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1. Abstract

The high mechanical loads in deep rolling lead to a beneficial surface topography, hardness alterations, and
compressive residual stresses. The generation of defined residual stress values has been achieved in a mainly
iterative way, as the relevant internal material loads occurring during the process could not be considered. They
are difficult to determine experimentally and well-validated models are required to deduce them e.g. from finite
element (FE) simulations. In this study, a 3D FE model has been developed to analyze the strains in the workpiece
material as a measure for the internal material load during the process. The residual stress profiles were
measured by x-ray-diffraction and are presented in a way that allows for deriving the internal material loads

required to induce a desired residual stress state.
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2. Introduction

Mechanical surface treatment by processes such as machine hammer peening [1], burnishing [2,3], and deep
rolling [4] are widely applied to generate beneficial surface and subsurface characteristics. The high relevance
of advantageous surface integrity has been pointed out e.g. by Jawahir et al. [5] and Schulze et al. [6] for material
removal processes as well as mechanical surface treatments. Due to the potential to create near-optical surface
topography, hardness alterations based on strain hardening and high compressive residual stresses at high
depths, the deep rolling process was introduced to a wide range of industrial applications. As the mechanical
load of a deep rolling process can be described by process variables such as the deep rolling force F; or the deep
rolling pressure p: of hydrostatically supported tools, many publications focus on these parameters regarding
the resulting surface layer modification such as reduced roughness, hardness alterations or induced residual
stresses [7, 8, 9]. From these results, it can be concluded that the validity of identified correlations is always
limited to a certain range of those parameters. The explanation for this observation can be inferred from
Brinksmeier et al. [10], who emphasize the relevance of considering internal material loads occurring within the
material during the process. Process quantities such as forces and pressure (mechanical load) and the heat flux
in the contact zone (thermal load) act as external material loads on the workpiece boundary and propagate in
the material as time-dependent temperature and strain fields representing the internal material loads during

the manufacturing process. It is supposed that the material responds to these quantities as they describe the



physical cause of the material modifications rather than the process quantities. However, there was no adequate
description of the internal material loads in deep rolling, preventing a systematic and mechanism-oriented
analysis of the interrelations leading to a certain surface modification. Prior work has been focused on
analytically calculated equivalent stresses based on the Hertzian equations [11]. Furthermore, only the results
from deep rolling single tracks once [11] or up to three times [12] without any lateral offset (feed) were
considered in the past due to the lack of validated numerical models allowing for consideration of the effects
occurring when an area is deep rolled. In industrial practice, the kinematics of deep rolling processes are
characterized by a certain rolling velocity vq4- and the feed f3: (for cylindrical workpieces), respectively the track
offset f, (for prismatic workpieces). First indications for the relevance of the lateral offset (feed or track offset)
were revealed by Kinner-Becker et al. [13] showing that the residual stresses after deep rolling several tracks
consecutively with a certain feed develops with each additional track being deep rolled. Consequently, the work
presented here aims at identifying and quantifying the relevant internal material loads in a deep rolling process
characterized by generating a strain-hardened area. The internal material loads are then to be correlated with
experimental and numerical data to derive so-called Process Signature Components as introduced by
Brinksmeier et al. [14]. Process Signature Components are discussed [15] to carry the potential to predict the
resulting surface and subsurface characteristics in a knowledge-based way rather than optimizing a process
iteratively. The results enable the computation of suitable internal material loads for a given, desired residual

stress depth profile (solution of the inverse problem in manufacturing).

3. Approach and procedure

As the experimental analysis of mechanically induced internal material loads is very challenging and yet no
suitable method is available, a model-based approach to determine these quantities has been chosen. A 3D finite
element (FE) model has been developed and validated based on a comparison of the resulting residual stress
depth profiles with experimental data (see 4.2). In the experiments and the simulations, multiple contacts
including the tool’s feed have been taken into account. Deep rolling experiments have been performed at
different mechanical loads applying different feeds to account for a wide range of combinations affecting the
internal material loads (4.1). The resulting material modifications by means of residual stress depth profiles have
been compared (5.1). The good agreement between experimental and numerical data allowed for the
identification and quantification of the relevant internal material loads (5.2). Those were subsequently used to
establish Process Signature Components (5.2). An approach is presented to use the obtained Process Signature
Components to inversely determine the necessary rolling pressure from a wanted residual stress state (6). The

overall approach is summarized in Figure 1.
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Figure 1 - Approach for the analysis of the interrelations between internal material loads and surface
modifications in deep rolling

4. Experimental and simulative setup and design

4.1. Deep rolling experiments

Deep rolling experiments were conducted using pre-ground cylindrical specimens (length 140 mm, & 58 mm)
made of AISI 4140 (42CrMo4) quenched and tempered to 47 HRC hardness. The pre-grinding step was done to
correct form deviations after the heat treatment and to remove the present oxyde layer. All experiments were
performed on a conventional CNC Lathe (DMG Mori Seiki NEF 400) and carried out threefold for each
combination of deep rolling parameters. A hydrostatically supported deep rolling tool with a sphere diameter of
dp = 6 mm (Ecoroll HG6) was applied. The deep rolling force F: was generated using an external hydraulic unit.
The pressure was transferred to the deep rolling tool using an 8 % metalworking fluid emulsion (Rhenus TS
440). The tools are equipped with a lift and are self-adjusting to compensate for clamping errors or form
deviations. Due to this self-adjusting mechanism, a constant force is applied to the whole workpiece during the
process. Regarding the process parameters, the circumferential velocity of the workpiece was kept constant at
var = 7.29 m/min. This is different to industrial deep rolling processes with circuferential velocitys of around 100
m/min. The relatively low deep rolling velocity was chosen to facilitate the comparability with the results of the

FE simulations.

Due to the resulting comparatively low strain rates, strain rate hardening could be neglected, as according to
Emde, quenched and tempered AISI 4140 shows no strain rate hardening below a strain rate of approximately

10 /s and for total achieved strains below approximately 15 % [16]. Quasistatic tensile tests could therefore be



utilized for parameterizing the material model. However, previous researchers described a very limited effect of
varying deep rolling velocities on the resulting surface and subsurface characteristics [17]. The deep rolling force
and deep rolling feed fi- were varied as indicated in Figure 2. On each specimen, four deep rolled areas were
generated. Each area was 10 mm wide in axial direction with 8 mm of unprocessed material between them to
exclude interactions between the manufactured areas. During the process, the forces were measured using a 3-
axis dynamometer mounted between the tool holder and the lathe. The measured forces (also listed in figure 2)
were averaged and the mean values later used as input parameters for the numerical simulations (4.2). Resulting
residual stresses parallel (o)) and perpendicular (ors) to the deep rolling direction were measured by X-ray
diffraction applying the sin?>-¥-method using a 5-circle 8-2 8 XRD device (Seifert XRD MZ VI E) with a chromium

anode and an aperture of 2 mm. The X-ray spot was located at the center of the deep rolled areas.

To allow for a systematic analysis of the effects of the mechanical load, the applied deep rolling force F;: was
specifically varied on three levels. The force levels were chosen to match the process forces used in previous
hertzian based load-oriented investigations by Meyer & Kammler [11], where the rolling forces were analytically
derived from certain levels of hertzian contact stresses to be achieved (2250, 3250 and 4500 MPa) . The feed
was varied on two levels in the experiments. Two additional feeds were taken into account in the simulations
(far= 0.2, 0.4 mm). The process forces and parameters for all experiments and the experimental setup are shown

in Figure 2. The chemical and mechanical properties of the workpiece material are listed in Table 1.



System and machining parameters

3-axis-dynamometer

AISI 4140
: 42CrMo4
Material QT, 400°C
47 HRC
- - Sphere
Hydrostatic deep rolling tool diameter d, 6
in mm
Deep rolling
Specimen 4140 normal force 95 /272 /688
2 F.inN
Feed rate 0.05 /01 / 02*/ 0.4*
for iInmm * = simulated only
Deep rolling
velocity 7.29
V4 in m/min
Figure 2 - Experimental setup and system and machining parameters
Chemical properties
Element C Si Mn P S Cr Mo
% 0.43 0.26 0.74 0.010 <0.001 1.09 0.25
Mechanical properties (at 20 °C)
Property Elastic limit Ultimate Young’s Poisson ratio Density Hardness
strength Modulus
Value 1435 MPa 1625 MPa 206.5 GPa 0.274 7830 kg/m? 47 HRC

Table 1 - Chemical and mechanical properties of the used AISI 4140 (42CrMo4)

4.2. 3D Finite Element simulation

The deep rolling process was modeled using the FE software Simulia Abaqus 2020. As deep rolling can be
considered as a quasi-static process (apart from the initial indentation), an implicit procedure was used. The
whole process consists of two separate models analyzing i) the deep rolling process itself and ii) a springback
analysis to obtain the equilibrium state of the workpiece after unclamping. The simulation of the process consists
of three steps in total. First, a displacement-controlled indentation with an indentation depth of 5 pm was
modeled in a static implicit step to achieve a fast convergence of the contact establishment between tool and
workpiece. Then, in another static implicit step, a load-controlled indentation takes place until the average

rolling force F; measured in the experiments is reached. A dynamic implicit step finally models the deep rolling



of a single track by moving the tool linearly along the surface. To model processing of the whole surface, the final
material state after each track acts as input to the simulation of the subsequent track. All simulation steps are
purely mechanical analyses, as the heat generation in deep rolling using a freely rotating hydrostatically
supported tool (metalworking fluid) is negligible. A fully coupled simulation was performed to verify this
assumption and showed a temperature increase of 2.5 °C (from 20 °C) in the workpiece during deep rolling. In
the simulation a deep rolling force of F. = 726 N, an isotropic friction coefficient of 0.05, an inelastic heat fraction
of 90 % and 100 % of the generated friction heat dissipating into the workpiece were chosen. Heat convection

due to the metalworking fluid was neglected.

4.2.1. Geometry and Boundary conditions

As the computational effort for a single track is high and a large variation of process parameters had to be
simulated, the number of tracks per surface processing had to be restricted. It was found that for the highest
load, processing a workpiece material of 2 mm in feed direction and 6 mm in rolling direction, is sufficient to
obtain a homogeneously modified zone in the middle of the deep rolled area (as illustrated for o in Figure 3c).
This results in the simulation of 30 tracks for a feed of fs- = 0.05 mm, 15 tracks for fi- = 0.1 mm, 8 tracks for fa =
0.2 mm, and 5 tracks for fo- = 0.4 mm. The total workpiece length and width were dimensioned to 10 mm,
respectively 6.6 mm. This allows for unprocessed workpiece material between the part boundaries and the
processed area so that the simulation results are not influenced by the boundaries. The height difference in a
path length of 10 mm on a cylinder with R = 58 mm amounts to 0.43 mm due to the curvature of the workpiece
0f 0.0345 °/mm. It is assumed that this can be neglected regarding the influence on residual stress distributions.
The model geometry can be seen in Figure 3a. The modeled workpiece is divided into a fine section, where the
processing takes place and a coarse section for the surrounding material (shown in figure 3b). In the fine section,
the element dimensions are fixed in y- and x-direction at 50 pum and 150 pum respectively. The element size in z-
direction gradually increases from 35 um to 150 um. The element dimensions in the coarse section are graded
up to 1 mm at the boundaries. In total, this results in 51,255 C3D8 elements. During deep rolling, all nodes at the
bottom surface are fixed in every degree of freedom (dof). For the springback analysis, only the bottom corner

nodes are kept fixed, as indicated in Figure 3a.
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Figure 3 - a) Dimensions of the modeled workpiece. Boundary conditions during deep rolling (orange) and

during springback (yellow), b) Simulation mesh in the front view, c) Residual stresses in deep rolling
direction at the surface after deep rolling of 15 tracks with F. = 688 N.

4.2.2. Material model and initial validation

The plastic and elastic material parameters were derived from an uniaxial tensile test at a strain rate of 0.1/s.
The basic material parameters are already listed in table 1. The full stress-strain curve of the uniaxial tensile test,
can be seen in Figure 4. To validate the model setup, residual stress depth profiles were compared between
simulation and experiment for the deep rolling of prismatic workpieces. For this purpose, slightly different
parameters from the main test series were deliberately chosen. It was found that a kinematic strain hardening
model leads to a better prediction of the maximum compressive residual stress than an isotropic hardening
model. A non-linear kinematic hardening model [18] with three backstresses was therefore used to model the
strain hardening of the material. In this model, the center of the yield surface, respectively the total back stress

tensor is calculated from the single back stress components as:

a=2ai (1)

4

where the evolution of the back stress components is defined as:

1
di = Cy O'_ (0’ - a)épl,acc - ykaképl,acc (2)
y

where Cy and yj, are the model parameters that need to be determined, &y, 4. is the accumulated plastic strain
and o), the size of the yield surface. In the experiments, tangential process forces had been measured which
indicate friction between tool and workpiece. Taking friction into account in the simulation was found beneficial
regarding the agreement between simulation and experiment. Isotropic Coulomb friction between tool and
workpiece was assumed. By analyzing the process forces during the experiments, an average friction coefficient
of 0.03 has been determined. The tool was modelled as an analytical rigid body since the elastic modulus of the

ceramic tool material is much higher than that of the workpiece material. The comparison of the residual stress



in rolling direction is shown in Figure 5 for one of the used validation cases with the optimized model. As can be
seen, the simulated residual stress depth profile follows the measured values qualitatatively well. Quantitatively

the simulated residual stresses are overestimated.
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Figure 4 - Stress-strain curve of tensile testing with a strain rate of 0.1/s.
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Figure 5 - Left: Comparison of o after deep rolling a prismatic workpiece with a rolling force of Fr = 672 N.
Right: Model and process parameters.

5. Results

5.1. Comparison between simulated and experimental residual stress depth profiles

Experiments have shown that deep rolling of quenched and tempered AISI4140 does not lead to significant
hardness alterations [19]. Thus, the main investigations focussed on residual stresses. Both the experimentally
measured and the numerically calculated residual stress depth profiles show the typical behavior after deep
rolling (Figure 6). High compressive residual stresses at the surface are accompanied by maximum compressive
residual stresses in rolling direction below the surface. At higher deep rolling forces, the location of the maximum
compressive residual stresses perpendicular to the rolling direction shift to lower depths and is to be found at
the surface for the highest deep rolling force. The good qualitative agreement of the experimental and

numerically assessed residual stress depth profiles reveals quantitative deviations which increase at higher



forces. Generally, the simulation overestimates the compressive residual stresses. Two main reasons are
assumed to be responsible for this observation. Firstly, the used material model has a big influence on the
simulated residual stresses. As data taken from single tensile tests cannot account for the Bauschinger effect,
model parameters derived from cyclic tension-compression tests will instead be used in the future. The second
reason is the rather coarse mesh resolution. A finer mesh leads to a better agreement between experiment and
simulation at the surface, but would not be feasible to implement due to the computational cost for the necessary
high number of simulated tracks. Depending on the deep rolling force, the depth effect of the process varies from
less than 200 pm to ca. 500 um. Simulated residual stresses agree qualitatively well with the measurements. The
predictive power of the model established in section 4 is thereby reconfirmed. This is of high relevance for the
next step (5.2) which aimed at the identification and quantification of the internal material loads. Process
Signature Components were then derived by correlating the residual stresses with the internal material

loads (5.3).
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Figure 6 - Simulated and experimental residual stress depth profiles (db = 6 mm, var = 7.29 mm/min, far= 0.1 mm).

5.2. Identification and quantification of the internal material loads

A very specific challenge of the numerical analysis of the internal material loads during deep rolling is to
understand when and how to deduce them from the model. Thus, the development of the stress and strain fields
below the deep rolling tool during the process were carefully investigated in a cylindrical area around the tool
center during processing. This was repeated for every simulated track when the tool had passed half the track

length as shown schematically in Figure 7.
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Figure 7 - Analysis of the internal material loads during deep rolling subsequent tracks.

For the approach presented in Figure 7, different quantities were considered to be relevant for the material’s
response during deep rolling. Taking into account the mechanism of strain hardening, which is based on plastic
deformation, strain-related quantities were the most promising. And indeed, in an iterative procedure, the
(von Mises) equivalent strain geq was confirmed to be suitable. The equivalent strain e.q was calculated from the

(true) strain tensor components according to equation (3).

= o2 .2 2 2 2
Eeq = \/E" + €2+ €2 — e48, — €48, — £y&, + 3(eZ, + €2, + £2,). (3)

In the cylindrical region indicated in Figure 7, the maximum value €cqmax 0f the equivalent strain was determined
and used as internal material load. The depth profile of &4 at this position was determined as well (see

Figure 10b).

For different levels of the mechanical loads, i.e. deep rolling forces, Figure 8 depicts the development of the
maximum internal material load below the tool for a constant feed of fi- = 0.1 mm. Independently from the deep
rolling force, a constant level of the maximum equivalent strain is achieved after a total feed fir,total of 1 mm (and
before for Fr = 272 N and F; = 95 N). The obtained maximum &.q is 0.34 for the highest deep rolling force of F; =
688 N, g¢q = 0.10 for a deep rolling force of Fr =272 N, and &.q= 0.02 for the lowest deep rolling force of F. =95 N.
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Figure 8 - Dependence of the maximum equivalent strain geqmax below the tool on the width of the manufactured
area (number of deep rolled tracks) for varied deep rolling forces

Figure 9 shows the development of the maximum equivalent strain geqmax below the deep rolling tool when
moving along the workpiece for each track with a feed of 0.05 mm, 0.1 mm, 0.2 mm, and 0.4 mm at a deep rolling
force of F. = 688 N. A constant level of the maximum internal material load below the tool is achieved for all feeds
after a total feed of 1 mm. It can be seen that the internal material load depends on the feed and increases with
decreasing feed. This is not surprising, as the chosen internal material load variable is a strain measure. The
equivalent strain in track n is affected by the strains generated during deep rolling of preceding tracks n-1, n-2,
etc. The number of previously deep rolled tracks that could affect the strain distribution in track n increases with

decreasing feed and therefore increases the measured internal material load during deep rolling track n too.
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Figure 9 - Development of the maximum equivalent strain geqmax below the deep rolling tool along with the
movement in feed direction at varied feeds and a deep rolling force of 688 N.



In the following, Process Signature Components will be derived which correlate the maximum values of the
residual stress with the maximum internal material load during processing. However, the maximum internal
material load and the maximum compressive residual stresses appear in different depths depending on the
chosen mechanical load (see Figure 6, respectively Figure 10). As the present work allows to deduce Process
Signature Components based on validated data from an elastoplastic model, a depth-resolved analysis of the
interrelation between internal material loads and material modifications will be performed additionally.
Figure 10 shows the used depth profiles of the internal material load €.q below the tool during deep rolling for
all three deep rolling forces at a feed of 0.1 mm. The location of the maximum internal material load moves closer
to the surface with lower deep rolling forces, which is in good agreement with the movement of the maximum

compressive stresses deeper into the material at higher deep rolling forces (Figure 6).
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Figure 10 - Simulated equivalent strain distribution below the deep rolling tool (a) and simulated depth profiles
(b) of the internal material load after a constant strain field below the deep rolling tool is reached (here:
after a total feed far,total = 1 mm)

5.3. Process Signature Components for deep rolling

According to Brinksmeier et al and Grzesik [14, 15], Process Signature Components represent the interrelation
between the internal material loads and the material modification as a material’s response to the loads of a
manufacturing process. The majority of publications is dealing with Process Signature Components for processes
with a dominant mechanical impact such as deep rolling discuss the (analytically assessed) maximum internal
material load based on equivalent stresses and the resulting maximum compressive residual stresses. The gained
data from FE simulations (5.2) and experiments (5.1) allows to establish these correlations to be based on the
elastoplastically assessed strains €¢q as the characteristic quantity for the internal material loads. Figure 11
correlates the determined maximum internal material loads with the experimentally and numerically assessed
maximum compressive residual stresses for a feed of fqr = 0.1 mm. Both the maximum compressive residual

stresses parallel and perpendicular to the rolling direction are given.
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Figure 11 - Process Signature Components for deep rolled surfaces considering the maximum internal material
loads and the maximum material modification at a feed of far = 0.1 mm with experimental residual
stresses (a) and simulated residual stresses (b).

To get an idea of a potential influence of the feed on the Process Signature Components, Figure 12 summarizes
the numerically assessed Process Signature components based on maximum values for different feeds. As can be
seen, they follow the same general trend, apart from some outliers. The maximum equivalent strain is therefore
a good indicator for the achieved maximum residual stress regardless of the chosen feed, which emphasizes its

suitability as a measure for the internal material load in deep rolling.
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Figure 12 - Process Signature Components for deep rolled surfaces considering the maximum internal material
loads and the maximum material modification at varied feeds for residual stresses in rolling direction
(a) and residual stresses in feed direction (b).

While the maximum values geqmax Were used for the Process Signature Components shown in Figures 11 and 12,
the depth profiles shown in Figure 10 also allow the use of the internal material loads &.q at defined depths to
generate depth-resolved Process Signature Components. Those are essential to predict the resulting surface and

subsurface properties. The correlations of maximum values does not allow to derive suitable process parameters

0.4



to achieve a desired level of residual stresses at the surface or in a given depth. Figure 13 presents Process
Signature Components indicating the correlation between the internal material load in a certain depth and the
resulting residual stresses in that same depth for the experimental (13a) and numerical (13b) data. Both graphs
show a comparable and plausible course. Independent from the depth, higher internal material loads lead to
higher compressive residual stresses. Interestingly, there are certain parts of the correlations indicating that the
material’s response to a certain internal material load changes when looking at different depths. This highlights
that for residual stress depth profiles, the residual stress is an integral quantity and is therefore influenced by

the complete strain depth profile. This emphasizes the value of depth-resolved Process Signatures.
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Figure 13- Depth-resolved Process Signature Components correlating the internal material load geqmax in a certain
depth to experimentally (a) and simulated (b) residual stresses

6. Conclusions

Deep rolling is a well-established process to induce beneficial surface and subsurface characteristics. Jawahir

and colleagues [5] presented the results of an international round robin test aiming at inducing a given residual



stress state at the surface of steel samples by a process and parameters of choice. Without optimizing the process
iteratively, most samples showed large deviations from the target value. This strongly confirmed the need for
systematic approaches to allow “first-time-right” manufacturing. The goal of this paper was to close the
knowledge gap with respect to the internal material loads during deep rolling. A validated 3D FE-simulation was
used to identify and quantify the relevant strains during deep rolling. The good agreement between experimental
and numerical data allows a better understanding of the process and the material’s response. The depth-resolved
Process Signature components enable to inversely determine the necessary process parameters to choose for a
desired residual stress at a specific depth. The use of the knowledge gained is demonstrated in Figure 14. Using
the depth-resolved Process Signature Component (14b) and defining a desired residual stress level of -900 MPa
at the surface (z = 0 um) after deep rolling, a required internal material load of €eqmax = 0.113 can be deduced
(green dotted lines). The data from the FE-simulation allows to correlate the internal material loads with the
experimentally measured deep rolling force (14d). By interpolation, a deep rolling force of Fr =430 N is identified
to be necessary. The deep rolling force is a direct result of a comparably simple equation where the deep rolling

pressure set on the pump and the diameter of the tool are the only relevant factors:
E = (pr-(0.5+dp)? - m)/10 (2)

As demonstrated in Figure 14c, a pressure of 152 bar will result in a deep rolling force of 430 N. As all steps of
this causal sequence are known and the correlations allow an interpolation, in this example, it would be possible
to provide the desired information. Deep rolling with a tool diameter of 6 mm and a deep rolling pressure of 152
bar should result in -900 MPa compressive residual stresses at the surface. This comparably simple example

stresses the potential of the concept of Process Signatures as proposed by Brinksmeier et al [10].
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Figure 14 - Procedure to determine the necessary process parameters from a wanted modification of the surface
integrity with the help of correlations along the causal sequence of deep rolling.
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