44%
was set as the coefficient of coupling for the laser. The resulting maximum temperature
gradient perpendicular to the workpiece surface and the corresponding maximum surface
temperatures for the individual laser powers which were recorded during the process
using the quotient pyrometer are listed in the Table 3. However, due to the spatial distance
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between the contact zones of the laser and the deep rolling tool, this maximum surface
temperature is not exactly the temperature of the surface under the deep rolling tool but
rather the maximum effective temperature during the entire process.

Table 3. Maximum temperature gradient and surface temperature for all laser power.

Laser Power L Max. Surface Temperature
TS,max

Max. Temperature Gradient
(∂T/∂z)max

240 W 330 ◦C 740 K/mm
380 W 450 ◦C 1040 K/mm
550 W 600 ◦C 1495 K/mm
725 W 750 ◦C 2230 K/mm

The roughness measurements (ISO 25178) were carried out with the tactile roughness
measuring device Surftest SV-3200 (Mitutoyo Deutschland GmbH, Neuss, Germany).
The control of the measuring system and evaluation was performed with the software
“Formtracepeak V5”. A probe with a radius of 2 µm and a tip angle of 60 ◦ was used to
determine the roughness.

For metallographic analysis, individual sections were eroded from the processed area
and embedded for preparation. These were then ground and polished. The contrast after
etching with 3% alk. nitric acid makes a potential microstructural transition visible.

The X-ray tensiometric residual stress measurements were performed with a computer-
controlled five-circle theta-2theta diffractometer Seifert XRD MZ VI E from GE Inspection
Technology using a vanadium-filtered Cr-Kα X-ray (λ = 0.2291 nm). A primary beam objective
with a diameter of 2 mm and a linear position-sensitive detector of the type Meteor 1D were
used for the measurements. The sin2Ψ method was used to determine the residual stresses
perpendicular and parallel to the rolling direction [20]. The X-Ray elastic constans E = 220,000
MPa and ν = 0.28 were used to determine the stress under the assumption of normal stress
being σzz = 0 MPa [19]. In order to record residual stress profiles, the required thickness
was removed without any additional load with the help of an electrolyte of phosphoric and
nitric acid after a successful measurement. After the removal, the residual stresses that had
previously existed at the given depths are revealed on the new surface. This technique ensures
that no additional loads influence the residual stresses.

3. Results
3.1. Surface Topography

The combination of thermal load and mechanical impact is expected to influence the
deformation and thus the smoothing of the surface. After pre-machining by turning, the
initial roughness was Ra = 1.95 µm & Rz = 7.85 µm. The roughness (Ra and Rz) achieved
at different temperatures and deep rolling forces are shown in Figure 2, which can also be
found in Supplementary Material Roughness Data. It can be seen that the deep rolling force
has a significant influence on the roughness. Thus, the roughness is reduced the most at
the highest deep rolling force. With increased laser power or surface temperature, further
reduction is observed. However, this effect is not as significant as with the variation of the
deep rolling force.
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Figure 2. Roughness of samples with different thermomechanical loadings.

3.2. Microstructure

Besides the topography, the combinations of thermal and mechanical loads may affect
the microstructure in the layers beneath the surface in different ways. The surface layers of
the individual specimens, which were treated with varied thermomechanical loads were
showed in Figure 3.
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Remaining peaks and valleys from the turning process (ft = 250 µm) are still visible
at Fr = 900 N, whereas the deep rolling process at Fr = 3000 N has smoothed them out.
Considering the larger scale of magnification, a white layer, which has a thickness of
a few µm, is visible in all experiments. Since this layer appears even in tests without
laser machining, it can be assumed that the turning operation applied a corresponding
thermal load. The effect of further smoothing of the roughness peaks with simultaneous
thermal application is not observed. The comparison of the test with the lowest (Fr = 900 N;
TS,max = 25 ◦C) and the highest (Fr = 3000 N; TS,max = 750 ◦C) thermomechanical loads illus-
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trates that no microstructural changes occur on the microstructure level due to differently
applied thermomechanical loads.

3.3. Residual Stresses

Residual stresses are a result of the plastic deformation within the surface and sub-
surface layers. The deformation is expected to be dependent of the applied mechanical
load and also the temperature. The residual stress depth profiles of the experiments, which
can also be found in the Supplementary Material Residual Stress Data, with different
deep rolling forces and different temperatures are shown in Figure 4 (900 N deep rolling
force) and Figure 5 (3000 N deep rolling force). The surface residual stresses measured
in the rolling direction show a typical trend that occurs during a conventional thermal
surface treatment. As the surface temperature is increased, the surface residual stresses
are shifted more and more in the tensile region. When the experiment is performed with a
constant deep rolling force of 900 N and no use of the laser, compressive residual stresses
of −440 MPa occur at the surface. The maximum surface temperature of 750 ◦C at the same
deep rolling force leads to tensile residual stresses of 900 MPa at the surface. The highest
compressive residual stresses are obtained at 50 µm below the surface for all the lower deep
rolling forces. The same trend is obtained for a higher rolling force of 3000 N deep rolling
force. For conventional deep rolling without temperature increase by the laser, residual
stresses of −400 MPa appear at the surface and 540 MPa at the highest temperature. The
depth of the maximum residual compressive stresses with the use of a temperature of
25 ◦C, 330 ◦C, and 450 ◦C on the surface occurring in this case is z = 70 µm. With increasing
the temperature the maximum residual compressive stresses occur in z = 350 µm.
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Figure 4. residual stress depth distribution parallel to the rolling direction for TS,max = 25 ◦C, 330 ◦C, 450 ◦C, 600 ◦C and
750 ◦C with the deep rolling force Fr = 900 N.
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Figure 5. residual stress depth distribution parallel to the rolling direction for TS,max = 25 ◦C, 330 ◦C, 450 ◦C, 600 ◦C and
750 ◦C with the deep rolling force Fr = 3000 N.

Figures 6 and 7, also available in Supplementary Material Residual Stress Data, show
the residual stress depth profiles perpendicular to the rolling direction with different
thermal loads and the same mechanical forces as in Figures 4 and 5. It is evident that in
both cases, up to a maximum surface temperature of 330 ◦C there is an enhancing effect
in the introduction of compressive residual stresses due to the mechanical loads. At a
deep rolling force of 900 N, an increase from −270 MPa to −390 MPa is observed. At a
deep rolling force of 3000 N, the effect is less significant, resulting in a smaller increase
from −150 MPa to −190 MPa (Figure 7). As in the work of [14,18], a further increase in
temperature above 330 ◦C shows a negative influence on the development of residual
stresses, which shifts the entire residual stress profile in the tensile direction. The depth
of the maximum compressive residual stresses occurring is not changed by the thermal
component and occurs at z = 50 µm (Fr = 900 N) and z = 300 µm (Fr = 3000 N) for all
thermal loads.

J. Manuf. Mater. Process. 2021, 5, x 7 of 11 
 

 

 
Figure 5. residual stress depth distribution parallel to the rolling direction for TS,max = 25 °C, 330 °C, 
450 °C, 600 °C and 750 °C with the deep rolling force Fr = 3000 N. 

Figures 6 and 7, also available in Supplementary Material Residual Stress Data, show 
the residual stress depth profiles perpendicular to the rolling direction with different ther-
mal loads and the same mechanical forces as in Figures 4 and 5. It is evident that in both 
cases, up to a maximum surface temperature of 330 °C there is an enhancing effect in the in-
troduction of compressive residual stresses due to the mechanical loads. At a deep rolling 
force of 900 N, an increase from −270 MPa to −390 MPa is observed. At a deep rolling force of 
3000 N, the effect is less significant, resulting in a smaller increase from −150 MPa to −190 MPa 
(Figure 7). As in the work of [14,18], a further increase in temperature above 330 °C shows a 
negative influence on the development of residual stresses, which shifts the entire residual 
stress profile in the tensile direction. The depth of the maximum compressive residual stresses 
occurring is not changed by the thermal component and occurs at z = 50 µm (Fr = 900 N) and 
z = 300 µm (Fr = 3000 N) for all thermal loads. 

 
Figure 6. residual stress depth distribution perpendicular to the rolling direction for TS,max = 25 °C, 
330 °C, 450 °C, 600 °C and 750 °C with the deep rolling force Fr = 900 N. 

-800

-600

-400

-200

0

200

400

MPa

800

0 100 200 300 400 500 µm 700

Pa
ra

lle
l r

es
id

ua
l s

tr
es

se
s
σ I

I

Depth below surface z

3000N 25°C 3000N 330°C 3000N 450°C 3000N 600°C 3000N 750°CFr = 3000 N 
TS,max = 25 °C

Fr = 3000 N 
TS,max = 330 °C

Fr = 3000 N 
TS,max = 450 °C

Fr = 3000 N 
TS,max = 600 °C

Fr = 3000 N 
TS,max = 750 °C

−

−

−

−

1000

800

600

400

200

MPa

200

0 100 200 300 400 500 µm 700

Pe
rp

en
di

cu
la

rr
es

id
ua

l s
tr

es
se

s
σ ⊥

Depth below surface z

900N 25°C 900N 330°C 900 N 450°C 900N 600°C 900N 750°CFr = 900 N 
TS,max = 25 °C

Fr = 900 N 
TS,max = 330 °C

Fr = 900 N 
TS,max = 450 °C

Fr = 900 N 
TS,max = 600 °C

Fr = 900 N 
TS,max = 750 °C

−

−

−

−

−

Figure 6. residual stress depth distribution perpendicular to the rolling direction for TS,max = 25 ◦C, 330 ◦C, 450 ◦C, 600 ◦C
and 750 ◦C with the deep rolling force Fr = 900 N.
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Figure 7. residual stress depth distribution perpendicular to the rolling direction for TS,max = 25 ◦C, 330 ◦C, 450 ◦C, 600 ◦C
and 750 ◦C with the deep rolling force Fr = 3000 N.

4. Discussion

Consideration of the roughness may indicate that the main influence on the surface
and subsurface is the mechanical load. However, it can be observed that with increase of
the thermal component the roughness can be further improved. This can be attributed to
the reduction of the yield strength, which allows the mechanical load to cause a higher
plastic deformation, thus further smoothing the roughness peaks.

The experiments presented in this paper have not produced any significant changes
of the microstructure at any of the different applied thermomechanical loads. It is assumed
that the maximum temperature gradients were too high to generate required temperatures
sufficient amount of time to cause thermally induced microstructural changes.

When considering the residual stress depth profiles, it becomes clear that different
effects occur for residual stresses in the parallel and perpendicular direction. Residual
stresses parallel to the rolling direction are influenced by thermal effects in a more pro-
nounced way. As the temperature increases, the thermally induced relaxation of the stress
state in the workpiece is increased and the residual stresses are shifted to the tensile regions.
This can be explained by the way of application of the laser power into the workpiece.
The laser optics have a length in the parallel direction of l = 10 mm and a width in the
perpendicular direction of b = 0.5 mm. The simulation of the laser process shown in
Figure 8 with the dimensions of the laser optics used in this work confirm this assumption.
The sensitivity of the residual stresses parallel to the rolling direction to thermal influences
is much higher than perpendicular to them and thermal relaxation effects predominate
over mechanically induced plastic deformation.
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Figure 8. Numerically assessed residual stresses parallel and perpendicular to rolling direction caused by laser heating
(Fr = 0 N; PL = 750 W; vcw = 7.28 m/min); available in Supplementary Material Residual Stress Data.

The results of the residual stress measurements perpendicular to the rolling direction
show an optimum range for surface temperature of 330 ◦C. A reduction in yield strength
at these temperature allows increased plastic deformation, resulting in higher compres-
sive residual stresses. At elevated temperatures, thermally induced dislocation motion is
possible, leading to reorientation and annihilation of dislocations and finally relaxation of
stresses in the workpiece. If the tempering temperature is considered at which the heat
treatment was performed, it becomes clear that in the experiments with TS,max = 450 ◦C,
600 ◦C and 750 ◦C the tempering temperature of 400 ◦C is exceeded, leading to a contin-
uation of the tempering process. This mechanism also leads to a reduction in residual
compressive stresses throughout the depth of the workpiece.

Referring to the approach by Brinksmeier et al. mentioned in the introduction, the
obtained results can be used to create specific Process Signatures considering the thermal in-
ternal material load (maximal temperature gradient) and its dependency of the mechanical
load during the deep rolling process (Figure 9). It becomes obvious that the two directions
in which the residual stresses are analysed are influenced by the geometry of the laser
optics, and thus the residual stresses perpendicular to the rolling direction are much more
influenced by the mechanical stress and an interesting reversal point can be seen in the
introduction of residual stresses.

The thermal influence on the residual stresses becomes apparent when considering
the depth profiles of the residual stresses perpendicular to the rolling direction depending
on the loads due to the thermal effect. At constant mechanical load and an increase of
the thermal load, there is an increase of the compressive residual stresses before a further
increase of the stress due to the thermal load leads to a shift of the residual stresses towards
tension. The cause of the increase in compressive residual stresses can be assumed to be
the reduction of the yield strength as a result of the increased stress due to the thermal load,
which results in greater plastic deformation and thus a higher mechanical process effect for
an identical deep rolling force. An increasing stress due to the thermal load over the laser
power PL, on the other hand, leads to a reduction of the residual compressive stresses at
the surface due to the associated dislocation rearrangement and annihilation.

The correlations shown in Figure 9 for the quenched and tempered (QT) and addition-
ally for the ferritic/pearlitic (FP) microstructure indicates that the slope of the curves in
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case of the surface residual stresses parallel to the rolling direction differ. It is clear from
this diagram that the use of different maximum temperature gradients in the FP structure
has a smaller effect on the propagation of the residual surface stresses than for a quenched
and tempered state. This can be explained by the different thermal conductivities and yield
strengths of the two heat treatment states.
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5. Conclusions

The presented experimental results indicate that a wide range of residual stress profiles
can be achieved by using a laser for the introduction of residual stresses during deep rolling.
Up to a temperature of 330 ◦C, the compressive residual stresses perpendicular to the rolling
direction can be further increased compared to conventional deep rolling. However, if the
temperature is increased, the effect of stress relaxation increases and the residual stress
profiles are shifted in the tensile direction.

Based on the findings presented in this work, the positive effect on the yield strength
is to be used specifically in future investigations to adjust residual stress depth profiles
in a targeted manner. For this purpose, experimental work is to be carried out using
temperatures below the critical temperature of approx. 330 ◦C and different temperature
gradients, thus modifying the material properties to different depths.

In addition, a process signature component for the laser-combined deep rolling process
was established within the context of this paper. This procedure represents the first step
towards being able to describe all thermo-mechanical processes in this way in the future
and thus to predict the resulting modifications based entirely on the prevailing loads during
the process. With the help of laser-combined deep rolling, it will also be possible in future
work to better understand the interactions between the mechanical and thermal loads and
to use this knowledge for all other thermo-mechanical processes.
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