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Abstract
Deep rolling is a machining process which is used to decrease roughness and to induce compressive residual stresses into 
component surfaces. A recent publication of this research group showed possibilities to predict the topography during deep 
rolling of bars in a lathe. Although deep rolling can be used in a milling machine to machine flat specimens, it is still unclear, 
whether the topography can be predicted to a similar extend using this application. To investigate the influence of the machin-
ing parameters on topography, three experimental stages are performed in this paper on cast AlSi10Mg. First, single-track 
deep rolling experiments are performed under variation of the deep rolling pressure pw to find the relationship between pw and 
the indentation geometry. Here, a logarithmic relationship between deep rolling pressure and the indentation characteristics 
could be found that achieved a relatively high agreement. In the second stage, surfaces are prepared using multi-track deep 
rolling. Here, the deep rolling pressure pw and the lateral displacement ab are varied. The multi-track rolled surfaces were 
compared to an analytical model for the calculation of the theoretical roughness that is based on the logarithmic relation-
ship found in the first experimental stage. Here, the limits of the analytical prediction were shown because high similarities 
between predicted and measured surfaces only occurred for certain deep rolling pressures pw and lateral displacements ab . To 
further investigate the limitations of this procedure, a novel tool concept, which utilizes the rotation of the machine spindle, 
is used in the third stage. Here, the generated surface can also be interpreted as a periodic sequence of spheric indentations 
as shown in the second experimental stage, whereas the measured surfaces differed from the expected surfaces. As a result 
of this paper, the predictability of the surface topography after deep rolling of flat specimens is known (minimum pressure 
pw,minAlSi10Mg = 5 MPa and minimum lateral displacement ab,minAlSi10Mg = 0.25 mm) and also first results regarding the final 
topography after using the novel tool concept are presented.
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1  Introduction

Deep rolling is a machining process which is commonly 
used to improve the surface integrity of metallic compo-
nents. It is usually applied after cutting processes like turn-
ing for axisymmetric workpieces or milling for flat work-
pieces. Deep rolling can be performed using different tool 
concepts and the force can be applied using mechanical (i.e. 
spring loaded) or hydrostatic mechanisms. The tool can have 
a spherical, cylindrical or torical shape. While mechanical 
tools provide the possibility to use the deep rolling device 
without further machine modifications, hydrostatic tools 

offer the possibility to provide continuous deep rolling forces 
when machining free-form or unround workpieces. When 
using hydrostatic tools, an additional hydrostatic compressor 
system is necessary. In this paper, processes with hydrostatic 
force application and spherical tools are used [1]. Accord-
ingly, only these processes are discussed in this introduction. 
The influence of the deep rolling parameters on the rough-
ness of the axisymmetric workpieces is well described.

Courbon et  al. investigate the influence of various 
deep rolling parameter combinations on the roughness of 
27MnCr5 workpieces. They observe that the feed f and the 
deep rolling pressure pw influence the roughness Ra and 
Rz [2]. Meyer et al. use deep rolling to machine metastable 
austenitic steels. Here, the resulting roughness Ra and Rz 
mainly depends on the ball diameter db and the mechanical 
properties induced by different heat treatments. The deep 
rolling pressure pw plays a minor role and the feed f is not 
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varied [3]. Schuh et al. achieve a similar result when machin-
ing Ti6Al7Nb. Roughness is reduced with increasing deep 
rolling pressure pw until a sufficient deformation is achieved. 
A reduction of feed f and an increase of the ball diameter 
db lead to a roughness reduction [4]. Mader describes the 
deep rolling process as a sequence of aligned embossing [5]. 
Denkena et al. use this description for a geometric model of 
the topography after deep rolling. If a sufficient mechanical 
load is applied, topography can be predicted by a geometric 
calculation under consideration of the ball diameter db and 
the feed f. The mechanical load is described by Qdef  , which 
is the relationship between maximum Hertzian pressure 
pmax and the yield strength Rp0.2 [6]. The process limits for 
AISI1045, AISI4140 and Al6082 are shown in Fig. 1. For 
the applicability of the model a minimum of Qdef ≈ 7 is nec-
essary. The model is also limited by the feed f. If Qdef > 10 is 
achieved, the maximum feed for an applicability is increased 
to fmax = 0.3 mm. This is indicated by the yellow area in 
Fig. 1. No upper boundary for Qdef  and the applicability of 
the model was found. However, with increasing Qdef  disrup-
tions of the surfaces can appear. The detailed information 
about the test execution can be found in the paper of Den-
kena et al. [6]. If the surface is not fully deformed because 
of a workpiece material with high mechanical strength [7] 
or low deep rolling forces, a roughness prediction model 
has to include the initial roughness and the experimentally 
determined indentation geometry [8].

The use of hydrostatic tools on flat workpieces is uncom-
mon, compared to the machining of round workpieces. One 
possible reason for this fact is, that the machining time 
increases with the comparably low feed velocities vf  which 
can be offered by milling centers. Therefore, deep rolling of 
flat workpieces is usually performed with mechanical tools 
which include cylindrical roller elements and use the spindle 

rotation [9]. Deep rolling with milling-like kinematics and 
hydrostatic tools is only performed on geometrically com-
plex and cost intensive workpieces such as fan blades [5, 10]. 
The current situation can be summarized as follows:

–	 Surface topography after deep rolling with turning kin-
ematics is predictable under certain conditions. Here, the 
relationship between mechanical load and yield strength 
Qdef  is important.

–	 Deep rolling of flat and free-form samples is possible by 
using a milling machine.

–	 The machining of flat specimens takes a long time when 
using a single-track tool with spherical shape. In state-
of-the-art hydrostatic approaches, the spindle rotation is 
not used.

–	 Spring loaded deep rolling systems can provide an une-
ven machining load when machining rough or free-form 
geometries, because slight deviations can cause a deep 
rolling force difference. Using this approach, the predic-
tion of surface parameters is therefore complex.

These facts lead to the conclusion that a new hydrostatic 
deep rolling tool which obtains the spindle rotation must 
be developed to increase productivity when deep rolling 
with milling-like kinematics. Besides the construction and 
application of such a tool concept, a first approach regarding 
surface topography prediction should be applied. Therefore, 
the goal of this paper is the prediction of surface topography 
after deep rolling with milling kinematics. To achieve this 
goal, the following steps are performed: 

1.	 Determination of the indentation geometry in single-
track experiments.

2.	 Variation of the lateral displacement ab in multi-track 
experiments.

3.	 Development of a multi-spherical deep rolling tool with 
milling kinematics.

4.	 Experimental evaluation of the resulting geometry.

2 � Materials and methods

The experiments are conducted in three stages. During 
the first and second experimental stage, a single mounted 
standard ECOROLL HG6 deep rolling tool with an external 
compressor system is used. In the first stage, single-track 
deep rolling experiments under variation of the deep rolling 
pressure pw are performed. Here, the indentation geometry 
is evaluated to investigate the influence of the indentation 
depth and width to prepare the subsequent experiments. In 
the second stage, samples are deep rolled under variation 
of the lateral displacement ab . Subsequently surface topog-
raphy is evaluated to investigate, under which condition its 
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prognosis is possible. In the third stage, a new tool concept 
which utilizes milling kinematics is used and the resulting 
surface topography is evaluated. All experiments are con-
ducted using continuously cast AlSi10Mg, which is cut into 
squared slices with a height of 8 mm and with a side length 
of 80 mm. The mechanical properties of this material are 
listed in Table 1.

For the basic investigations during the first and second 
experimental stage, a standard single-mounted ECOROLL 
HG6 deep rolling tool with an external compressor system 
is used. The ball diameter of a HG6 tool is db = 6.35 mm 
and the external compressor can provide a deep rolling pres-
sure of pw = 2–60 MPa. In the first experimental stage, the 
pressure is varied between pw = 2 and 10 MPa in steps of 
1 MPa. The stress relationship Qdef  is calculated accord-
ing to Denkena et al. [6] by application of Hertzian contact 
between a sphere and a flat specimen after Johnson [12]. 
The stress relationship ranges between Qdef (2 MPa) = 9.45 
and Qdef (10 MPa) = 16.2. It can therefore be assumed that a 
sufficient degree of deformation is achieved throughout all 
experiments. Each experiment is performed thrice. In the 
second experimental stage, the lateral displacement is varied 
in five stages of ab = 0.05, 0.11, 0.25, 0.4, 0.5 mm and the 
deep rolling pressure is varied in three stages pw = 2, 5, 8 
MPa. For the third experimental stage, a new tool design is 
used. As depicted in Fig. 2a), the tool consists of a standard 
HSK100 tool taper with an adapter/holder which holds two 
ECOROLL HG6 rolling elements. The elements are placed 
in a radial distance of dtool = 27 mm. The adapter consists 
of two joined parts with milled channels for fluid transport. 
During these experiments, the deep rolling pressure pw is 
applied by using the coolant pressure system of the milling 
center. For all experiments, a Heller H5000 milling center 
is used, because this machine tool can apply a nominal 
fluid pressure of pw,nom = 10 MPa, of which pw,max = 8 MPa 
arrive at the tool due to the systematic losses of the pres-
sure system. Every hydraulic compressor system generates 
losses due to tube friction, throttles and vessels. In the novel 
milling kinematic tool, the taper, the adapter and the roll-
ing element contain such loss generators. This results in a 
reduction of the fluid pressure provided by the machine tool 
( pw,nom ) to a fluid pressure at the rolling ball ( pw,max ). For 
the determination and validation of pw,max in-process force 
measurements have been conducted. The tool has a milling-
like process kinematic, where the tool is set to rotation and 

the machining is performed by a linear movement to the 
machining axis. As shown in Fig. 2b), this process kinematic 
leads to the depicted tool path. Here, the distance between 
the tracks differs depending on the rotational angle � . With 
increasing � , the number of contacts or, depending on the 
relationship between feed f and indentation width wi , the 
distance between deep rolling induced grooves decreases. 
The smallest distance is achieved for � = 90◦ . In the ranges 
between � = 0◦ and � = 90◦ the deep rolling paths are cross-
ing, resulting in a new rolling of the previous rolled surface 
by the running after ball. One single experiment with a rota-
tional speed of n = 50 min−1 and a feed per rolling element 
of fb = 0.25 mm is performed.

3 � Results

The goal of the first experimental set is to gain information 
on the load dependent indentation geometry. Here, both, the 
indentation width wi and the indentation depth di are rele-
vant, as they can limit the validity of a geometric indentation 
model. Figure 3 shows a tactile measurement through the 
tracks generated with a pressure of pw = 6 MPa. It is visible 
that all indentations are similar regarding indentation depth 

Table 1   Mechanical properties of AlSi10Mg [11]

Material Yield strength Rp0.2 Tensile strength Rm

AlSi10Mg 180 MPa 220 MPa
Poisson Hardness ratio
0.35 75 HB

HSK100 taper

Adapter with 
fluid channels

a) Milling kinematic tool

ECOROLL HG6 
rolling elements

b) Process kinematics

IFW©My/93343

Feed velocity vf

Rolling velocity vr

Rolling ball

Tool Center Point (TCP)

2 mm

25 mm

IFW©My/93343

Fig. 2   Tool design and path of the milling kinematic deep rolling tool
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and width. Also visible is a distortion of the groove, which 
has a magnitude of ∼ 0.5 � m. Here, an exact quantification 
of the depth di cannot be made. The distortion may be a 
result of the sawing pre-treatment of the workpiece, which 
resulted in a rough surface, as visible in the section between 
the deep rolling grooves. This assumption can be backed 
up by the fact that the distortion decreases with increas-
ing deep rolling pressure pw . This can also be supported by 
the research of Denkena et al. [6], who reported a sufficient 
applicability of the roughness prediction for Qdef > 6.7. This 
criterion is reached for pw = 0.7 MPa.

Figure 3 also shows the image of the deep rolling ball 
with a diameter of db = 6.35 mm. It should be noted that 
the axes are not equidistant which results in an elliptical 
representation of the crosscut spherical tool. It can be seen 
that the track generated by deep rolling represents the form 
of the tool, which was also observed by Denkena et al. [6] 
for deep rolling with turning-like kinematics. This observa-
tion also supports Mader’s description of the deep rolling 
process [5] as a continuous sequence of embossing processes 
(see introduction). The resulting relationship between the 
deep rolling pressure pw and the indentation characteristics 
di and wi is shown in Fig. 4. Here, the markers represent the 
medium of the three measurements and the error bar rep-
resents the upper and lower limits. It can be seen that both 
sizes are represented by logarithmic functions (Eqs. (1) and 
(2)). Here, a high agreement of R2 > 0.9 could be achieved.

With this description, the calculation of the theoretical 
roughness Rth can be performed according to Fig. 5. Here, 
the ball radius db∕2 and the lateral displacement ab are taken 
into account.

(1)wi = 273.03 μm ⋅ ln(pw) + 204.17 μm

(2)di = 3.162 μm ⋅ ln(pw) + 1.2965 μm

The calculation can be performed by
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For an accurate representation of the surface topography, the 
following boundary conditions have to be applied.

To investigate whether this description is accurate and to 
find limitations, the second set of experiments is performed 
under variation of the lateral displacement ab and the deep 
rolling pressure pw . As described previously, the maximum 
deep rolling pressure generated by the used milling center 
is pw = 8 MPa.

Therefore, pw is varied between pw  =  2 and 8  MPa, 
because this experimental set is used for the setup of the 
usage of the new tool concept. Figure  6 shows tactile 
measurements of the resulting surfaces for ab = 0.05 and 
ab = 0.11 mm. The measurement is depicted in black, while 
the theoretical surface is red. In these measurements, the 
actual surface has no periodic structure. This periodicity 
is one of the basic principles of the model. One possible 
explanation for this deviation is, that the theoretic indenta-
tion is small in comparison to vibrations and the occurrence 
of build-ups. It can therefore be concluded that the model is 
neither applicable for the investigated deep rolling pressures 
pw nor for ab < 0.11 mm.

(5)ab ≤ wi

(6)Rth ≤ di

Figure 7 shows the profiles of the surfaces generated 
with a lateral displacement ab = 0.25, 0.4, and 0.5 mm. In 
the upper row, the surfaces generated with the deep rolling 
pressure pw = 2 MPa are shown. For the lower displace-
ments ab , the periodic embossing of the deep rolling tool 
is clearly visible. It can be seen as well, that the grooves 
are distorted in a magnitude of 2 μ m. The stress coefficient 
for this parameter combination is Qdef  = 9.46. The distor-
tion contradicts the state of the art, where a distortion-free 
indentation is predicted for Qdef > 6.7. Possible reasons 
for these differences can be the different plastic behavior 
of the cast AlSi10Mg in comparison to the materials inves-
tigated by Denkena et al. [6]. Another reason could lie in 
the different contact situation, where the resistance against 
material flow in both directions is lower. Another reason 
could be the initial roughness of the workpiece, which was 
comparatively high (Rz = 15 μm). This results in higher 
necessary mechanical work for the full deformation. When 
machining with pw = 2 MPa and ab = 0.5 mm the criteria 
defined in Eqs. (4) and (3) are not met, because the theo-
retical roughness is Rth = 9.8 � m and the groove depth is 
di (2 MPa) = 3.49 μ m according to Eq. (2). This means that 
the material is not deformed enough. Both criteria are ful-
filled for ab = 0.25 mm in combination with pw = 5 and 8 
MPa. Here, a good representation of the actual profile can 
be performed using the analytical model. In comparison, 
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the surface generated with pw = 5 MPa has a higher groove 
distortion, which can be explained by the lower deformation. 
The combination of pw = 5 MPa and ab = 0.4 mm results in 
Rth(0.4 mm) = 6.4 μ m and di(5 MPa) = 6.39 μ m. The cri-
terion necessary for the applicability of the model from Eq. 
(6) is therefore not matched by a small fraction. However, 
the theoretic surface topography is well represented by this 
model. Therefore, this minimal difference can be neglected. 
A similar result is achieved when using pw = 8 MPa. A 
lateral displacement of ab = 0.5 mm results in a theoretical 
roughness of Rth = 9.8 μ m. This exceeds the indentation 
depth di (5 MPa) = 6.39 μ m and di(8 MPa) = 7.87 μ m. This 
is represented in both resulting surfaces. Using pw = 5 MPa, 
a high groove distortion occurs, and the grooves and val-
leys do not reach the height of the theoretical surface. When 
applying pw = 8 MPa, the grooves are smooth, but do not 
reach the sufficient depth. This behavior was prognosed by 
the application of Eq. (6). From this second set of experi-
ments, the boundary conditions for the third experimental 
stage can be specified. The minimum pressure for a work-
ing prognosis was pw,minAlSi10Mg = 5 MPa ( Qdef  = 12.8) and 
the prognosis worked for ab,minAlSi10Mg = 0.25 mm. It was 
also seen that the groove was less distorted with pw = 8 MPa 
( Qdef  = 15). Therefore, the experiments using the novel tool 
approach are performed using pw = 8 MPa. The kinemat-
ics and geometric dimensions of this tool are depicted in 
Fig. 2. The tool rotates around its vertical axis with a rota-
tional speed n while performing straight horizontal move-
ment with a velocity of vf  . The tool consists of two eccentric 
deep rolling balls. This results in two deep rolling opera-
tions in one full tool rotation. The process kinematic has 
a high similarity to a face milling process. Therefore, the 
mathematical relationships for such processes can be used 
with a replacement of the feed per tooth fz by the described 
feed per ball fb . Based on these previous experiments and 
the process kinematics the process is expected to generate 
a surface with a cyclic peak distribution with a differing 
number of contacts depending on the rotational angle. The 
lowest number of contacts and therefore the highest rough-
ness is expected to be in the direction of the feed veloc-
ity vf  . The left-hand image of Fig. 8 shows the resulting 
topography of a workpiece machined with the parameters 
specified in Sect. 2. It is visible that the topography gener-
ally follows the tool path (see Fig. 2). The peak distance 
is, as expected, lower at a higher rotational angle. This can 
be explained by the higher number of contacts. The profile 
obtained from the feed velocity axis of the machined surface 
is depicted the upper right hand side of Fig. 8. It can be seen 
that the surface consists of a periodic sequence of spheric 
indentations. This profile shows optical similarity to the 
surfaces generated in the second experimental section. The 
distance between the peaks is dp = 0.5 mm, which is twice 
the feed per ball fb . The lower right side of Fig. 8 shows a 

Fast Fourier Transformation (FFT) of the profile. Here it is 
shown that the dominant frequency is fdom = 2 mm−1 . This 
contradicts the measured distance dp . As visible in Fig. 2, 
the ball distance which should be expected is the feed per-
ball fb , which would reduce the peak height and therefore 
the roughness.

One possible explanation lies in one main principle of 
deformation processes: Volume constancy. In opposition to 
a cutting process, the material is not removed. Because the 
indentation width is wi(8 MPa) > 800 μ m and the feed per 
ball fb is significantly smaller, a new deformation of the 
groove generated by the first deep rolling ball is generated. 
Therefore, the benefits of this new tool concept are slightly 
diminished. To validate this, a higher number of experiments 
under variation of the process parameters (rotational speed 
n, feed per ball fb ) should be performed.

4 � Discussion

This paper discusses approaches for deep rolling of flat 
and free form workpieces using hydrostatic deep roll-
ing tools with spherical rolling elements with the goal to 
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describe the resulting roughness. Because deep rolling of 
flat workpieces with conventional tools would take a com-
paratively long machining time, a new tool design which 
utilizes milling kinematics was introduced. To describe 
the resulting topography after using this approach, three 
experimental stages were performed. In the first stage, 
single-track experiments under variation of the deep roll-
ing pressure pw were carried out. The experiments resulted 
in a description of the indentation depth di and width 
wi . The second stage contained sequential deep rolling 
experiments under the variation of the lateral displace-
ment ab and the deep rolling pressure pw . These experi-
ments defined boundary conditions for a description of 
the surface using a geometrical approach. The geomet-
ric description was applicable for lateral displacements 
of ab ≥ 0.25 mm and deep rolling pressures of pw > 5 
MPa. Under knowledge of these boundary conditions, 
the new tool was used with a feed per ball fb = 0.25 mm 
and a deep rolling pressure pw = 8 MPa. Despite having 
the same process kinematics as face milling, the peak to 
peak distance in center of feed velocity direction was dp 
= 0.5 mm = 2 fb . A possible explanation is based on the 
different deformation behavior in comparison to cutting 
mechanisms. It was also shown that the tool offers the 
possibility to reduce the machining time for flat and free-
form workpieces, while the resulting surface topography 
could be described by an alignment of spheres for one full 
rotation. For future applications and research, the forming 
behavior should be considered. Knowledge of the forming 
behavior could be achieved using a finite element simula-
tion. Besides topography, the resulting surface integrity 
components such as the residual stress state are unclear 
and should be investigated in the future. The tool concept 
itself should be improved for future industrial application. 
While the deep rolling pressure pw was provided by the 
coolant compressor of the Heller H5000, pw = 8 MPa is 
a comparably low rolling pressure regarding most deep 
rolling applications. To enhance the applicability of the 
tool concept to machine materials with higher mechanical 
strengths, a rotary hydraulic joint could be applied to the 
shaft. Here, the necessary mechanical load ( pw > 40 MPa) 
could be applied to machine even quenched materials. The 
tool design should be improved regarding the overhang 
length of the deep rolling elements. Using the standard 
tools, only low rotational speeds n could be used because 
of the risk of high torque generated by the rolling forces. 
A customized, shorter version could reduce this risk.
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