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Abstract
Deep rolling is a powerful tool to increase the service life or reduce the weight of railway axles. Three fatigue-resistant 
increasing effects are achieved in one treatment: lower surface roughness, strain hardening and compressive residual stresses 
near the surface. In this work, all measurable changes introduced by the deep rolling process are investigated. A partly deep-
rolled railway axle made of high strength steel material 34CrNiMo6 is investigated experimentally. Microstructure analyses, 
hardness-, roughness-, FWHM- and residual stress measurements are performed. By the microstructure analyses a very 
local grain distortion, in the range < 5 µm, is proven in the deep rolled section. Stable hardness values, but increased strain 
hardening is detected by means of FWHM and the surface roughness is significantly reduced by the process application. 
Residual stresses were measured using the XRD and HD methods. Similar surface values are proven, but the determined 
depth profiles deviate. Residual stress measurements have generally limitations when measuring in depth, but especially 
their distribution is significant for increasing the durability of steel materials. Therefore, a numerical deep rolling simulation 
model is additionally built. Based on uniaxial tensile and cyclic test results, examined on specimen machined from the edge 
layer of the railway axle, an elastic–plastic Chaboche material model is parameterised. The material model is added to the 
simulation model and so the introduced residual stresses can be simulated. The comparison of the simulated residual stress 
in-depth profile, considering the electrochemical removal, shows good agreement to the measurement results. The so vali-
dated simulation model is able to determine the prevailing residual stress state near the surface after deep rolling the railway 
axle. Maximum compressive residual stresses up to about -1,000 MPa near the surface are achieved. The change from the 
induced compressive to the compensating tensile residual stress range occurs at a depth of 3.5 mm and maximum tensile 
residual stresses of + 100 MPa at a depth of 4 mm are introduced. In summary, the presented experimental and numerical 
results demonstrate the modifications induced by the deep rolling process application on a railway axle and lay the founda-
tion for a further optimisation of the deep rolling process.

Keywords Mechanical surface treatment · Deep rolling · Railway axle · 34CrNiMo6 · Residual stress · Finite element 
method

Introduction

The manufacturing process of railway axles can lead to 
residual stresses in the component, whereas they are often 
unevenly distributed in the circumference of the railway 
axle. Both positive tensile and compressive residual stresses 
can occur. These have a significant influence on the compo-
nent lifetime, crack initiation and crack propagation [1–3]. 
A defined residual stress condition in the near-surface area 
can be accomplished by post-treatments. A well-suited and 
often used process is the mechanical treatment deep roll-
ing. The process is very popular due to its easy integration 
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into the manufacturing process, its cost-effective application 
and the effective treatment depth achieved, compared to shot 
peening and others [4–7].

The process is used in many different industries in addi-
tion to railway applications, like in the automotive industry, 
aerospace, power generation and also medical applications 
[7–10]. While in other fields some research results have 
been published, but even in limited quantities, there are still 
few research results investigating the deep rolling process 
applied on railway axles [11–15].

During the process application, a deep rolling tool is 
pressed onto the rotating surface of the component and 
moved in the feed direction. In the contact area, the mate-
rial plasticises in the area near to the surface. This achieves 
three main benefits in one process application. Surface 
roughness is reduced, the near-surface area is strain hard-
ened and defined compressive residual stresses are intro-
duced. Figure 1 shows a typical residual stress in-depth 
profile after deep rolling. Near the surface, the maximum 
residual compressive stresses occur. Below this point, the 
residual compressive stresses reduce until they change to 
the compensating range of tensile residual stress with the 
zero crossing [7].

Depending on the material, the different mechanisms 
have a fatigue life-increasing effect. Although lower sur-
face roughness has a positive effect on all materials, the sig-
nificance of work hardening and residual stresses is yield 
strength and material dependent. Work hardening is more 
significant for materials with low yield strength, but also for 
high strength titanium alloys. For materials with a high yield 
strength, like the investigated steel 34CrNiMo6, the com-
pressive residual stresses have a higher positive impact on 
the fatigue behaviour [6, 8, 16]. The application of the pro-
cess has been investigated in several publications. However, 
due to the strong material dependency, a differentiation to 

the investigated material must be made. There are investiga-
tions for titanium alloys [10, 17], aluminium alloys [18, 19] 
and different steel types, including stainless steels [20–22]. 
The data available for high-strength steels are in general very 
limited [23, 24].

The process is mainly applied to rotationally symmetrical 
components, although applications to flat surfaces and also 
to welds are considered and investigated in the literature 
[19, 25, 26]. In addition, attempts are made to combine the 
process with other post-treatment processes [27–30] and 
applications at different temperatures [21, 31–33].

In the design standards for cyclically loaded components, 
such as the DIN 743 [34] or FKM guideline [35], the consid-
eration of post-treatment processes is only considered to a 
very limited extent and is only permissible for small diame-
ters due to the limited available data. This means for railway 
axles that the service life-increasing and subsequently also 
weight-reducing effect of the deep rolling process applica-
tion can basically not be exploited.

Modern design approaches, based on works such as [36], 
go one step further and allow the consideration of post-treat-
ment processes. For its application, a detailed knowledge of 
the hardness and residual stress depth profile is necessary. 
Although the hardness-depth distribution can be measured, 
the residual stress depth curve is comparably difficult to 
establish. Especially the knowledge of the prevailing resid-
ual stresses at the surface, the depth of the zero crossing 
and the depth and amount of the tensile residual stresses 
is important. These have an influence on the local fatigue 
behaviour and location where a fatigue crack starts to grow 
[37]. Near the surface, residual stresses can be determined 
with both common measurement methods, hole-drilling 
(HD) and X-ray diffraction (XRD) method. However, the 
zero-crossing cannot be determined by the two measurement 
methods accurately. With the HD method, the maximum 
measurement depth is not sufficient. To determine a depth 
profile using XRD, the material must be electrochemically 
removed between the measurement steps. This removes 
the material with compressive residual stress and thus also 
reduces the compensating tensile residual stresses beneath. 
This means that the zero crossing and also the tensile resid-
ual stress area cannot be measured using XRD method [1, 
10, 38, 39].

The prevailing residual stresses can be determined 
with the help of a digital model of the process. Different 
approaches to simulate the happening during and after the 
deep rolling process application can be found in the litera-
ture. Analytical approaches [40–42], classical FE methods 
[43–46] and accelerated FE methods are published [47, 48]. 
The highest quality of results can be expected from simu-
lation using the classical FE method, but also the greatest 
computational effort and calculation time. The simplified 
representation of the process in a 2D simulation does not Fig. 1  Typical residual stress in depth profile after deep rolling



International Journal of Material Forming (2023) 16:51 

1 3

Page 3 of 22 51

provide satisfactory results [49, 50], the simulation in 3D is 
more promising.

However, within the framework of the presented research 
work, a 3D simulation model of the deep rolling process is 
built as realistically as possible. Specimens are machined 
from the railway axle and uniaxial tensile and cyclic tests are 
conducted. Based on the results, an elastic plastic Chaboche 
material model [51–53] is parameterised for the investigated 
material 34CrNiMo6 and applied to the simulation model. 
The difficulty is the appearance of multiple non-linearities. 
The simulation is validated with measurement data consid-
ering the electrochemical removal and thus the possibility 
is created to determine the residual stress state occurring in 
the component after the deep rolling process application.

To round up the effect of the deep rolling process on 
the railway axle, all detectable changes listed in [9] are 
investigated. In addition to the residual stress and hard-
ness measurements already mentioned, the influence on the 
microstructure, roughness and work hardening, by means of 
FWHM values, are investigated and the results are presented.

Therefore, the scientific contribution can be stated as 
follows:

• Comprehensive experimental investigation of modifica-
tion of local properties accused by the deep rolling pro-
cess application

• Detailed investigation and comparison of the most com-
mon residual stress measurement techniques

• Presentation of a comprehensively validated numerical 
simulation model of the deep rolling process

• Numerical consideration of the electrochemical removal 
in the simulation to ensure comparability to measurement 
results by XRD technique

• Reliable numerical assessment of the in-depth residual 
stress profile with special focus on the highest occurring 
compressive and tensile residual stress values and the 
depth of zero crossing

Material and specimen design

In [9] the state of knowledge of the deep rolling process 
is summarised and all measurable parameters and material 
properties that change as a result of the application of the 

process are listed. In the present study, these parameters are 
collected and investigated on a present partly deep-rolled 
railway axle. Figure 2 shows the schematic structure of the 
axle. In addition to two wheel and two bearing seats, one 
gear and one brake seat are provided. The deep rolled sur-
face regions are marked in red, and the not-treated regions 
are marked in blue. In addition, the measurement points 
(MP) 1–4 are marked, where the residual stress measure-
ments are carried out and to which a reference is made in 
the following sections of the document.

In the following sections, details regarding the applied 
deep rolling process, the material composition, speci-
men manufacturing and the performed investigations are 
presented.

Deep rolling process

The transitions to the seats, which are heavily loaded during 
operation, are designed by basket arches and are deep rolled, 
as shown in Fig. 2. The seats and the central cylindrical part 
remain untreated. The following deep rolling tools and deep 
rolling parameters are used:

• Deep rolling tool ECOROLL FAK90 [54]
• Tool geometry Disc tool
• Tool dimensions Diameter DTool = 100 mm

Contact radius RContact = 9 mm
• Tool arrangement Twin disc tool
• Deep rolling force F = 20 kN
• Deep rolling feed 0.5 mm/rev

Figure 3 schematically shows the deep rolling proce-
dure applied to the railway axle. The specified deep rolling 
parameters, the tool properties and arrangement are shown.

Base material

The investigated railway axle base material is a high-strength 
steel 34CrNiMo6. This material is, in addition to the stand-
ardised European steels for railway axles EA1N and EA4T 
[55], an additionally used steel for high-speed and locomo-
tive applications [4, 54, 56–58].

Fig. 2  Schematic structure of 
the railway axle with marked 
deep rolled surface regions (red)
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In Table 1 the nominal chemical composition of the melt 
material is listed in weight percentage. The material of the 
investigated railway axle meets the required chemical com-
position [59].

Sampling

To execute the tensile tests, cyclic tests, hardness in-depth 
measurements and microstructure analysis, the test speci-
mens must be machined from the railway axle. As shown 
in Fig. 2, certain surface regions of the examined railway 
axle are deep rolled and others are not treated. According 
to this surface condition, areas for sampling of the test 
specimen are defined. The selected specimen locations at 
the railway axle are presented in Fig. 4. To prove the prop-
erties before the process execution, the specimens for the 
tensile and low cycle fatigue (LCF) tests were taken from 
a not deep rolled area. Thus, the initial material properties 
relevant for the simulation of the deep rolling process are 
tested in the near-surface area. For the hardness meas-
urements and microstructure analysis, samples from both 
surface conditions are cut out.

The railway axle is roughly machined using a band saw 
with the lowest possible heat input. Two disks and two 
blocks are machined out. From the disks, the test speci-
men for hardness in-depth measurements and microstruc-
ture analysis, and from the blocks, the test specimen for 
the tensile and LCF-tests are manufactured. To record the 
properties of the material near the surface relevant for the 
deep rolling process, these samples are taken as close to 
the surface as possible. The samples are manufactured in 
accordance to the standards EN ISO 6892–1 [60] and ISO 
12106 [61]. The used geometries of the specimens are 
shown in Fig. 5.

Fig. 3  Schematic illustration of the deep rolling process with tool 
arrangement

Table 1  Nominal chemical composition of the investigated railway axle made of 34CrNiMo6 in weight % [59]

C Si Mn P S Cr Mo Ni Cu Other

Nominal (Melt) 0.30 – 0.38 0.10 – 0.40 0.50 – 0.80 0.025 0.035 1.30 – 1.70 0.15 – 0.30 1.30 – 1.70 0.40 -

Fig. 4  Schematic specimen location of the railway axle from which they are machined
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Experimental investigations

Tensile test

Tensile tests are performed according to EN ISO 6892–1 
[60]. Six quasi-static tests and five tests with an increased 
strain rate from 0.0267  s−1 to a maximum of 0.2  s−1 are 
performed. The tests are performed at a uniaxial Instron 
testing machine with a nominal force of ± 100 kN. The 
control is provided by the Instron FastTrack 8800 con-
troller and the strain is recorded using an Instron exten-
someter with a gauge length of 37.5 mm. The geometry 
of the specimen shown in Fig. 5 (left) is used. The six 
quasi-static standard tests provide similar results. Figure 6 
shows graphically the stress–strain result of a representa-
tive experiment, while in Table 2 the resulting mechanical 
material properties are listed. The mean values of the six 
performed tests are provided. The comparison with the 
test results published in [62, 63] with the same material, 
but samples manufactured from bars with a smaller diam-
eter and without going through the previous manufactur-
ing process of the railway axle, shows similar results.

During deep rolling, the material is loaded at high 
deformation rates. Tensile tests with increased strain rates 

are used to investigate the sensitivity of the material to an 
increased strain rate. When the strain rate is elevated, an 
increase in the yield strength Rp0.2 from 24 to 47 MPa and 
an increase in the tensile strength Rm from 13 to 32 MPa 
is observed. Young’s modulus E and elongation A remain 
in the same range. From these test results, it is concluded 
that the material is sensitive to the influence of the strain 
rate, but the effect is comparably minor. Therefore, the 
influence of strain rate can be simplified neglected in the 
further investigations.

Cyclic investigations

Cyclic material behaviour is investigated with the same test-
ing machine and control as the tensile tests. The used Instron 
extensometer has a gauge length of 12.5 mm and the used 
specimen geometry is shown in Fig. 5 (right).

A total of ten standard LCF tests according to ISO 
12106 [61] and five additional tests, including tests spe-
cific to deep rolling, are carried out. Standard tests are 
performed strain-controlled with a strain rate �̇� = 1%/sec 
and an R-ratio RƐ = -1. The following strain amplitudes Ɛa 
are applied: 0.25%, 0.3%, 0.35%, 0.4%, 0.45%, 0.5%, 0.7%, 
1.0%. Figure 7 (left) shows exemplary the result of the cyclic 
stress–strain relationship of the test with a strain amplitude 
of 1.0%. The first, second, fifth, 10th, and 30th cycles are 
shown.

Figure 7 (left) and (right) show that the material demon-
strates cyclic softening behaviour. The Bauschinger effect 
is dominant [64]. The yield stress decreases rapidly with 
increasing accumulated plastic strain and stabilizes at a 
nearly constant level, compare to results in Fig. 7 (right).

Compared to the existing literature [62, 63] the result 
shows a similar behaviour, but lower resulting stress values, 
about 100 MPa. The reason is probably the material history, 

Fig. 5  Tensile (left) and LCF (right) specimen geometry

Fig. 6  Monotonic stress strain behaviour of the base material

Table 2  Monotonic tensile test results

Monotonic properties Symbol Unit Mean value

Young’s modulus E MPa 217,836
Yield stress Rp0,2 MPa 902
Ultimate tensile stress Rm MPa 1,015
Elongation A % 19
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the manufacturing process and the size of the workpiece 
from which the samples were taken.

In addition to standard LCF tests, additional specific 
cyclic uniaxial tests are carried out. These were defined 
based on evaluations of previous results of the deep rolling 
simulation model presented in this publication. The first test 
reproduces the occurring at the surface and the second below 
the surface. Large strains appear on the surface and large 
accumulated plastic strains due to the repeated contact with 
the tool. The strain-controlled test starts with an applied load 
in the compression direction up to a strain of 1%, followed 
by 100 cycles at RƐ = -1 and Ɛa = 1% and then an applied 
tensile strain of 10%. The test result is shown in Fig. 8 (left). 
The comparison of the initial load in tension or compression 
shows very small differences and the stress–strain behaviour 
is almost identical. The second test, Fig. 8 (right), repre-
sents the behaviour below the surface. The test starts again 

in compression up to a strain Ɛa = 0.45%, low plasticizing 
occurs, and then it changes to tensile loading. The tests are 
carried out to validate the material model presented in Sec-
tion "Material model".

Microstructure analysis

To analyse the microstructure, the prepared specimens were 
inspected with the Zeiss Axio Observer Inverted optical 
microscope. Figure 9 (left and middle) shows the compari-
son of the images obtained at 1000 × magnification, deep 
rolled (middle) and untreated (left). Additionally, the region 
up to 5 µm has been marked with red lines. Close to the 
surface, a change in the surface is visible. To obtain a finer 
resolution, the deep rolled sample is observed under a scan-
ning electron microscope (SEM). The SEM Zeiss (Leo) with 
Tungsten Filament is used. The image is magnified 3000 

Fig. 7  LCF test result with applied strain amplitude of 1% (left); Evaluation of the cyclic yield stress decrease plotted versus the accumulated 
plastic strain (right)

Fig. 8  Deep rolling specific uniaxial cyclic test result representative for the happening at the surface (left) and representative for the happening 
under the surface (right)
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times. The result is shown in Fig. 9 (right). In a range up to 
approximately 3 µm to 4 µm, the changed microstructure is 
recognizable. The microstructure is distorted as a result of 
the plastic deformation that occurred during the application 
of the deep rolling process. As reported in [8, 15, 20, 42] 
the microstructure change is material dependent and very 
local. A very thin layer with a depth of several µm is typi-
cal, proven here.

Hardness measurements

Numerous hardness measurements were executed on the 
railway axle, at the surface and in-depth. Surface measure-
ments are made with the EMCO-TEST M4C universal hard-
ness testing machine and in-depth profiles are made with 
a ZwickRoell DuraScan 80 hardness testing machine. The 
tests were carried out taking into account the standards DIN 
EN ISO 6506 [65] and DIN EN ISO 6507 [66]. The test 
procedures Vickers HV10, HV1 and Brinell HBW2.5 are 
performed for the surface measurements. In-depth measure-
ments are conducted using Vickers HV1 up to a depth of 

7 mm and HV0.05 up to 0.9 mm, results visible in Fig. 10 
(left) and (right). For a better illustration of the measurement 
trends, the measurement values are fitted with a 2nd order 
polynomial approach, additionally the standard deviation is 
shown. For each measurement, comparative tests are per-
formed between deep rolled and nontreated sections. All 
results reveal lower or similar hardness. The surface meas-
urements HV10 show an averaged hardness reduction from 
without treatment to deep rolling treated from 314 to 307, 
for HV1 from 345 to 315 and for HBW 2.5 from 287 to 284.

In [8, 16] it is mentioned that quenched and tempered 
steel materials, such as 34CrNiMo6, exhibit the lowest hard-
ness increase potential after deep rolling. The decrease in 
hardness during deep rolling of this material can be related 
to the softening behaviour visible in the LCF test results, 
Section "Cyclic investigations".

Roughness measurement

Using the Taylor Hobson Surtronic Duo portable rough-
ness tester, the surface roughness value Ra is determined in 

Fig. 9  Results of the microstructure analysis resulting from the optical light microscope (left and middle) and the SEM (right)

Fig. 10  In-depth hardness measurement results measured with HV1 (left) and HV0.05 (right)
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seven deep rolled sections and five not deep rolled sections 
of the railway axle. By applying the deep rolling process, the 
roughness of the surface is reduced from Ra 0.548 µm ± 0.04 
to Ra 0.321 µm ± 0.06. According to DIN EN 13261 [55] the 
measured roughness is below the allowed roughness limits 
before and after deep rolling.

Residual stress measurement

The residual stresses are determined using the measuring 
methods recommended in DIN EN 13261 [55] for the meas-
urement of railway axles, i.e. the hole drilling method (HD) 
method and the X-ray diffraction method (XRD). Since the 
measurement methods have measurement process caused 
deviations, these are considered in the measurement results 
and explained below.

Hole drilling method (HD)

The residual stress measurement by the HD method is per-
formed with a Sint Technology MTS 3000 – Restan, con-
sidering ASTM E837 [67]. For the measurement, a three-
radial grid strain gauge rosette is glued on the railway axle. 
After positioning the measuring system, a small hole with a 
diameter of 1,6 mm is drilled in the provided centre of the 
rosette. To avoid induction of new residual stresses, the drill-
ing is performed with a special driller which is driven by a 
high-speed air turbine which rotates at up to about 70,000 
RPM and is fed in 0.05 mm increments. The strain gauge 
measures the relaxation of the residual stresses caused by 
the occurring hole. The residual stresses are calculated from 
the measurement system from the measured strains [68]. For 
the investigated railway axle, one measurement, MP4, in 
the deep rolled section, is measured up to a depth of 1 mm. 
If stresses near or above the yield stress occur during the 
measurement, they must be corrected as a result of local 

yielding around the hole as the stresses are overestimated 
by the measurement, details see [69–71]. Figure 11 shows 
the measurement results up to a depth of 1 mm. The stress 
values with a ratio of

are corrected as recommended in [70]. The measurement 
results up to a depth of 0,2 mm are neglected, due to the 
limited measuring accuracy of the measuring method in this 
range. The measurement points and the mean value of the 
measurement value are plotted. In addition, the measure-
ment deviation with superimposed considered a typical and 
conservative measurement repeatability of ± 2% [72, 73] is 
drawn.

X‑ray diffraction method (XRD)

Residual stress measurement with X-ray technology is per-
formed with a Stresstech XStress 3000 G2. Using Cr Kα 
X-ray radiation, an irradiated spot of 3 mm is irradiated 
for 10 s without using a filter. The measurement is evalu-
ated using the cross-correlation calculation method and the 
d  (sin2 ψ) evaluation method [74, 75]. This measurement 
method evaluates the residual stresses a couple of µm below 
the surface [76, 77]. To measure in depth, the material must 
be removed. To avoid a modification of the residual stresses 
due to the removal-manufacturing-process itself, the mate-
rial is primarily removed by electrochemical polishing. The 
in-depth profile is achieved in increments of 0.25 mm fol-
lowed by repeated measurements. Two measurements are 
made up to a depth of 2 mm, MP2 and MP3, and one meas-
urement up to 8 mm, MP1, on the investigated railway axle 
in deep rolled sections.

(1)
𝜎measured

Rp0,2

⋅ 100 > 65%

Fig. 11  Circumferential (left) and longitudinal (right) hole drilling residual stress measurement results
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In Fig. 12 the measurement results of the individual 
measurement points are shown with dots. Up to 2 mm, the 
mean and standard deviation of the measurement results are 
calculated. The mean value and the smoothed measurement 
curve larger than 2 mm of the deeper measurement are con-
nected and plotted. Additionally, a scatter band is plotted, 
this is composed of the sum of the standard deviation, the 
repeatability of the measurement procedure, and the aver-
aged measurement deviation.

Full width at half maximum (FWHM)

Another essential measurement parameter is strain harden-
ing [9]. The strain hardening can be identified by FWHM 
(Full Width at Half Maximum), additionally resulting from 
the XRD measurement. The FWHM value is a measure of 
the dislocation density, grain distortion and type II micro 
residual stresses. Strain hardening cannot always be detected 

by microhardness measurements [12, 43, 78, 79], as also 
occurred in this study. In Fig. 13 the results of the FWHM 
measurement are shown in circumferential (left) and longi-
tudinal (right) directions. The measured values indicate a 
high FWHM value, and thus a strain hardened condition at 
the surface. Subsequently, the values decrease and stabilise 
at a depth of approximately 4 mm to constant values. This 
is the depth up to which the near-surface material is strain 
hardened by the application of the deep rolling process.

Finite element simulation

Deep rolling simulation model

An implicit 3D deep rolling simulation model is built in 
the commercial finite element simulation software MSC 
Marc 2020. The model is built to include all deep rolling 

Fig. 12  Circumferential (left) and longitudinal (right) XRD residual stress measurement results

Fig. 13  Circumferential (left) and longitudinal (right) measured FWHM values at 3 measurement points (MP)
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influences and parameters identical to those used in real 
deep rolling of the railway axle as described above. The 
model consists of a representative flat model and deep roll-
ing tools. Main numerical challenges are the three occurring 
nonlinearities: the contact, material model and occurring 
large strains.

Representative flat model and deep rolling tools

The treated railway axle is modelled as a flat block in order 
to reduce the computation effort and enable an efficient 
simulation procedure to investigate several process param-
eters. The influence of the surface geometry is investigated 
based on a model with adapted geometry. Due to the com-
parably large diameter of the railway axle, the difference in 
the determined residual stress depth profiles is limited. The 
transferability of the results by the representative flat model 
to real railway axle application is presented in detail in Sec-
tion "Transferability of results to real railway axle applica-
tion". Therefore, the surface curvature is neglected in the 
simulation in the first place, which is in line with a previ-
ous work in [43]. This simplification leads to an efficient 

simulation model exhibiting significantly reduced comput-
ing time, which is important for comprehensive sensitivity 
studies in the future.

The symbolic cut-out of the numerical model from the 
railway axle geometry is depicted in Fig. 14 (top left and 
top right). The representative flat model, visible Fig. 14 
(below right) is meshed by 8-node hexahedral elements 
with linear shape functions. The block has dimensions of 
36.6 mm in X-, 45.2 mm in Y- and 21.9 mm in Z-direction. 
The X-direction is defined positive in the rolling direction of 
the tools, which corresponds to the circumferential direction 
of the railway axle. The longitudinal orientation equals the 
Y-direction in the simulation, which is defined positive in 
the feed direction. The Z-direction is defined positive from 
the surface to the inner of the meshed block, the radial direc-
tion of the axle.

The area in the middle of the flat model, which is in 
contact with the deep rolling tools, is evenly finely meshed. 
By a mesh sensitivity analysis, the size of the mesh is 
defined. The used mesh size is a compromise between the 
ability to guarantee convergence in this contact calculation 
and the simulation time, which strongly depends on the 

Fig. 14  Symbolic illustrated location of the simulation model in the railway axle geometry (top left and right), numerical deep rolling simulation 
model with marked tool dimensions, applied loads and constraints (below left) and representative flat model (below right)
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number of elements. The elements on the surface exhibit a 
dimension of 0.5 × 0.5 × 0.25 mm. The deep-rolled area is 
surrounded by a connecting area to the constraints. There, 
the mesh can be coarser to reduce simulation time ensur-
ing same accuracy of the results in the regions of interests. 
The required dimensions of the connecting area, thus also 
the dimensions of the flat block, and the required element 
size in Z-direction direction are defined again by sensitiv-
ity analysis. In the performed sensitivity analyses, start-
ing from a larger model with introduced uniform residual 
stress field in all directions in the centre of the simulation 
model, one dimension of the model or mesh property is 
changed at a time and its explicit influence is evaluated. 
The aim is to reduce the dimensions and therefore the 
number of elements to an acceptable minimum without 
compromising the residual stress result in the centre of 
the simulation model still achieving a uniform introduced 
residual stress field. The effort is done to reduce the simu-
lation time associated with the number of elements to a 
minimum and to enable further fundamental deep rolling 
parameter sensitivity analyses with the presented model. 
The clamping of the simulation model is done on all sides, 
except the contact surface, with symmetry conditions.

Disc tools are used to deep roll the railway axle. They 
are made of a significantly stiffer material compared to the 
railway axle steel. Therefore, the deep-rolling tools can 
be modelled in the simulation as analytically described 
rigid bodies. [43, 44, 80] The tools have a diameter 
DTool = 100 mm and a contact radius RContact = 9 mm, as in 
reality and listed in Section "Deep rolling process", and 
are visible in Fig. 14 (below left). Each tool is controlled 
by a central node.

Simulation procedure

The feed rate is modelled in the simulation by several paral-
lel-arranged tools. Due to the fact that two opposite-arranged 
tools and a feed rate of 0.5 mm/rev are used for the deep roll-
ing of the railway axle, in the simulation, the half feed rate, 
0.25 mm/rev, must be considered. The feed rate is modelled 
by the distance between the tools arranged in parallel. The 
feed rate of 0.25 mm/rev equals a gap of 0.25 mm.

Figure 15 (left) shows the deep rolling paths symbolically 
presented with blue arrows. As in reality, the tools deep roll 
the surface one after the other. Initially, the deep rolling 
force is applied to the first deep rolling tool step by step, 
visible in Fig. 15 (right). The tool contacts the representative 
flat model and when the force is fully applied, the control-
ling centre node of the tool is displaced along the rolling 
direction. Due to the defined friction contact between the 
tool and the meshed block, the tool rolls over the surface. 
The typical steel to steel friction coefficient µ = 0.1 is used, 
see also [81–83]. According to [84] it is important to use a 
certain friction value, but its magnitude generally plays a 
minor role. After reaching the end of the deep rolling path, 
the deep rolling force is reduced again to zero. While the 
first tool is deep rolling the surface, the deep rolling process 
of the second tool starts at such a defined distance that the 
following tool does not influence the previous contact calcu-
lation and vice versa. This allows the reduction of simulation 
time. Following the same sequence, a total of 80 tools roll 
over the surface of the representative model. The continuous 
superimposed displacement of the tools in the feed direction, 
as occur in reality due to the simultaneous rotation of the 
railway axle and the continuous applied feed rate to the tool, 

Fig. 15  Symbolic simulation procedure (left) and load application (right)
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is neglected in the simulation. The displacement converted 
to the deep rolling track length used in the simulation is very 
small and has neglecteble influence on the simulation result.

Material model

To simulate the resulting residual stresses after deep rolling, 
the elastic–plastic material behaviour must be considered. 
This describes the relationship between stress and strain. 
Compromises must be made in the selection of the mate-
rial model with regard to the computing time, the memory 
requirements and the implementation in the software used. 
For this purpose, the Chaboche material model implemented 
in MSC Marc 2020 is used. This model is a time-independ-
ent cyclic plasticity model. The model combines isotropic 
hardening and the nonlinear kinematic hardening rule [85]. 
Details of this material model can be found in [51–53].

The model is thus able to predict cyclic hardening or 
softening, but also the proper characteristics of cyclic plas-
ticity like Bauschinger, ratchetting and mean stress relaxa-
tion effect, details on the effects are available in [64]. Based 
on the uniaxial experimental results presented in Section 
"Cyclic investigations" and described in [86], the material 
model is parameterised and thus the material behaviour is 
simulated realistically.

Figure 16 shows the evaluations used to parameterise the 
response of the model. The stress–strain cycles for which the 
kinematic parameters were optimised are shown in Fig. 16 
(left). For parameter determination, the 30th cycle of the 
uniaxial test result is used, which is representative for the 
strain condition at the surface after deep rolling. The number 
of back stresses available in MSC Marc is limited to one. 
As a result, minor deviations in the area of re-yielding are 
noticeable, although it is attempted to keep these as low as 
possible. Figure 16 (right) shows the change in yield stress 
vs. accumulated plastic strain required for parameterisation 

of the isotropic component. Care is taken to ensure that the 
rapidly softening behaviour is correctly represented at low 
accumulated plastic strain, important for the areas of low 
occurring plastic strain such as in the zero-crossing zone. 
The parameters were chosen in such a way that they can real-
istically represent areas with small and large plastic strains. 
During the deep rolling process application, a wide range of 
strains occur in the deep-rolled surface layer.

Figure 17 shows the experimental results presented in 
Section "Cyclic investigations". In addition, the stress 
response of the material model with the same applied strain 
to a single-element model is plotted. Single-element models 
are used to validate the calibration of the material model [23, 
81]. Thereby one single element is modelled, the element is 
fixed at three sides with symmetry conditions and loaded 
in one direction. As a result, the stress–strain relationship 
of the material model can be evaluated. The comparison 
between the test results and the response of the material 
model is shown for the LCF test with Ɛa = 1,0% (top left), 
the representative test of what happens at the surface (below 
left) and the representative of what happens under the sur-
face (below right). The response of the material model to 
various applied strains up to a strain amplitude Ɛa = 4,0% is 
shown in Fig. 17 (top right).

Electrochemical removal and consideration 
in the simulation

As already mentioned above, it is necessary to remove 
material to measure in-depth residual stress profiles with 
both common measurement techniques, HD and XRD. The 
HD method uses the removal to determine the residual 
stresses, instead it is not considered by the XRD method. 
The residual compressive stresses introduced at the surface 
by deep rolling must be balanced by an area of tensile 
residual stresses to achieve the equilibrium of stress in the 

Fig. 16  Parameterisation of the kinematic (left) and isotropic (right) part of the Chaboche material model
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component. This is typically in an area below the surface. 
Due to material removal caused by the measurement pro-
cess, the material with the highest prevailing compressive 
residual stresses is removed, naturally reducing the tensile 
residual stresses. As a result, as the hole depth increases, 
the tensile residual stresses approach zero and thus are not 
detectable by the XRD method. In Fig. 12 (left) and (right) 
this behaviour can be seen in the measurement results by 
XRD up to 8 mm.

Therefore, this measurement method cannot measure the 
actual stress profile that prevails in the component. The zero 
crossing and the position and level of the tensile residual 
stresses cannot be detected. There are three ways to deter-
mine the stress profile that prevails in the component:

• Analytical correction of the measurement result accord-
ing to the theory of Moore and Evans [38]

• Correction of the measurement results with the help of 
FE and an arbitrary residual stress distribution [39]

• Simulation of the residual stress profile using FE and 
consideration of electrochemical polishing [39, 87]

Especially for residual stress curves with large maximum 
stress over the yield stress, steep gradients and large effective 
depth, as in the present case, the electrochemical removal 
has a significant influence. The first two approaches are 
limited to elastic stress relaxation. Since this assumption is 
therefore not acceptable for the present case, in this study 
the last and most suitable is chosen.

To validate the simulation with the XRD measurements, 
the corrected residual stress profile from the simulation 
must be compared with the measurement. The stress curve 
without considering the electrochemical removal corre-
sponds to the residual stress curve present in the compo-
nent. This curve is essential for further component design, 
where the residual compressive stress range, the depth of the 
zero crossing and the position and magnitude of the tensile 
residual stresses can be determined. As already mentioned, 
the tensile residual stresses are not measurable with the two 
applied measurement methods.

In the simulation, material removal is performed by step-
wise suppression of the element layers. The hole created dur-
ing electrochemical removal has a diameter of approximately 

Fig. 17  Comparison of the test results and the material model response of the LCF test with Ɛa = 1,0% (top left), the representative happening at 
(below left) and under (below right) the surface. Material model response to various applied strains (top right)
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7 mm, Fig. 18 (left). In the simulation, visible in Fig. 18 
(middle and right), the layer of elements with an approxi-
mately round geometry, also with a diameter of 7 mm, are 
excluded. By suppressing, as in theory during the measure-
ments, no additional residual stresses are introduced. The 
stress change due to the suppression of the residual stress 
afflicted elements and the changing geometry is calculated. 
Between each step, the equilibrium state is determined. In 
the centre of the removed area, a depth curve is determined 
for each step. The XRD system measures a few micrometres 
below the surface. [77] Therefore for each step, the surface 
value and the first nodal value below the surface are aver-
aged and the occurrence values are plotted in depth, pre-
sented in Section "Simulation".

Results and discussion

The results of the tensile tests, cyclic investigations, micro-
structure analyses, hardness measurements and roughness 
measurements have already been presented completely in 
Section "Experimental investigations" as these properties 
are mainly used as input or validation data for the numeri-
cal simulation. In this section, the main focus is laid on the 
residual stress state after deep rolling. In addition to the 
reduced surface roughness and strain hardening, the influ-
ence by local residual stresses is significant for the service 
life and is therefore of particular interest.

As described in Section "Experimental investigations", 
the residual stresses present in the component are deter-
mined using two different measurement methods and simu-
lated using the finite element method as described in Section 
"Finite element simulation". Considering electrochemical 
removal in the simulation, it is possible to validate the simu-
lation with the measurement.

Without taking electrochemical removal into account, the 
residual stress state prevailing on the railway axle is present. 
Thus, the non-measurable zero crossing and compensating 

tensile residual stress range can be determined. The residual 
stresses present in this region are important for the design, 
they have to be superimposed on the operating loads and 
therefore there is a risk of failure in this region below the 
surface.

Measurement

The results of the residual stress measurement, HD and 
XRD, are already prescribed in Section "Residual stress 
measurement". The results of the two residual stress meas-
urement methods provide partly deviating results. Sig-
nificant compressive residual stresses are measured on the 
surface in the circumferential and longitudinal directions. 
The surface results show a good correlation, but the steep 
gradient measured in longitudinal direction by XRD is not 
confirmed by the HD method. Measured differences also 
occur in the literature. For example, in the investigation of 
deep rolled railway axles made of EA4T material presented 
in [43] as well as in [77, 88–90]. The suitability of the vari-
ous residual stress measurement methods may depend on 
the properties of the material to be measured. Examples are 
the material under investigation, grain size, and geometry, as 
well as the investigated post-treatment. The residual stresses 
measured with the HD method tend to be more compressive 
than those measured with XRD.

In the circumferential direction, the stresses measured 
by HD method are slightly more compressive than those 
measured with XRD, the scattering bands overlaps partly. 
In the longitudinal direction, the stress values on the sur-
face are equal. The HD measurement results remain constant 
up to the maximum measurement depth of 1 mm and do 
not decrease, while the XRD measurement values decrease 
directly below the surface. This decrease can be seen up to 
a depth of 1 mm. Below, up to a depth of approx. 2 mm, a 
plateau forms. The same behaviour can be seen in the XRD 
results presented in [43] and again does not occur in the HD 
measurement result. Therefore, a theoretical approach of the 

Fig. 18  Hole created by electrochemical removal (left) and consideration of the electrochemical removal in the simulation (middle and right)
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combination of the two measurement methods is introduced. 
From the surface up to a depth of 1 mm the HD measurement 
results are considered and from 2-8 mm the XRD measure-
ment results are used. The results are combined using a sixth 
order polynomial approach and by using the least squares 
method for the parameterisation. Figure 19 shows the meas-
urement points used from the two measurement methods and 
the combined curve in the circumferential (a) and longitudi-
nal (b) directions. In addition, the larger scatter range of the 
XRD measurement compared to the HD measurement was 
transferred and plotted for the entire depth.

Simulation

The developed deep rolling simulation model can be used to 
determine the residual stress state after deep rolling of the 
railway axle. Figure 20 shows graphically the simulation 

procedure described in Section "Simulation procedure". 
From top left to bottom right the simulation progress and 
the introduced residual stresses are visible. Shown here are 
the von Mises stresses. The visible red dots at the front of 
the remaining residual stress region are the contact zones 
between the hidden tools and the representative flat model.

Figure 21 (left) and (right) show the graphical simulation 
result, depicted as von Mises stress plot.

The last imagine of the deep rolling sequence, Fig. 20 
(below right) and Fig. 21 (left) show the same simulation 
result. To visualize the residual stress state in depth, a quar-
ter of the simulation model is hidden, there. The introduced 
residual stresses near the surface and their reduction below 
the surface are visible.

The representative flat model dimensions, the deep roll-
ing path length and the number of tools is selected in order 
to create a steady state evaluation area of consistent residual 

Fig. 19  Circumferential (left) and longitudinal (right) combined residual stress measurement results

Fig. 20  Graphical sequence of the simulation procedure with visible generation of the residual stress state 



 International Journal of Material Forming (2023) 16:51

1 3

51 Page 16 of 22

stresses in the middle of the simulation model, the marked 
evaluation area in Fig. 21 (right). This region is representa-
tive for the deep rolled condition at the railway axle. Sur-
rounding this region, stress fields with large gradients are 
present. These results from the transition areas to the non-
deep-rolled area. In X-direction, this is the area where the 
force is applied and reduced, respectively, the influence area 
of force application and reduction. The residual stress state 
in the Y-direction is strongly dependent on the subsequent 
deep rolling tools. Therefore, different conditions result in 
these surrounding areas, called the influence area of force 
application and reduction. These areas in the Y-direction are 
of great importance, because they occur also in the railway 
axle where the process application is started and stopped. 
Further investigations with the developed simulation model 
enable a closer look at these areas and allow their optimisa-
tion in the future.

The von Mises stresses illustrate the simulation result 
nicely, but are not suitable for the detailed examination of 
the introduced residual stress state. In their computation, 
the sign of the stress state is neglected. As already seen in 
the results of the residual stress measurements, however, 
the sign has a significant influence on the result and the 
further assessment. Figure 22 therefore shows the graphical 
simulation result with displayed circumferential stresses XX 
(left) and longitudinal stresses YY (right). Again, a quarter 
of the model is hidden to show the result in depth of the 
model. The figures are scaled the same. As desired, both 
results show an evenly distributed stress state in the middle 
of the representative flat model, the evaluation area. This 
area is again surrounded by unevenly distributed residual 
stresses in the so-called influence areas. The largest com-
pressive residual stresses are noticeable near the surface, 
significantly more distinctive in the longitudinal direction. 

Fig. 21  Graphical deep rolling simulation result (left) and top view of the simulation result with marked influence and evaluation areas (right)

Fig. 22  Simulation result, visible are the circumferential (left) and longitudinal (right) stresses
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Below this, the stresses reduce and change to a compensat-
ing tensile residual stress range. The stress distribution can 
be seen better if the stress curve is plotted over the depth.

To determine the residual stress depth curve, an evalua-
tion path is selected in the middle of the simulation model 
and marked with the arrow in Fig. 22 (left) and (right). The 
stresses in the circumferential (left) and longitudinal (right) 
direction are evaluated and shown in Fig. 23. The solid line 
represents the stresses evaluated along the evaluation path. 
The dashed stress curve is obtained by considering the elec-
trochemical removal described in Section "Electrochemical 
removal and consideration in the simulation".

Comparison of the measured and simulated residual 
stresses

To compare the results of the simulation with the results of 
the measurement, the in-depth simulation results considering 

the electrochemical removal must be used, the dashed line 
in Fig. 23. The combined measurement results presented in 
Section "Measurement" are used for comparison. Individual 
measurement points are no longer shown for better clarity. In 
Fig. 24 the comparison of the measurement and simulation 
results is shown. It can be seen that both the circumferential 
(left) and longitudinal (right) residual stress curves show a 
good correlation.

Near the surface in the longitudinal direction, the simu-
lation result is at the limit of the scatter range. There, the 
maximum occurring stresses are limited by the maximum 
tensile strength of the material. In the simulation, stresses 
higher than the maximum stresses considered by the mate-
rial model occur in this range. This is possible because the 
von Mises criterion is used as the yield strength criterion 
in the material model. In the calculation of the von Mises 
stress, the hydrostatic stress state is neglected. Even low 
compressive stresses in the radial direction in combination 

Fig. 23  Circumferential (left) and longitudinal (right) residual stress simulation results with and without numerical consideration of the electro-
chemical removal

Fig. 24  Validation of the deep rolling simulation model with the simulated residual stresses after deep rolling with consideration of the electro-
chemical removal and the combined residual stress measurement results in circumferential (left) and longitudinal (right) direction
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with high compressive stresses in the other two directions 
are sufficient to cause such a state and thus to achieve larger 
compressive stresses than the maximum stresses possible by 
the material model. Below that, the simulation results match 
the measurement results. Lower than 3 mm, minor devia-
tions occur, such as those in the circumferential direction. 
These may be caused by residual stresses already present 
before the deep rolling treatment of the railway axle and the 
there decreasing depth impact of the process application.

As already mentioned above, the residual stresses present 
in the railway axle cannot be measured with the examined 
technologies. These can be determined using a validated 
deep rolling simulation model, as presented in this article. 
The residual stress depth curve resulting from the evaluation 
without considering the electrochemical removal represents 
the actually introduced residual stress state into the railway 
axle. The solid lines in Fig. 23 show this stress profile. In 
Fig. 25, these depth profiles are shown in one diagram in 
the circumferential, longitudinal and additionally in radial 

directions. The highest compressive residual stresses of 
approximately -1,000 MPa occur in the longitudinal direc-
tion at the surface. Among, the stresses decrease steadily 
and reach zero crossing at a depth of about 3.5 mm. This 
is followed by the maximum of the tensile residual stress 
region of about + 100 MPa at a depth of 4 mm. In the cir-
cumferential direction, the compressive residual stress maxi-
mum of about -500 MPa occurs just below the surface. Stress 
decreases near the surface with a very slight gradient. At a 
depth of approx. 2.5 mm, the two profiles coincide and the 
circumferential stresses are reduced from this point onward 
with a steeper gradient, similar to the longitudinal stresses. 
The zero crossing occurs at a similar depth. Similarly, to 
the maximum compressive stresses, the maximum tensile 
residual stresses have approximately half the magnitude. The 
stresses in the radial direction are negligible in relation to the 
other two stress directions and bend around zero.

Transferability of results to real railway axle 
application

Finally, the transferability of the results based on the repre-
sentative flat model to real railway axle application is inves-
tigated. Therefore, a simulation model with adapted outer 
contour of the railway axle is defined, see Fig. 26 (left and 
middle). The outer contour of the simulation model exhib-
its the full-scale railway axle diameter as the real railway 
axle in the sections where the residual stress measurements 
are performed. Instead of the Cartesian coordinate system, 
a cylindrical one is defined for this model. This facilitates 
the application of boundary conditions and the subsequent 
evaluation. The radial R-component corresponds to the 
Z-direction of the flat reference model and is positively 
defined from the surface to the inner of the model. The 
φ-direction is positively defined in the rolling direction of 
the tools, which equals the X-direction in the flat reference 
model. The Z-component corresponds to the longitudinal 
axis of the railway axle and is defined positive in feed direc-
tion of the tools, equal to the Y-direction used at the flat 

Fig. 25  Remaining residual stresses in the railway axle after deep 
rolling determined by finite element simulation

Fig. 26  Simulation model (left and middle) and graphical simulation result with marked evaluation path (right) with adapted outer contour to 
railway axle geometry
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model. All other boundary conditions and the simulation 
procedure remain identical to the simulation model with flat 
representative simulation model.

In Fig. 26 (right) the graphical simulation result with 
marked evalution path, for the residual stress in-depth evalu-
ation used in Fig. 27, is shown. There, the comparison of 
the simulation results of the representative flat simulation 
model and the simulation model with railway axle geometry 
is presented in circumferential (left) and longitudinal (right) 
direction. The comparison of the in-depth residual stress 
distributions reveals that they are almost identical in the lon-
gitudinal direction and a minor difference is observable in 
the circumferential direction. Due to the already large diam-
eter of the railway axle, however, the difference is limited. 
Since the applicability for a basic parameter investigation 
was considered during the development of a time-efficient 
simulation model, the computation effort is attempted to be 
kept within acceptable limits. By simplifying the numerical 
approach to the flat outer contour, one third of the computing 
time can be saved with good transferability of the results to 
real railway axle application.

Summary and conclusions

All main influences caused by deep rolling mentioned in [9] 
are investigated. With the combination of the experiments 
examined and the numerical simulation of the deep rolling 
process, it is possible to obtain a comprehensive overview 
of the effects caused by the deep rolling of the railway axle 
made of high-strength steel 34CrNiMo6.

The following list summarizes the main results:

• The results of the tensile test are similar in magnitude 
to those presented in the literature. The steel material 
34CrNiMo6 shows low strain rate sensitivity.

• The material shows softening behaviour under cyclic 
loading. Uniaxial strain-controlled tests show lower 
resulting stresses compared to the literature results.

• A change in microstructure caused by deep rolling is 
detected only very locally up to a depth of < 5 µm.

• Neither at the surface nor at depth, an increase in hard-
ness could be proven after deep rolling. The hardness 
remains at a similar level with a tendency towards 
slightly lower hardness.

• On the contrary to the hardness, strain hardening near 
the surface is detected by means of FWHM. The deep 
rolling treatment achieves surface FWHM values in the 
circumferential and longitudinal direction of more than 
3°. Below the surface the values decrease and merge into 
the base material values of approx. 2.25° at a depth of 
4 mm, the effective depth of the process application.

• Residual stresses are measured using XRD and the HD 
method. Comparable residual stresses are measured near 
the surface, but the two measurement methods differ sig-
nificantly below the surface, especially in the longitudi-
nal direction of the railway axle. The significant stress 
decrease below the surface determined by XRD cannot 
be confirmed by HD. As expected, the zero crossing 
and tensile residual stress range cannot be determined. 
The residual stresses approach zero, in both investigated 
directions, at a depth of approx. 5 mm.

• On the basis of the uniaxial tensile and cyclic material 
test results, a suitable Chaboche material model is param-
eterised and verified for the large range of occurring plas-
tic strains during the deep rolling process application.

Fig. 27  Circumferential (left) and longitudinal (right) residual stress simulation results from the model with adapted outer contour to railway 
axle geometry and representative flat model
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• A deep rolling simulation model has been developed. 
The Chaboche material model is added to the simulation 
model to allow the simulation of the residual stress state 
introduced by the process application. The electrochemi-
cal removal, required to measure in depth, is considered 
in the simulation.

• The simulation model is validated using combined results 
of the two applied residual stress measurements. The 
simulated depth profile shows good agreement over the 
entire depth.

• The maximum compressive residual stresses of approx. 
-1,000 MPa occur in the longitudinal direction near 
the surface, in circumferential direction maximally 
-500 MPa.

• Using the simulation model, the non-measurable, but 
for the design essential, zero crossing and tensile resid-
ual stress range below the surface can be determined. 
The zero crossing from the compressive to the tensile 
residual stress range occurs at a depth of 3.5 mm and 
the maximum occurring tensile residual stresses are 
approx. + 100 MPa at a depth of 4 mm.

With the development of the validated deep rolling simu-
lation model, the basis for the determination of the residual 
stress state in the near-surface region of the axle has been 
established. The simulation model can be used to investi-
gate the influence of various deep rolling parameters on the 
residual stress state. Other materials can be considered with 
suitable material models. Furthermore, the groundwork is 
laid for digitally investigating railway axle-specific features 
in order to further integrate the deep rolling process into the 
railway axle design. A solid foundation for a future digital 
fatigue assessment of the railway axle and the possibility for 
further process optimisation is laid.
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