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Abstract 

In metal production, mechanical surface modifications are used to optimize workpiece characteristics to improve properties such as fatigue 
strength. Machining and mechanical surface modification can be integrated in the process strategy Complementary Machining. After machining 
the cutting tool is used reversely acting as a tool for mechanical surface modification. This paper shows the influence of the cutting edge 
microgeometry on process forces and temperatures as well as process induced grain refinement in the surface layer during the mechanical surface 
modification of Armco-Iron and AISI 4140. The mechanical surface modification is simulated in a 3D-FEM-simulation with ABAQUS/Standard. 
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1. Introduction 

In machining operations of metallic components, it is of 
great importance to produce surfaces with high geometric 
accuracy and surface integrity due to the machining process. In 
this context, surface integrity includes to enhance workpiece 
characteristics like fatigue strength, wear resistance, tribology 
or corrosion [1]. The surface layer state (e.g. residual stresses, 
roughness, micro hardness or grain size) has a significant 
influence on these workpiece properties [2-5]. During 
machining the cutting edge microgeometry substantially 
influences the resulting surface layer states as a result of the 
impact of high thermal and mechanical loads [6]. For this 
reason the cutting edge microgeometry and the preparation of 
these are in focus of research investigations [7-9]. 

In industrial applications a machining process is followed 
by a mechanical surface modification processes to improve 
surface integrity. Mechanical surface modification processes 
aim to smoothen the surface topography, influence residual 
stresses, increase the hardness or influence the microstructure. 
The surface layer states can be achieved by a local plastic 

deformation of the surface layer during the surface 
modification.  

The process strategy Complementary Machining combines 
the machining and the mechanical surface modification [10]. 
After the machining process the cutting tool is used in opposite 
direction resulting in a plastic deformation of the surface layer. 
On the one hand, the process is reciprocal because the tools are 
used in the opposite direction. On the other hand the process is 
integral because standard machining is supplemented by 
mechanical surface modification. For that reason the 
machining strategy is called Complementary Machining. 
Previous investigations of Complementary Machining showed 
the reduction of surface roughness and an increased strain 
hardening [11].  

One of the objectives of the current investigation is to 
generate knowledge about the influence of the cutting edge 
microgeometry on the resulting process forces, temperatures 
and microstructure during mechanical surface modification by 
Complementary Machining of Armco-Iron and AISI 4140. The 
mechanical surface modification is simulated in a 3D-FEM-
simulation with ABAQUS/Standard. 
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2. Setup and Materials 

2.1. Cutting edges  

To analyze the influence of cutting edge microgeometry on 
surface integrity, the microgeometry has to be defined. In Fig. 1 
the contact conditions between the tool and the workpiece 
during the mechanical surface modification by Complementary 
Machining are shown. After the machining process with 
process parameters cutting velocity vc and cutting depth h the 
cutting tool is used in opposite direction for the mechanical 
surface modification. For the surface modification the 
penetration depth ap and the surface modification velocity vst 
are the characteristic process parameters for this process step.  

In this paper the microgeometry of the cutting edge is 
characterized by the form-factor method following the 
approach of Denkena [12] for the machining process. The 
form-factor K is defined as 

               (1) 

Sγ is the cutting edge segment on the rake face, Sα is the 
cutting edge segment on the flank face. This definition is the 
basis for machining and surface modification. 

2.2. Finite element model 

The finite element model is described as a three-dimensional 
orthogonal cutting process with the FEM software 
ABAQUS/Standard. The model consists of two bodies, the tool 
and the workpiece. The tool  is defined as a rigid body only 
allowing the workpiece to be deformed and to be meshed with 
hexahedral coupled temperature-displacement (C3D8T) 
elements. The width was fixed at 600 µm and the other 
geometry parameters varied according to the penetration depth 
ap and the form-factor Κ. The workpiece is defined as a 
rectangular solid with a width of 500 µm, a length of 700 µm 
and a height of 300 µm. Moreover it is meshed with tetrahedral 
coupled temperature-displacement (C3D4T) elements. 

During the process the tool moves with the surface 
modification velocity vst along the fixed workpiece. The 
microgeometries of the tool are generated through fitting 
ellipses, determined by Sγ and Sα,. In addition, two sources of 
heat generation were implemented into the model. On the one 
hand, heat generation through friction. Therefore, a constant 
friction coefficient μ was used following the approach of 
Coulomb’s law. On the other hand, heat generation through 
plastic deformation was implemented. The description of the 
flow behavior and the grain size of the material model AISI 

4140 and Armco-Iron are implemented through a UHARD 
subroutine into the ABAQUS/Standard model. 

2.3. Modelling of flow stress and grain refinement 

 The flow stress σ depends on the temperature  and the 
strain rate . Thereby, the flow stress can be decomposed in an 
athermal component and a thermal component . 
These are based on the approaches of [13-15]. 
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Due to short range dislocation obstacles the thermal 

component   depends on temperature T, the strain rate 
 and the material constants n and m. The thermal component 

 increases with decreasing temperature and an 
increasing strain rate. Above the temperature T0 the thermal 
component will be neglected. T0 is defined as 

 

              (3) 

 
with the free activation enthalpy  and the Boltzmann 
constant kB. 

Due to long range dislocation obstacles the athermal 
component  slightly depends on the temperature T and the 
shear modulus G. The term  describes the high 
temperature softening and is 1 for . For ,  
is defined as 
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including the material constants and the melting 
temperature Tm. 

The modelling of the grain refinement bases on the Zener-
Hollomon parameter Z. The Zener-Hollomon parameter Z 
depends on the plastic strain rate and the temperature T. The 
validation of this approach is published in [16] for machining 
of AISI 4140.  

 
Figure 1. Contact conditions for Complementary Machining 
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3. Simulations and experiments 

3.1. Simulations  

The simulations of the mechanical surface modification 
during Complementary Machining are carried out in two series 
in order to identify the influence of the form-factor K on the 
resulting surface layer states. In series 1 the penetration depth 
ap is constant at 20 µm and the surface modification velocity vst 
varies from 20 to 150 m/min. The objective of this series is to 
identify the influence of the surface modification velocity on 
the process forces, with maximal temperatures and resulting 
grain size for AISI 4140.  

In series 2 the surface modification velocity vst is constant at 
150 m/min and the influence of the penetration depth ap was 
analyzed through a varying ap from 10 to 40 µm. In series 2 
AISI 4140 and Armco-Iron was investigated. 

In both series during the mechanical surface modification 
the rake angle γ is held constant at -7°. Furthermore, three 
different microgeometries Κ = 0.2, 1 and 2 based on 
rβ = 40 µm were investigated. Tab. 1 shows the simulated 
parameters. 

3.2. Experiments 

For calibrating the material model (Eq. 2 to 5) orthogonal 
cutting experiments were carried out on a Karl Klink vertical 
broaching machine. The workpiece was clamped vertically on 
the linear machine slide that moves upwards with the relative 
velocity vrel. The length of the workpiece is l = 80 mm, the 
width w = 7 mm and thickness t = 4 mm. Uncoated cutting tools 
from Walter Tools (WKM P8TN 6028833) were used. The 
cutting edges microgeometries  (form-factors K = 0.2, 1 and 2) 
were prepared by brushing and were measured using a Mahr 
perthometer. The process forces were measured by a Kistler 
three component dynamometer of Type Z 3393. Focused ion 
beam-technique was applied using a FEI Strata 400S Dual 
Beam FIB/SEM to study the microstructure. The ion 
channeling contrast imaging was performed by detecting 
secondary electrons emitted due to the irradiation of the cross-
section area with an ion beam of 9 pA. 

4. Results and discussion 

4.1. Constant penetration depth ap 

For AISI 4140 Fig. 2 and 3 show the surface modification 
force Fst and passive force Fp for different surface modification 
velocities and form-factors K and for the penetration depth 

ap = 20 µm. The results confirm the observation of previous 
studies. Process forces are slightly sensitive to an increased 
surface modification velocities [10, 11]. Regarding the 
influence of different form-factors, it can be observed that 
form-factors Κ < 1 lead to higher process forces. This can be 
compared to the results in [17] according to which dull cutting 
edges lead to higher process forces than sharp edges. 
Concerning the change of processing direction in 
Complementary Machining form-factors Κ < 1 are dull and 
cutting edge microgeometries Κ > 1 are sharp cutting edges. 
Between these two kinds of cutting edges huge differences in 
process forces can be observed whereas an increased form-

Table 1. Simulated process parameters and form-factors 

Series  Surface 

modification 

velocity 

vst [m/min] 

Form-

factor 

Κ [-] 

Penetration 

depth 

ap [µm] 

Material 

1 
from 

to 

20 

150 

0.2 

2 
20 AISI 4140 

2 
from 

to 
150 

0.2 

2 

10 

40 

Armco 

AISI 4140 

Figure 2. Surface modification force Fst for surface modification 
velocities vst and penetration depth ap of 20 µm for AISI 4140 

 
Figure 3. Passive force Fp for surface modification velocities vst and 

penetration depth ap of 20 µm for AISI 4140 
 

 
Figure 4. Temperature T of surface modification velocity 

vst = 150 m/min and penetration depth ap of 20 µm for AISI 4140 
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factor Κ > 1 has no more significant influence on process 
forces. 

Fig. 4 shows the generation of heat during Complementary 
Machining of AISI 4140 for ap = 20 µm and Κ = 0.2 and 2. It 
was determined that form-factors Κ > 1 cause locally 
concentrated higher temperatures than microgeometries Κ < 1 
which heat a larger volume of material to a lower temperature. 

In Fig. 5 the maximum temperature T is shown with a 
constant penetration depth ap = 20 µm and varying surface 
modification velocities for AISI 4140. The results show that an 
increasing form-factor Κ results in an increasing process 
temperature. Furthermore, higher surface modification 
velocities cause higher temperatures. This can be explained by 
the influence of the surface modification velocity on the two 
sources of heat in the model, friction and plastic deformation. 
Both sources increase with higher surface modification 
velocity. 

In Fig. 6 the resulting grain size gs is shown related to the 
initial state after the surface modification by Complementary 
Machining was issued. The results show a great dependence of 
grain refinement on the temperature. As it is shown in Fig. 6 
only high surface modification velocities (vst > 100 m/min) lead 
to significant grain refinement. For this reason, simulations 
with a constant surface modification velocity vst = 150 m/min 
were carried out in the second simulation series. There, the 
penetration depth ap varied. 

4.2. Constant surface modification velocity vst 

In Fig. 7 and 8 the process forces of different form-factors 
K, different penetration depths ap and surface modification 
velocity vst = 150 m/min for Armco-Iron are presented. The 
results of the simulation show no significant influence of the 
form-factor K on process forces during the surface 
modification by Complementary Machining of Armco-Iron. As 
it was expected an increasing penetration depth ap leads to 
higher process forces. Regarding the passive force Fp the form-
factors Κ < 1 cause slightly higher passive forces than the form-
factors Κ > 1. This can be explained by the increase of contact 
area using Κ < 1 which increases the area affected by the 
passive force. 

During Complementary Machining of Armco-Iron the 
results of process forces in general show similar dependencies 
as the results of AISI 4140 (Fig. 9 and 10). According to the 
results of Armco-Iron the form-factor K has a negligible 
influence on the surface modification force. However, the 
results for a form-factor Κ > 0.2 show that the passive force can 
be reduced and is constant for K > 1. This same tendency was 
observed during surface modification of Armco-Iron, though 
AISI 4140 is more sensitive to the influence of different form-
factors Κ. 

For AISI 4140 the process forces are twice as high as the 
process forces of Armco-Iron. The results of this simulation 

 
Figure 5. Maximal temperature T for surface modification velocities vst 

and penetration depth ap of 20 µm for AISI 4140 

Figure 6. Grain size gs for surface modification velocities vst and 
penetration depth ap of 20 µm for AISI 4140 

 
Figure 7. Surface modification force Fst for constant the surface 

modification velocity vst of 150 m/min and different penetration depths 
ap for Armco-Iron 

 
Figure 8. Passive force Fp for constant surface modification velocity vst 

of 150 m/min and different penetration depths ap for Armco-Iron 
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study are in conformity with the experimental results of [10]. 
The effect is caused by the lower strength and higher ductility 
of Armco-Iron in comparison to AISI 4140.  

In conclusion, the cutting edge microgeometry has a major 
influence on the passive force Fp compared to the surface 
modification force Fst.  

Fig. 11 and 12 show the maximum temperature T for 
different form-factors K and penetration depths ap using the 
surface modification velocity vst = 150 m/min of Armco-Iron 
and AISI 4140. The results show that higher penetration depths 
ap lead to higher temperatures according to higher plastic 
deformation. It is remarkable that form-factors Κ > 0.2 lead to 
lower passive forces and simultaneously increases thermal 
load. Whereas form-factors Κ < 1 cause higher passive forces 
along with decreasing thermal load. During the surface 
modification of AISI 4140 in comparison to Armco-Iron, a 
considerable higher amount of heat is generated because of the 
higher mechanical work needed. The higher strength of AISI 
4140 compared to Armco-Iron causes a much higher amount of 
heat through plastic deformation. 

Fig. 13 shows the resulting grain refinement during 
Complementary Machining of AISI 4140 with form-factors 
Κ = 0.2 and 2, vst = 150 m/min and penetration depth 
ap = 40 µm. through form-factors Κ > 1 smaller grain sizes are 
achievable with equal penetration depth and surface treatment 
velocity. 

The grain refinement of different form-factors Κ and 
penetration depths ap is shown in Fig. 14. The results of the 
simulations suggest insignificant grain refinement after 
machining of Armco-Iron. This is caused by the significant 
lower temperatures especially in comparison to the resulting 
process temperatures of AISI 4140. As observed before, under 
the given constraints grain refinement is mostly depending on 
temperature. Form-factors Κ > 1 cause higher temperatures 
than Κ < 1. Consequently, it results in a smaller grain size. 
Because form-factors Κ < 1 cause less heat through plastic 
straining, lower temperatures and consequently less grain 
refinement is achieved. 

 

 
Figure 11. Maximal temperature T for constant surface modification 

velocity vst of 150 m/min and different penetration depths ap for 
Armco-Iron 

 
Figure 12. Maximal temperature T for constant surface modification 

velocity vst of 150 m/min and different penetration depths ap for 
AISI 4140 

 

 
Figure 13. Resulting grain size gs for form-factor Κ = 0.2 and 2, surface 

modification velocitiy vst = 150 m/min and penetration depths 
ap = 40 µm for AISI 4140  

 
Figure 9. Surface modification force Fst for the constant surface 

modification velocity vst of 150 m/min and different penetration depths 
ap for AISI 4140  

 
Figure 10. Passive force Fp for constant surface modification velocity vst 

of 150 m/min and different penetration depths ap for AISI 4140 
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5. Conclusion and outlook 

In this paper the influence of the cutting edge 
microgeometry (form-factor K) and surface modification 
velocity vst on process forces, maximal temperatures and 
resulting grain size during the mechanical surface modification 
by Complementary Machining of AISI 4140 and Armco-Iron 
was examined with a 3D-FEM-simulation in 
ABAQUS/Standard. During the mechanical surface 
modification of AISI 4140 the simulated process forces 
correspond to experimental values of previous investigations 
and are twice as high as the process forces during the surface 
modification of Armco-Iron. 

It has been shown that a sensitivity of the form-factor K on 
the process forces, maximal temperatures and resulting grain 
size exists. However, the potential of the form-factor on 
resulting process forces, maximal temperatures or resulting 
grain sizes depends on the workpiece material. So the influence 
is more pronounced during the surface modification of 
ASIS 4140 compared to Armco-Iron. 

In further investigations, an optimal cutting edge 
microgeometry for the complete process strategy 
Complementary Machining will be identified. To estimate the 
thermo-mechanical load the FEM-simulation will be used. 
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Figure 14. Resulting grain size gs based on the initial grain size for 

constant surface modification velocity vst of 150 m/min and different 
penetration depths ap for AISI 4140 and Armco-Iron 


