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Abstract: Characterization of surface integrity is possible with three critical metrics: microstructure,
surface roughness, and residual stress. The latter two are discussed in this paper for low-alloyed
aluminum material quality. Ball burnishing is a regularly used finishing procedure to improve surface
roughness, shape accuracy, and fatigue life, taking advantage of the fact that it can favorably influence
the variation in stress conditions in the material. The effect of burnishing is investigated using finite
element simulation with DEFORM 2D software using the real surface roughness of the workpiece.
The FEM model of the process is validated with experimental tests, the surface roughness is measured
using an AltiSurf520 measuring device, and the residual stress is analyzed with a Stresstech Xstress
3000 G3R X-ray diffraction system (Stresstech, Vaajakoski, Finland). The results indicate that the
burnishing process improves the surface roughness and stress conditions of AlCu6BiPb low-alloyed
aluminum, and the study shows that there is good agreement between the FE and experimental
results, further revealing the effect of the process parameters on the distribution of the compressive
residual stress.
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1. Introduction

It is well known that the fatigue life of structures is greatly influenced by the quality
of the surface, which is why great attention is paid to the specification and finish of the
surfaces of machined parts in a time-effective, cost-effective, and environmentally friendly
way. This is supported by the research work of Sztankovics and Varga [1] on FEM investi-
gation of burnishing or the work of Suraratchai et al. on surface roughness modelling [2].
Surface integrity can be manipulated by the application of different mechanical surface
techniques like burnishing [3,4], which is a cold plastic deformation process with many
advantageous properties. For example, Kato et al. demonstrated in their research that the
process improves surface characteristics [5]. Skoczylas et al. also proved this through 3D
roughness parameters [6]. Luo et al. [7] and El-Axir et al. [8] addressed the beneficial effect
of the process on surface hardness. Besides this, Schubnell et al. studied the influence of
burnishing on stress conditions [9]. In addition to experimental tests, Posdzich et al. also
verified the beneficial effect of burnishing on the residual stress with simulations [10], just
like Amini et al., who used real surface roughness as a basis for modeling [11]. But still,
most of the studies related to the burnishing procedure have aimed at the implementation
of experimental tests to optimize parameters such as force, feed rate, speed, etc., which have
influence on surface structure. However, finite element simulation of this finishing process
has increasingly attracted the attention of researchers and engineers because—among other
things—it reduces the high costs and time of experimental tests.

This fact was also highlighted by Saldana-Robles et al. in their research, in which a
3D FE model with random roughness was developed in the ANSYS program to analyze
surface roughness after burnishing, residual stress values, and their depths on cylindrical
specimens of AISI 1045 steel [12]. Aldrine et al. also investigated the residual stress caused
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by burnishing, but on flat aluminum alloy surfaces (Al2024-T351 and Al7075-T651). In their
model, the tool is treated as a rigid body, while the workpiece undergoes an elastic–plastic
deformation for which a bilinear isotropic hardening material model is applied [13]. The
approach of their study and its results are intriguing, but not validated by experiments.
In the study of Kuznetsov et al., the tool was also modeled as a rigid body, but they
used the elasto-plastic Johnson–Cook model to describe the workpiece material (AISI
52100 hardened steel) in ABAQUS software. The aim of their work was to determine
the parameter settings that most favorably affect the micro-hardness and roughness of
the machined surface [14]. The model created by Chaudhary et al. was also assembled
in ABAQUS to determine the influence of burnishing feed using so-called multi-path
simulation. In their study—despite the fact that they mainly investigated the change in
residual stress—an isotropic hardening material model was used [15].

Among the burnishing parameters, Qi et al. highlighted the effect of burnishing force
on surface roughness and first developed a theoretical model based on Hertzian theory,
which was then used to construct a finite element simulation [3]. Charfeddine et al. also
used Hertzian theory to construct a finite element model to determine the penetration
depth of the tool, but they pointed out that the theory can only be applied correctly in
a modified form, as the material of the workpiece reaches the plastic deformation zone
during the burnishing process [16].

In this investigation, a 2D FEM model for the ball-burnishing process is established to
examine the effect of the process on surface roughness and stress conditions. The created
finite element model is an improved model for low-alloyed aluminum workpiece materials
by the authors [17,18] using the study cited in [19].

2. Materials and Methods

Due to its low density and favorable mechanical properties, the machinability of
aluminum and its alloys is increasingly important, as evidenced by the fact that many
industrial areas use them for the material quality of their products and components [20–23].
However, the machining of these material qualities with conventional chip removal tech-
nologies also presents problems in terms of surface roughness (e.g., due to the effect of
tool edge geometry [24]) and residual stress (e.g., grinding leaves metallurgical defects in
physical structures [25]).

To eliminate these unfavorable effects, surface burnishing can be effectively applied,
which is a chipless, environmentally friendly process performed below the recrystallization
temperature. External cylindrical surfaces can be burnished on universal or CNC lathes. A
schematic illustration of the process with motion conditions can be seen in Figure 1.
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With the help of the spring built into the tool, a suitable burnishing force—exceeding
the yield strength of the workpiece material—can be created, and then the burnishing tool
is fed in a straight line along the surface of the rotating workpiece with the feeding at a
given rate.

As evidenced by the literature presented so far, several prominent experimental studies
have investigated this method, but it should be noted that numerical simulation and
modeling can be used as a faster way to understand the behavior of the materials and the
processes that take place within them [26]. Using different numerical simulation techniques,
researchers can gain insight into complex material responses, and this information can
be used to develop constitutive models that accurately represent the material’s behavior,
which is key in industrial fields like aerospace or automotive engineering.

In this investigation, the FE models of the diamond burnishing process were simulated
by the DEFORM FE code as 2D simulations, because they are significantly more cost-
and time-effective than the 3D versions. The simulation model included a top die as the
master surface—in this case, it was the burnishing tool, as a rigid sphere with a 3.5 mm
radius—and a slave surface, which was the real initial surface of the workpiece. For the
subsequent validation process, the real unburnished workpiece was measured on a 4 mm
long distance with an Altisurf 520 topography-measuring device, and the surface points
were imported into the code as x-y coordinates. Since the results of preliminary theoretical
and experimental studies, as well as the reviewed literature, show that the method works
at a depth of 0.02–0.17 mm [27,28], I simplified the workpiece’s thickness to 0.2 mm to
reduce the calculation time. The material grade of the workpiece (AlCu6BiPb) was selected
from the system library, and due to the nature of the machining, it was modeled as an
elastic–plastic object. To describe small deformations caused by burnishing, the points of
the flow curve corresponding to the material quality must be approximated by a function
in finite element space. In the simulations, the “power-law” relation provided by the
program was used to define the variable yield stress. Formula 1 describes yield stress with
deformation, where σ is the flow stress.

σ = cεn .
ε

m
+ y (1)

An overview of the material model used is given in Table 1.

Table 1. Parameters of elastic–plastic material modelling.

Parameter Value

material constant c 414.98
strain exponent n 0.2245

strain rate exponent m 0.0176
initial value y 139.3 MPa

Young modulus E 7 × 104 N/mm2

Poisson’s ratio υ 0.33

Compared to previously created models in which isotropic hardening was used [17,18],
in this model, so-called iso-kinematic hardening was used for the workpiece material, which
is also known as mixed hardening, and its setting allows for a more realistic behavior of
the residual stress than simple kinematic hardening.

The mesh for the model was generated using the automatic meshing tool available
in DEFORM 2D. The workpiece mesh had 6397 elements with 6886 nodes, and a mesh
window was used to refine the elements along the expected contact area, as illustrated in
Figure 2.
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In the simulation, the workpiece was fixed at the bottom. Based on the experience of
previous FE studies, to avoid convergence errors, remeshing criteria were set for the inter-
ference depth and maximum step increment of this model. In the previous models [17,18],
during the simulation of the movement, the tool loaded the surface of the workpiece with
a specific force and then slid along it in a straight line, but in this study, the motion was
adapted to two-dimensional conditions. The motion characteristic of the process was
simulated by defining path type movement, where initially, the tool moved down vertically
until it reached the precalculated indentation depth, then moved to the initial position.
Next, the tool horizontally moved with the displacement value of the burnishing feed
and loaded the surface of the workpiece again. The whole cycle was repeated 10 times.
I calculated the tool penetration depth theoretically using the modified Hertzian theory,
considering Ponomarjov’s point of view. The details of this can be found in [19].

Theoretical studies were followed by physical experiments because the results of
these can be used as baseline data to validate the simulation. My burnishing experiments
were executed with an OPTIMUM type OPTIturn S600 CNC lathe (Figure 3a) with a PCD
spherical burnishing tool (r = 3.5 mm). The kinematic viscosity of the manual dosed oil
was υ = 70 mm2/s. This operation was preceded by a finishing turning set at f1t = 0.2 and
then an f2t = 0.15 mm/rev feed rate.
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Measurements of the surface roughness before and after burnishing were conducted
on an Altisurf 520 measuring device with a CL2 confocal chromatic sensor (Figure 3b). For
the evaluation of the data, a cut-off λc = 0.8 mm and Gauss filter were applied. The valid
standard of geometrical product specifications (GPS) is ISO 22081:2021.

I similarly measured the residual stress on the workpiece with the X-ray diffraction
measuring method, which is a commonly used measuring technique, and in some cases, it
can also be used to examine the depth of residual stress. For example, Qian et al. combined
it with the chemical etching method to measure residual stress at different depths of the
material [29].
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In this experiment, non-destructive tests were realized with an Stresstech Xstress 3000
G3R (Figure 3c) diffractometer using Xtronic software and the following equation, which is
called the Bragg equation [30]:

nλ = 2dhklsinΘ (2)

where:

➢ n is the integer determined by the order given;
➢ λ is the wave-length of the X-ray;
➢ dhkl is the spacing between the planes in the atomic lattice;
➢ Θ is the angle between the incident ray and the scattering planes.

The equipment was developed for direct residual stress measurement, during which
the X-ray tube and the detector system were tilted over the sample at rest. The measuring
process was performed in 5–9 tilt positions, with a beam spot diameter of 1–3 mm, in both
the tangential and axial directions, as it was assumed that the direction of the processing
would have an influence on the changing of the stress conditions. However, in the following
section, I will only consider the residual stress in the axial direction, since I simplified the
process to 2D in the FEM simulation.

Table 2 summarizes the parameters set during burnishing, as well as the results of the
previous measurement tests.

Table 2. The initial values of the theoretical and experimental tests.

Parameter Value

Burnishing force F 20 N
Feed rate f 0.001 mm/rev

Burnishing speed v 15 m/min
Number of passes i 1

Average roughness Ra 1.478 µm
Maximum height of the profile Rt 7.1963 µm

Axial residual stress σa −23.47 MPa

3. Results

Among the evaluations, I first present the change in surface roughness caused by
burnishing and compare the theoretical and experimental values. After running the simu-
lation, the problem arose that the meshing distorted the original surface roughness (and
thus the subsequent result), so it was necessary to remesh the workpiece with a larger
number of elements and nodes. Due to this remeshing, the surface roughness changed
from the physically measured 1.478 µm to 1.457 µm. In the DEFORM software, as the
coordinates of the profile points can be inserted, they can be collected in a text/Excel file
and the roughness parameters can be determined by applying the appropriate formulae.
Scheme 1 shows the difference in the average surface roughness in millimeters between
the turned meshed surface (before burnishing) and the burnished surface after running
the simulation.

For the examination of residual stress, the configuration shown in Figure 4 was used
for the evaluation of the simulation, where the first contact between the tool and the
workpiece can be seen with the resulting compressive residual stress and its depth.

As was mentioned, the process of “loading-unloading-displacement” was repeated
10 times, and Figure 5 shows the distribution of the minimum principal residual stress for
each full loaded step according to the 0.001 mm step.

The figures show not only the numerical value of the generated residual stress, but
also the depth and distribution, which must be highlighted separately in the case of the
first and tenth steps.



J. Exp. Theor. Anal. 2024, 2 85

J. Exp. Theor. Anal. 2024, 2, FOR PEER REVIEW 6 
 

 

 
Scheme 1. Change in the surface profile after simulation. 

For the examination of residual stress, the configuration shown in Figure 4 was used 
for the evaluation of the simulation, where the first contact between the tool and the work-
piece can be seen with the resulting compressive residual stress and its depth. 

 
Figure 4. Changing of stress conditions during the first contact. 

As was mentioned, the process of “loading-unloading-displacement” was repeated 
10 times, and Figure 5 shows the distribution of the minimum principal residual stress for 
each full loaded step according to the 0.001 mm step. 

Scheme 1. Change in the surface profile after simulation.

J. Exp. Theor. Anal. 2024, 2, FOR PEER REVIEW 6 
 

 

 
Scheme 1. Change in the surface profile after simulation. 

For the examination of residual stress, the configuration shown in Figure 4 was used 
for the evaluation of the simulation, where the first contact between the tool and the work-
piece can be seen with the resulting compressive residual stress and its depth. 

 
Figure 4. Changing of stress conditions during the first contact. 

As was mentioned, the process of “loading-unloading-displacement” was repeated 
10 times, and Figure 5 shows the distribution of the minimum principal residual stress for 
each full loaded step according to the 0.001 mm step. 

Figure 4. Changing of stress conditions during the first contact.



J. Exp. Theor. Anal. 2024, 2 86J. Exp. Theor. Anal. 2024, 2, FOR PEER REVIEW 7 
 

 

 

 

 

Figure 5. Cont.



J. Exp. Theor. Anal. 2024, 2 87J. Exp. Theor. Anal. 2024, 2, FOR PEER REVIEW 8 
 

 

 

 

 
Figure 5. Changing of stress conditions for the 10 full loaded steps. 

The figures show not only the numerical value of the generated residual stress, but 
also the depth and distribution, which must be highlighted separately in the case of the 
first and tenth steps. 

Figure 5. Changing of stress conditions for the 10 full loaded steps.



J. Exp. Theor. Anal. 2024, 2 88

4. Discussion and Conclusions

This paper presents finite element modeling of diamond burnishing based on the
measurement of the roughness of a previously turned surface. The aim of the study was
to theoretically and experimentally examine the influence of the burnishing process on
the changing of the surface roughness and stress conditions of a low-alloyed aluminum
workpiece. The simulation of burnishing was performed with the DEFORM 2D FE code, in
which the tool was modeled as a rigid body and the surface of the workpiece as an elastic–
plastic object using the iso-kinematic hardening rule. The real process was carried out with
an OPTIMUM type OPTIturn S600 CNC lathe, with a PCD spherical tool and manually
dosed oil. Before and after the experiment, non-destructive X-ray residual stress analysis
was performed using a Stresstech Xstress 3000 G3R diffractometer, while measurements of
surface roughness were executed using an Altisurf 520 measuring device.

The results from the simulations were compared with the experimental data to de-
termine the convergence of the solution, and based on this, the following conclusions can
be drawn:

• The value obtained during the theoretical determination of the indentation depth of
the tool—which is of key importance—was 2.34 µm, while in the real case, it was
3.62 µm. The two results come close enough to form the basis for further theoretical
and experimental investigations.

• Correct modeling of surface roughness requires a high number of elements and nodes
in the mesh, which significantly increases the calculation time, but it is still possible
and preferable to model the process in two dimensions than in 3D. The numerical
results of the realized experiment and the simulation are summarized in Table 3.

• The results of the X-ray diffraction measurements showed that the burnished surface
had a compressive residual stress between (−88.6) and (−138.6) MPa. Comparing
these values with the FEM simulation results, where this range was between (−58.6)
and (−87.1) MPa, it can be observed that these values were the same only for the first
tool penetration. One possible explanation for this may be that different remeshing
criteria should be set and/or the material quality should not be selected from the
software library, but should also be set to its real parameter values on the basis of a
preliminary yield strength examination.

• One of the advantages of FEM is that it provides information on the residual stress
distribution, and it can be seen that the minimum (and preferred) value of residual
stress at the first contact between the tool and the workpiece was 0.005366 mm,
increasing to 0.03383 mm at the end of the machining (Figure 5);

• In relation to the former statement, it can also be stated that the distribution of residual
stress is more characteristic at a greater depth than expected, so it is necessary to
extend the thickness of the workpiece to a greater value during the simulation.

• The values of the residual stress vary unfavorably as it relaxes excessively, which
leads to the conclusion that the value of the burnishing feed rate is too low. This is
significant because, by increasing this parameter setting, time and cost can be saved in
terms of both real burnishing and simulation calculations.

• Based on the results obtained so far, it may be considered that it is preferable to test
the finite element simulation of the process for surface roughness and residual stress
conditions separately, and then the effect of a higher feed rate should be investigated.

Table 3. Numerical results of arithmetical mean roughness (Ra).

Ra (µm)
Experiment FE Model

Turned 1.478 1.457
Burnished 0.0965 0.0916
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