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Abstract
Slide burnishing (SB) is a static mechanical surface treatment based on the severe plastic deformation of the surface for 
which the contact between the deforming element and the surface being treated is sliding friction. SB improves the surface 
integrity of metal structural and machine components dramatically. This paper is devoted to improving the fatigue strength 
of 41Cr4 steel hourglass-shaped specimens subjected to SB with a spherical-ended deforming diamond via different com-
binations of basic governing parameters. Since the residual compressive stresses introduced play a significant role for the 
fatigue behavior of the burnished components, a comprehensive parametric study of the SB process was conducted using 
fully coupled thermal-stress finite element (FE) simulations. The FE model’s adequacy was proven via comparison of the 
FE results for the residual stresses with X-ray diffraction measurements. The results obtained show that the diamond radius 
and the burnishing force have the strongest effects on the residual stresses, which, in turn, have a significant influence on 
the fatigue strength, respectively, fatigue life. An extensive experimental investigation of the effect of the selected SB basic 
parameters on the fatigue limit of the slide burnished specimens was carried out using Locatti’s method. The latter is based on 
the Palmgren–Miner linear damage hypothesis, which is a particular case of a general cumulative damage theory. A planned 
experiment was carried out, with the governing factors changed among four levels. Regression analysis of the experimental 
results was carried out, and a model for predicting the fatigue limit was obtained. Based on the model obtained, a one-purpose 
optimization was carried out using a genetic algorithm. By means of the optimal basic parameters, the fatigue limit of the 
processed specimens was increased by 22.7%—from 440 to 540 MPa. The fatigue life increased more than 100 times over 
after SB with the optimal basic parameters.

Keywords Slide burnishing · Fully coupled thermal-stress FEM analysis · Residual stresses · Surface integrity · Fatigue 
limit

List of symbols
A  Amplitude
A5  Elongation
B  Amplitude
b  Rate of yield surface size change
C  Kinematic hardening modulus
dp  Depth of penetration
E  Young’s modulus
f  Feed rate
Fb  Burnishing force
k  Conductivity

k̄  Number of stress amplitudes
Kij  Submatrices
ni  Base number of cycles
N  Number of cycles to failure
qg  Heat flux density
Q∞  Maximum change in the yield surface size
r  Deforming diamond radius
R  Cycle asymmetry factor
RT  Thermal residual vector
Ru  Mechanical residual vector
Rw  Workpiece radius
s  Slip
t  Time
t*  Total time
T*  Total time in the enlarged FE model
T  Temperature
u  Displacement
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v  Burnishing velocity
xi  Codded coordinate
zt  Transverse contraction
�ij  Back-stress tensor
�t  Coefficient of thermal expansion
�  Rate of decrease of C
�̄�pl  Equivalent plastic strain
�  Full angle of rotation
�i  Coefficients
�  Coefficient
�  Friction coefficient
�  Poisson’s ratio
�  Density
�−1  Fatigue limit
�a  Stress amplitude
�ij  Stress tensor
�a
ij
  Active stress tensor

�0  Equivalent stress
�u  Ultimate stress
�|0  Yield limit
�  Angle of the workpiece portion segment
�0  Initial angle
�  Friction stress
�  Angular velocity

1 Introduction

 Slide burnishing (SB) is a static mechanical surface treat-
ment for which the contact between the deforming element 
and the surface being treated is sliding friction. SB is espe-
cially suitable for finishing rotating metal components. 
From the kinematics point of view, SB is similar to turning. 
Instead of a cutting tip, a deforming element (usually a syn-
thetic diamond), typically with a spherical end, is used. The 
governing SB parameters are basic and additional. The basic 
parameters are the sphere radius r of the deforming element, 
burnishing force Fb , feed rate f  and burnishing velocity v . 
The number of passes, working scheme and use of lubri-
cants are additional parameters. An important advantage is 
that SB is implemented with simple devices on conventional 
and CNC lathe machine tools. Hereof, SB is a cost-effective 
process which avoids costly supplementary processes such 
as grinding and honing and therefore has less impact on the 
environment.

Due to the sliding friction contact between the deform-
ing element and the surface being treated, the nature of the 
SB process is different from those of roller burnishing or 
deep rolling processes. The heat source in SB is due to the 
friction and plastic deformation in the contact zone. Regard-
less of the low friction coefficient resulting from using a 
synthetic diamond as a deforming element, the work of the 

friction forces is significant and dissipates into heat. It can 
be expected that the pressure and burnishing velocity will 
have the greatest influence on the contact field temperature. 
The pressure depends on the burnishing force (whose direc-
tion is normal to the cylindrical surface being processed) 
and the deforming element radius. At constant burnishing 
force, it can be assumed that a reduction in the radius leads 
to a reduction in the contact size, leading in turn to increas-
ing contact pressure, and thus to increasing generated heat 
flow density. The time the heat source spends in the vicinity 
of a point from (action time) from the surface to be treated 
with SB depends on the magnitude of the contact area and 
the burnishing velocity. For instance, when the velocity is 
v = 100 m/min , the action time is less than one millisecond. 
Very short action times and large heat flow densities cause 
intense heating in the vicinity of a point on the surface layer. 
The joint action of the temperature and force factors causes 
severe plastic deformation, characterized by a very large 
gradient in a depth from the surface layer. Unlike the roller 
burnishing and deep rolling processes, the tangential com-
ponents of the surface plastic strain are significant in the SB 
process. This is the physical basis for the so-called micro-
effect in SB process. Based on the severe surface plastic 
deformation, it has been proved that the SB process produces 
two main effects [1], each of which leads to increased fatigue 
strength. The micro-effect is expressed in the modification 
of the microstructure of the surface and subsurface layers 
and leads to increased plasticity and fatigue crack resist-
ance. The macro-effect is expressed in the creation of ben-
eficial residual stresses in the surface and subsurface layers. 
The residual compressive stresses retard the formation and 
growth of fatigue macro-cracks and thus increase the fatigue 
strength. The combination of the two effects predetermines 
the fatigue behavior of the processed component. In fact, 
SB is implemented with a specific combination of basic and 
additional process parameters. Each combination defines a 
specific SB process. As a result, a specific residual stress 
profile and surface microstructure is obtained. Therefore, 
each combination of these parameters defines the specific 
fatigue behavior of the corresponding component.

It can be assumed that the combination of high speed 
and large burnishing force, along with a small radius and a 
small feed rate, will result in a maximum temperature. The 
high contact temperature causes deterioration in the SI and 
accelerates wear on the diamond deforming element. In prin-
ciple, the heat generated causes the emergence of thermo-
plastic deformations, which influence the formation of the 
residual stress field. For instance, it has been demonstrated 
experimentally via the X-ray diffraction technique that SB 
of stainless steel with high burnishing velocity reduced sig-
nificantly the compressive residual stress on the surface to a 
depth up to 0.15 mm [2]. Therefore, the assignment of opti-
mal values for the governing parameters for the SB process 
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must take into account that the temperature factor allows 
improvements in SI. Thus, the load-bearing capacity and 
fatigue life of the respective component can be increased 
significantly. Due to the above-mentioned features of the 
thermal process in SB (a very short heat source exposure 
time, a very small contact area, and a very large temperature 
gradient at a depth from the surface), an experimental deter-
mination of the temperature is very difficult. The tracking 
of the formation and alteration of the residual stresses in 
real time is practically impossible to do experimentally. In 
principle, it is possible to apply an analytical approach to 3D 
thermal analysis. However, when the analysis is extended to 
the formation of the stressed state in the vicinity of a point, 
the analytical approach is doomed to failure. Therefore, in 
this study, fully coupled thermal-stress finite element (FE) 
analysis was implemented to study the effect of SB param-
eters on the residual stress profile formation. The residual 
compressive stresses (as in magnitude and depth of distribu-
tion) introduced by SB are crucial for increasing the fatigue 
strength of the processed components.

The main objective of this study is to establish the com-
bination of the basic parameters of the SB process which 
provides a maximum fatigue limit for a processed com-
ponent made of 41Cr4 steel. The study was conducted in 
four successive stages: (1) comprehensive analysis of the 
thermal–mechanical nature of the SB process using fully 
coupled thermal-stress FE analysis in order to establish the 
influence of the heat generated on the strained and stressed 
state of the surface and subsurface layers; (2) selection of 
the significant SB process parameters necessary for forming 
a residual stress profile and stress ranges of variation; (3) 
experimental determination of the fatigue limit of specimens 
slide burnished with various combinations of significant fac-
tors; and (4) SB process optimization under the “maximum 
fatigue limit” criterion.

2  Literary survey

A detailed analysis of the studies (analytical, numerical and 
experimental) done on SB was made by Maximov et al. [3]. 
The analysis indicated that the basic approach to studying 
SB was experimental (74%). The FE approach is used con-
siderably less—only 10% of the published studies use an FE 
method (FEM). It should be noted that the FEM has been 
used more extensively to explore the processes involved in 
rolling contact, i.e., roller burnishing [4–15] and deep roll-
ing [16–30] (including the special case of deep rolling—low 
plasticity burnishing [31–37]), than for SB study [38–46]. 
When it comes to SB, the case in which the deforming 
element is a diamond is most often simulated [38, 40–44, 
46]. In [39], the FEM was applied to spherical motion bur-
nishing. Teimouri et al. [45] used the FEM to simulate 

ultrasonic-assisted slide burnishing. The object of study 
was most often the residual stresses introduced [38–45], but 
roughness [39], displacements [39, 46], strains [39, 46] and 
temperature [44] made appearances as well. The materials 
studied were: Ti-6Al-4V [38], 37Cr4 steel [39, 44], 41Cr4 
steel [40], 2024-T3 Al alloy [41, 43], R260 rail steel [42], 
6061-T6 Al alloy [45] and 20X steel [46]. 2D plane strain 
[38, 39, 46] as well as 3D [40, 41, 43–45] FE models were 
used. Both 2D and 3D FE models were used in [42], and 
the result obtained were compared with the experimental 
results for the residual stresses. The deforming element has 
been modeled as a deformable solid [38, 44, 45] or rigid 
body (analytically rigid) [39–43, 46]. The modeled portion 
of the workpiece had an elastic–plastic behavior. The initial 
roughness (before SB) was taken into consideration in [39, 
40, 42, 44]. SB, as well as the rest of the burnishing meth-
ods, acts on the surface and subsurface layers of the work-
piece to a relatively small depth (under 1 mm). Therefore, 
the constitutive model of these layers in the plastic field and 
the strain hardening model are crucial for the accuracy of 
the results obtained. The constitutive model has been most 
often based on an indentation test (affecting only surface 
and subsurface layers) [39–41, 43, 44, 46]. Only in [44] was 
a temperature-dependent constitutive model obtained and 
fully coupled thermal-stress FE analysis conducted. Given 
the cyclic loading of the surface layer in the SB process, 
nonlinear kinematic [41–43] and nonlinear kinematic/iso-
tropic hardening [39, 40, 44] were most commonly used. 
Regardless of the peculiarities of behavior exhibited by 
cyclically loaded plastic material, some authors have used 
isotropic hardening [46], as well as the Johnson–Cook model 
[45], which also defines isotropic hardening. Two methods 
of setting the movement of the deforming element relative 
to the workpiece were used: simplified (“loading–unload-
ing–feed”) [38, 41, 43] and accurate (sliding on a cylindrical 
surface) [40, 42, 44]. A variant of the simplified method, 
sliding along a plane, was used in [46]. The complex move-
ment, a superposition of spherical motion and translation, 
in spherical motion burnishing was replaced by a plane 
motion based on approximate kinematic theory [39]. Most 
often ABAQUS FEM software (both solvers—explicit and 
implicit) was used [39–45].

Based on this survey, the following conclusion can be made. 
To build an adequate FEM model, five basic prerequisites are 
necessary: (1) a realistic geometry of the modeled portion of 
the workpiece surface layer; (2) an appropriate creation of the 
FEM mesh; (3) a realistic interaction between the deform-
ing tool and the workpiece; (4) adequate thermo-mechanical 
boundary conditions; and (5) an adequate constitutive thermo-
mechanical model of the surface and the subsurface layers, 
where the model is established in a manner that corresponds 
to the actual loading of these layers. The experimental studies 
of SB mainly focused on studying the SI obtained (85%), while 
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the performance of SB-treated specimens occupies only 10% 
of the studies, of which 46% concern fatigue behavior, i.e., 
only 4.6% of the studies are devoted to the fatigue behavior 
of the components processed via SB [3]. The effect of SB on 
the fatigue strength of steel specimens was investigated by: 
Aliev and Aslanov [47] for stainless steel, Korzynski et al. 
[48] for 42CrMo4 steel, Korzynski et al. [49] for 42CrMo4 
and 41Cr4 steels with chromium coatings, Maximov et al. [40] 
for 42Cr4 steel, Maximov et al. [50] for 37Cr4 steel, Swirad 
[51] for 40HM steel and Maximov et al. [2] for AISI 316Ti 
steel. As can be seen, there are no studies devoted to 41Cr4 
steel without chromium coating. In [50], the specimens were 
slide burnished with base parameters r = 3 mm , Fb = 300 N , 
f = 0.05 mm/rev and v = 100 m/min , which are optimal 
under the “minimum roughness” criterion. It was found 
that with these basic parameters, the maximum fatigue limit 
 (107-cycle fatigue strength) was achieved using six passes. The 
increase in the limit was 39.7%—from 340 to 475 Mpa. It was 
shown that a stabilized cycle of the surface layer was achieved 
with six passes, which is a necessary condition for maximizing 
the fatigue limit. In [40], it was found that SB of 42Cr4 steel 
with parameters r = 3 mm , Fb = 225 N , f = 0.1 mm/rev and 
v = 100 m/min increased the fatigue limit with 19.5%—from 
410 to 490 MPa . Obviously, there is no information about the 
influence of the main parameters for the SB process on the 
fatigue limit of 41Cr4 steel.

In [43], it was established that in slide burnished speci-
mens subjected to a rotating cyclic load, a fatigue macro-
crack is formed at the boundary between the compressive 
zone and the bulk material. In other words, the roughness 
does not affect the fatigue behavior if compressive residual 
stresses are introduced at a significant depth from the sur-
face layer and the surface residual stress is compressive. 
Therefore, in the present study, a combination of basic SB 
parameters will be sought, which, in combination, will result 
in a maximum depth of the compressive zone and maximum 
absolute value residual compressive stresses in 41Cr4 steel.

3  Theoretical background

The fully coupled thermal-stress FEM analysis procedure 
is used in order find the displacements/stresses simultane-
ously, on the one hand, and the temperature field when these 
two categories strongly influence each other, on the other. 
In matrix form, the coupled equations can be presented as 
follows:

where Δu and ΔT  are the respective corrections of the 
incremental displacement and temperature, the Kij are 

(1)
[
Kuu KuT

KTu KTT

]{
Δu

ΔT

}
=

{
Ru

RT

}
,

submatrices of the fully coupled Jacobian matrix, and Ru 
and RT are, respectively, the mechanical and thermal residual 
vectors.

The heat transfer between the contacting surfaces of the 
diamond and the workpiece is defined as:

where qg is the heat flux density generated by the friction, 
passing from point A on one surface to a point B on the other 
surface; TA and TB are the temperatures of the two points; and 
k is the conductivity of the gap between the two surfaces.

The heat flux density generated by the friction is:

where 0 < 𝜂 ≤ 1 is a coefficient showing what proportion 
of the work done by friction dissipates into heat, � is stress 
from friction, and Δs and Δt are, respectively, increments of 
the slip and time.

For both contacting surfaces:

In the FEM simulations done in this study, it is assumed 
that �1 = �2 = 0.5 and � = 1.

4  FE simulations

4.1  Material constitutive model

Although the material studied in the experimental part is 
41Cr4 steel, in the FE simulations, the workpiece material is 
37Cr4 steel since, for this material, a temperature-dependent 
constitutive model of the surface layers in the plastic field 
was obtained by us on the basis of temperature-dependent 
indentation tests, inverse FE analyses and developed meth-
odology. Detailed information is given in [44]. This constitu-
tive model gives the relationship between stress and strain 
tensors in the plastic field. During SB, each point within the 
surface under treatment is subjected to cyclic loading which 
provokes deformation anisotropy. Therefore, nonlinear kin-
ematic strain hardening was used in the present study:

where �ij is the back-stress tensor; C is the initial kinematic 
hardening modulus; �0 is the equivalent stress defining the 
size of the yield surface, assuming that �0 is valid for all 
possible stressed states and loading paths, and its initial 
magnitude at zero plastic strain is �|0;�ij is the stress tensor; 
� is the coefficient which determines the rate of decrease in 

(2)qg = k
(
TA − TB

)
,

(3)qg = 𝜂𝜏 ṡ = 𝜂𝜏
Δs

Δt
,

(4)qg,i = �iqg, i = 1, 2.

(5)�̇�ij =
C

𝜎0

(
𝜎ij − 𝛼ij

)
̇̄𝜀Pl − 𝛾 𝛼ij ̇̄𝜀Pl
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the kinematic modulus with increasing equivalent plastic 
deformation �̄�Pl.

The temperature-dependent material characteristics C , � , 
and �|0 , as well as the Young’s modulus E and the coeffi-
cient of thermal expansion �t were obtained in [44]:

The above functions are defined in the temperature range 
T ∈ (0, 270 ◦C) . The specific heat and conductivity (iso-
tropic behavior) are temperature dependent and given in 
Table 1.

A purely elastic behavior is assumed for the deform-
ing diamond element in SB. Young’s modulus is 
E = 10.5 × 1011 Pa and is assumed to be temperature inde-
pendent. Poisson’s ratio is � = 0.1 . The density and coeffi-
cient of thermal expansion are, respectively, � = 3515 kg/m3 
and �t = 1 × 10−6 m/m ◦C . The specific heat c and the con-
ductivity k with isotropic behavior are temperature depend-
ent (Table 2).

4.2  FE models of SB process

A schematic diagram of SB process is depicted in Fig. 1. 
This scheme is the basis of the created FE models. In order 
to save time, two 3D fully coupled thermal-stress FE mod-
els were created in the present study. The first of these (two 
times fewer finite elements) was used to study the influence 
of the radius, burnishing force and burnishing velocity on the 
temperature generated and residual hoop stresses, whereas 
the feed rate was excluded from the model. It was assumed 
that the conclusions about the residual hoop stresses can be 
distributed on the residual axial stresses. The second model 

(6)

C = −9 × 10−5T3 + 0.0468T2 − 11.066T + 12052, MPa

� = 3 × 10−7T3 − 0.0002T2 + 0.0304T + 36.238

�|0 = −8 × 10−6T3 + 0.0044T2 − 0.9599T + 427.68, MPa

E = (2.0196 − 0.00048T) × 105 MPa

�t = (11.2 + 0.008T) × 10−6 m/m ◦C

simulates the actual SB process with feed rate included, i.e., 
the relative motion of the deforming element tip relative to 
the surface being burnished is a screw line. The analysis time 
for the second model is about 40 h. The residual hoop and 
axial stresses obtained with this model (with SB parameters 
radius r = 3 mm , burnishing force Fb = 300 N , feed rate 
f = 0.07 mm and burnishing velocity v = 80 m/min ) were 
compared to measure stresses via the X-ray diffraction tech-
nique for a sample made of 37 Cr4 steel and slide burnished 
with the same parameters. Thus, the adequacy of the FE 
simulation was proven. The FE simulations were conducted 
by means of ABAQUS/Standard. The version of ABAQUS 
used allows a fully coupled thermal-stress analysis to be 
conducted using nonlinear kinematic strain hardening.

Figure 2 shows the first FE model. The feed rate has not 
been taken into account. For this reason, the advantage of 
symmetry was used—only half of the portion to be mod-
eled for the “deforming element—workpiece” system was 
modeled. The previous treatment of the workpiece cylindri-
cal surface via cutting used a feed rate of fc = 0.1 mm/rev . 
The initial kinematic roughness was modeled in order to 
achieve a more realistic representation of the workpiece 
geometry. From the workpiece, starting at the cylindrical 
surface, a body with the approximate size 5 × 4 × 4 mm 
was selected by two concentric cylindrical surfaces and two 
pairs of planes. On the three free faces of the workpiece 
portion, an “elastic foundation” contact was defined with a 
coefficient numerically equal to Young’s modulus. Thus, the 
interaction of the modeled portion with the rest of the work-
piece was taken into account. Two types of contacts were 
defined between the deforming elements and the workpiece 
portion: mechanical—a normal and tangential contact with 
friction, and thermal—heat generation from friction with 

Table 1  Temperature-dependent 
specific heat and conductivity 
for the workpiece portion [44]

T , ◦C 0 125 150 225 300 600
c, J/kg ◦C 473 563 585 655 675 750
k, W/m2 ◦C 54 51 49 47 45 38

Table 2  Temperature-dependent specific heat and conductivity for the 
diamond deforming element [44]

T , ◦C 0 50 200 400 600
c, J/kg ◦C 420 600 1000 1500 1650
k, W/m2 ◦C 2500 2000 1400 1000 600

Fig. 1  SB with spherical-ended deforming element
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coefficients � = 1 and �1 = �2 = 0.5 . The friction coefficient 
� was assigned in accordance with Maximov et al. [52]. Fig-
ure 3 shows the dependence of the friction coefficient on the 
radius, burnishing force, feed rate and burnishing velocity, 
according to [52]. Heat transfer was assigned between the 
contacting surfaces, with heat transfer coefficients changing 
according to a linear law describing the clearance between 

them: conductivity = 50 W/m2 ◦C at clearance = 0 and 
conductivity = 0 at clearance = 0.0001 m . Due to the very 
short duration of the modeled process, convection and radia-
tion were ignored. On the plane of symmetry of the work-
piece portion, as well as on the inner cylindrical surface, 
zero normal displacements were assigned in a cylindrical 

(a) (b)

Fig. 2  First 3D fully coupled thermal-stress FE model: a general view; b scheme for determination of the kinematics

Fig. 3  Dependence of the friction coefficient on the SB parameters
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coordinate system. The deforming element motion with 
respect to the fixed workpiece portion was defined as one 
rotation, and two translations were assigned to the so-called 
constraint control point. Thus, the deforming diamond slides 
over the workpiece cylindrical surface. The trajectories of 
the constraint control points are central circles. Therefore, 
the two translations of this control point, respectively, along 
the x and y axes are matched in real time. For this purpose, 
periodic time curves were used. The assigned displacements 
of the constraint control point of the deforming element, in 
accordance with the indications in Fig. 2, are the following:

where

where

v, m/s is burnishing velocity. The international system of 
units was used for the components in the above equations.

The burnishing force was set in accordance with the 
deforming element depth of penetration. Their interde-
pendence was established by a preliminary FE analysis 
(Fig. 4). Since the burnishing creates a very high gradient 
of the strains in the normal direction (with respect to the 
surface layer), a very fine mesh near the surface was used. 

(7)� = � + 2�0,

(8)�0 ≥ arccos
R2
w
− r2 +

(
Rw + r − dp

)2

2Rw

(
Rw + r − dp

) ,

(9)xC = B sin�t, yC = −A + A cos�t

(10)A = B = Rw + r − dp,

(11)� =
� + 2�0

t∗
,

(12)t∗ =
Rw

(
� + 2�0

)

v
,

The modeled portion of the workpiece was discretized with 
9928 coupled temperature-displacement FEs: 9622 linear 
hexahedral elements of type C3D8T and 306 linear wedge 
elements of type C3D6T. The total number of nodes was 
11,550.

The second FE model is shown in Fig. 5. The model 
includes the influence of the feed rate: therefore, sym-
metry cannot be used, i.e., the model contains two times 
more finite elements compared to the simplified model in 
Fig. 2. The basic parameters of the SB process are: radius 
r = 3 mm , burnishing force Fb = 300 N and burnishing 
velocity v = 80 m/min . Three simulations were conducted 
with a feed rates of f = 0.07 mm/rev , f = 0.1 mm/rev and 
f = 0.13 mm/rev . The selected feed rate interval is con-
sistent with [52] in order to assign the friction coefficient 

Fig. 4  Interdependence between 
the burnishing force and the 
depth of penetration

Fig. 5  Second 3D fully coupled thermal-stress FE model
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values accurately. According to [52], the friction coeffi-
cients between the diamond and the surface being burnished 
are, respectively, � = 0.0681 , � = 0.0638 and � = 0.0594 . 
The trajectory of the deforming element tip relative to the 
workpiece portion is a screw line with a pitch equal to the 
feed rate size. In order to assign the screw movement of 
the deforming element, three translations on the three axes, 
respectively, and one rotation around the z axis are assigned 
to the constraint control point of the deforming element. 
Displacements along the x and y axes are defined by two 
periodic time curves, according to Eq. (9). The deforming 
element makes a total of 10 revolutions around the z axis 
(i.e., workpiece axis), whereby the displacement along the 
same z axis is Z = 10f  . The initial position of the deforming 
element is selected so that this displacement will be sym-
metric relative to the arc a (see Fig. 5). The total real time 
is T∗ =

20�Rw

v
.

The resulting residual stress distribution was consid-
ered at the nodes lying on the intersection of the two planes 
of symmetry (defined by the arc a and the generatrix b in 
Fig. 5) of the modeled portion of the workpiece.

5  FE results and discussion

5.1  Parametric study

The heat generated is a consequence of just the sliding fric-
tion between the deforming diamond and the surface being 
treated, according to Sect. 3. In the present study, the heat 
due to plastic deformation work is not taken into account 
since the friction force work is significantly larger than the 
plastic deformation work. Comparison between the two 
works obtained by preliminary QE analysis is depicted in 
Fig. 6. The neglect of heat due to surface plastic deformation 
work partially reduces the thermal effect. On the other hand, 
the ignoring of the other two forms of heat transfer (con-
vection and radiation) in the FE analyses partially offsets 
the inaccuracy introduced. Therefore, reliable information 
regarding the friction coefficient is crucial to the accuracy 
of the results obtained. In [52], extensive research on, and 
modeling of, the friction coefficient was carried out depend-
ing on the radius r , burnishing force Fb , feed rate f  and 
burnishing velocity v in the SB of 42Cr4 steel using a poly-
crystalline diamond. The results obtained for the coefficient 
of friction are used in the present study. Therefore, in this 
study, the variation intervals for the four main parameters 
for the SB process are the same as in [52]. Since the first 
FE model (see Fig. 2) is simplified (the feed rate is ignored; 
only one displacement of the deforming element is modeled 
in a circumferential direction in the plane of symmetry of 
the workpiece modeled portion), the results obtained for the 
residual hoop stresses are representative only in a qualitative 

aspect. However, these results enable a qualitative assess-
ment of the impact of the three parameters r , Fb and v on 
these stresses.

Figure 7 shows a change in the temperature at point A (see 
Fig. 2) as a function of time. This point on the surface being 
treated belongs simultaneously to the two planes of sym-
metry of the modeled portion. Figure 6a examines changing 
the temperature for different values of the burnishing force, 
while the radius and burnishing velocity are held constant. 
The maximum temperature increases progressively (at an 
increasing rate) with increasing burnishing force. The fric-
tion coefficient (see Fig. 3) is very slightly affected by the 
burnishing force. Since the velocity is constant, the tem-
perature peak is due only to the increase in the tangential 
stress � (see Eq. 3), due to the increased burnishing force. 
As a result, the heat flow density qg increases; hence, the 
temperature increases. Figure 6b shows the alteration of 
the temperature for different burnishing velocities when the 
radius and burnishing force are held constant. As the veloc-
ity increases, the maximum temperature increases exponen-
tially. The reason for this relationship is the following. The 
heat flow density qg increases linearly with increasing veloc-
ity. Simultaneously, the tangential friction stress � changes 
as the friction coefficient changes (see Fig. 3). In the inter-
val 80 ≤ v < 100 m/min , the friction coefficient decreases, 
and, when v = 100 m/min , this coefficient hits a minimum 
and then increases. The tangential stress � follows the same 
trend. According Eq. (3), the heat flow density increases at 
an increasing rate, which explains the exponential rise in 
the temperature at point A . Figure 6c shows the variation 
in the temperature for different radii when the burnishing 
force Fb and burnishing velocity v are constant. Decreasing 
the radius to r = 2 mm results in the maximum tempera-
ture at point A increasing exponentially. Although Fb and v 
are constant, the friction coefficient increases rapidly with 
decreasing radius (see Fig. 3). As a result, the tangential 
stress � grows strongly, as does the heat flow density (see 

Fig. 6  Comparison between friction and plastic deformation work
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Eq. 3). The trend changes when r = 1 mm . The maximum 
temperature is smaller compared to the case when r = 2 mm , 
but it keeps its magnitude considerably longer. The follow-
ing explanation can be given. When r = 1 mm , the area of 
the contact spot between the deforming element and the 
surface being treated decreases drastically. However, the 
temperature gradient on the surface and in the depth in the 

vicinity of point A is greatest; as a consequence, the conduc-
tive heat transfer intensifies significantly both on the surface 
and in depth in the direction of the neighboring regions with 
lower temperatures. This explanation is confirmed by Fig. 8, 
which shows the temperature distribution at a depth from 
the surface, starting from point A , at the moment in which 
the temperature at point A is at a maximum. The minimum 

Fig. 7  Change in the tem-
perature at point A as a function 
of the time: a at different 
burnishing forces; b at different 
burnishing velocities; c at dif-
ferent radii

(a)

(c)

(b)
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radius (see Fig. 8c) provides the maximum depth at which 
the temperature has practical significance.

Figure 9 shows the equivalent plastic strain distribu-
tion at a depth from the surface, starting from point A . 

This deformation and its gradient are greatest on the 
surface and decrease rapidly with depth. Taking Fig. 8 
into account (the case in which the temperature is at 
a maximum on the surface and decreases rapidly with 

Fig. 8  Temperature distribution 
in a depth from the surface, 
starting from point A : a at dif-
ferent burnishing forces; b at 
different burnishing velocities; c 
at different radii

(a)

(b)

(c)
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depth, such as after about 0.1 mm is without practical 
importance), the maximum gradient of the equivalent 
plastic strain on the surface can be explained by the pres-
ence of thermoplastic components. As can be expected, 

increasing the burnishing force (Fig. 9a) increases the 
strain and this increase is most significant on the surface. 
The influence of the burnishing force manifests itself 
tangibly to a depth of 0.4 mm , then becomes negligible. 

Fig. 9  Equivalent plastic strain 
distribution: a at different 
burnishing forces; b at different 
radii; c at different burnishing 
velocities

(a)

(c)

(b)
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Of the three parameters, the radius exerts the strongest 
influence on the equivalent plastic strain, and this effect 
is significant to a depth of 0.12 mm (Fig. 9b). Obviously, 
the combination of minimum radius and greater force 
results in an excessively large plastic deformation. In 
this case, it can be predicted that multiple micro-defects 
(local destruction) will accumulate in the surface layer. 
Therefore, the minimum radius ( r = 1 mm ) is excluded in 
the experimental studies in Sect. 6. Figure 9c confirms 
that the burnishing velocity affects the equivalent plastic 
strain the least. Apparently, the increase in the burnish-
ing velocity in the investigated range leads to a slight 
increase in the equivalent plastic strain. Since the consti-
tutive model is rate independent, this surface effect is due 
only to the increase in the thermoplastic component, as a 
consequence of the large temperature gradient.

The effect of the three parameters on the residual 
hoop stress distribution in depth, starting from point A , 
is shown in Fig. 9. The change in the burnishing force 
results in relatively less variation in residual stresses on 
the surface but, in a significant change, in depth from 
the surface (Fig. 10a). The increase in the burnishing 
force does not change the maximum absolute value of 
the residual stress but results in a three-fold increase in 
the compressive field depth (for Fb = 100 N , the depth 
of the compressive zone is about 0.25 mm , while for 
Fb = 500 N , the depth is about  0.75 mm ). As could be 
expected, the change in the radius changes the distri-
bution law of the residual hoop stresses significantly 
(Fig. 10b). At the same time, a clear trend in the distribu-
tion is not observed when the radius increases. The reason 
for this result is the complex influence of the mechani-
cal and temperature factors. As a whole, when the radius 
increases, the maximum absolute values of the residual 
stresses increase and the depth of the compressive zone 
remains constant—about 0.75 mm. Smaller radii lead to 
greater friction coefficients (see Fig. 3), respectively, for 
the residual stress relaxation in the surface layer due to 
the larger amount of generated heat. Figure 10c shows 
the influence of the burnishing velocity on the residual 
hoop stress distribution. Since the material constitutive 
model is rate independent, the figure illustrates only the 
influence of the temperature factor. Due to the heat gen-
erated, residual stress relaxation is observed on the sur-
face. With an increase in the burnishing velocity, this 
effect increases, and, at v = 140 m/min zero values of the 
residual stresses are observed at a depth of approximately 
0.04 ÷ 0.05 mm . In other words, a tendency is observed 
for the appearance of a narrow zone with tensile resid-
ual stresses if the burnishing velocity increases above 
140 m/min . This effect is highly undesirable since the 
bending stresses are greatest in the surface layer and the 
probability of the formation of fatigue macro-cracks on 

the surface is large. Therefore, it is advisable that the 
burnishing velocity not exceed v = 100 m/min.

5.2  Effect of the feed rate on the residual stresses

Residual stress distributions for different feed rates are 
depicted in Fig. 11. Evidently, the influence of the feed rate is 
less pronounced than the influences of the radius and burnish-
ing force. For both stresses, the change in the residual stress 
distribution depending on the feed rate shows one and the 
same trend. The surface residual stresses decrease as the feed 
rate increases. At a depth of 0.01 mm for the hoop stresses, 
respectively, 0.03 mm for the axial stresses, the trend changes 
drastically. After a depth of 0.12 mm for the hoop stresses, 
respectively, 0.3 mm for the axial stresses, the feed rate (in 
the investigated range) practically does not affect the residual 
stresses. It is important to note that the depth of the compres-
sive zone for both stresses remains virtually one and the same.

5.3  Verification of FE model adequacy

The adequacy of the FE models was evaluated by compar-
ing the FE results for the residual stresses with experimen-
tal results. A cylindrical specimen with a diameter of 22 mm 
was subjected to SB using a polycrystalline diamond with 
a spherical end on a CNC T200 lathe. The SB parameters 
were: radius r = 3 mm , burnishing force Fb = 300 N , feed 
rate f = 0.07 mm/rev and burnishing velocity v = 80 m/min . 
These SB parameters were used in the FE model as shown 
in Fig. 5. The specimen was produced through a technol-
ogy which removes (at least partially) all residual stresses 
except those introduced by precision turning, as follow: turn-
ing, heat treatment—annealing at 550 °C for 2.5 h, precision 
turning and burnishing. The specimen was clamped on one 
side with the chuck and supported on the other side. Preci-
sion turning and burnishing were carried out in one clamping 
process to minimize the concentric run-out in burnishing. A 
DNMG 50608 RF carbide cutting insert was used for the pre-
cision turning. The initial roughness (before burnishing) was 
Ra = 1.25 μm . The residual axial stress distribution at depth 
from the surface was found using the X-ray diffraction tech-
nique. In order to analyze the stress gradient under the speci-
men’s surface, the material layers were removed gradually 
via electrolytic polishing. The measurement was conducted 
by Professor Nick Ganev at the Czech Technical University 
in Prague. Figure 12 shows the comparison between the FE 
and X-ray diffraction results. Obviously, there is good agree-
ment between the FE simulations and the experiment. Thus, 
FE model adequacy is proven.
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Fig. 10  Residual hoop stress 
distribution: a at different 
burnishing forces; b at different 
radii; c at different burnishing 
velocities

(a)

(b)

(c)
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6  Experiment

6.1  Purpose of the experiment

FE simulations show that the diamond radius and burnish-
ing force have the strongest effects on the residual stresses. 
These stresses, in turn, have a significant influence on the 
fatigue strength, respectively, fatigue life. Therefore, the 
aim of the experiment was to evaluate the influence of 
these two parameters on the fatigue strength of samples 
subjected to SB.

6.2  Locatti’s method

In addition to Wöhler’s method, there are a large number of 
methods which can be used to study the fatigue behavior of 
specimens. They can be divided into two main groups: (1) 

methods for examining the incline on the Wöhler’s curve 
(including low-cycle fatigue behavior); and (2) methods 
for determining the fatigue limit. As the majority of struc-
tural and machine components work under relatively low 
loads, the second set of methods is essential. This group 
includes two subgroups: (a) methods of long duration (the 
“probit” method; Dixon–Mood’s method; Robbins–Mon-
ro’s method; Freudenthal’s method and others); (b) accel-
erated methods (the Pro-Nedeshan’s method; temperature 
method; electrical resistance method; energy dissipation 
method; Locatti’s method and others). Of all the acceler-
ated methods for determining the fatigue limit, Locatti’s 
method provides the best approximation to Wöhler’s 
method. Locatti’s method is based on the Palmgren–Miner 
linear damage hypothesis, which is a particular case of a 
general cumulative damage theory [53]. A single speci-
men is needed. The specimen is subjected to stepwise 
increasing stress amplitudes with a constant step. Here, 
the initial stress amplitude is smaller than the assumed 

Fig. 11  Residual stress distribu-
tions for different feed rates

Fig. 12  Comparison between 
FE and X-ray diffraction results 
for the residual stresses
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fatigue limit and the number of cycles ni is one and the 
same for each stress amplitude. The loading is increased 
until the specimen is destroyed. In order to determine the 
number of cycles to failure Ni for each stress amplitude 
�a,i , it is alleged that Wöhler’s curve must be constructed. 
It is appropriate to choose at least three alleged values of 
the fatigue limit, i.e., at least three Wöhler’s curves must 
be constructed. For each curve, the sum of the accumu-
lated damages is calculated as: 

∑k̄

i=1

�
ni∕Ni

�
 , where k̄ is 

the number of stress amplitudes. The stress, obtained by 
interpolating for 

∑k̄

i=1

�
ni∕Ni

�
= 1 , is the fatigue limit.

In the present study, Locatti’s method was used to find 
the fatigue limits of samples subjected to SB with differ-
ent combinations of process parameters. For each combi-
nation of radius and burnishing force, three samples were 
used. Thus, the fatigue limit �−1 for each combination (each 
experimental point) is obtained as an arithmetic mean of the 
results for the three samples.

6.3  Conditions of the experiment

6.3.1  Material

The material used in the experiment was 41Cr4 medium-
carbon low-alloy steel with chemical composition as fol-
lows: C-0.41 wt%, Si-0.25 wt%, Mn-0.71 wt%, Cr-0.93 wt%, 
P-0.012 wt%, S-0.012 wt%, Cu-0.28 wt%, Ni-0.09 wt%, 
Al-0.024 wt%, Ti-0.022 wt%, Mo-0.015 wt%, N-0.01 wt%, 
Fe-balance. The average mechanical characteristics of this 
batch of 41Cr4 steel was established in our “Testing of Met-
als” laboratory: Young’s modulus E = 2 × 105 MPa ; yield 
limit �|0 = 789 MPa ; ultimate stress �u = 986 MPa ; elonga-
tion A5 = 10.3% ; and transverse contraction zt = 26% . The 
stress–strain curves, as well as Wöhler’s curve, for this steel 

(obtained by us) are shown in Fig. 13. The fatigue limit is 
�−1 = 440 MPa.

6.3.2  Experimental design

A planned experiment was carried out. FE simulations 
show that the residual stresses are most affected by the dia-
mond radius r and burnishing force Fb. Therefore, these 
two parameters were chosen to be governed. The levels of 
these SB parameters are depicted in Table 3. The impact 
of the feed rate on the residual stresses is less than those of 
these two parameters. Given the residual stress distribution 
in Fig. 11, a feed rate of 0.05 mm/rev was chosen. Based 
on the outcomes from the parametric study, the burnishing 
velocity was chosen to be v = 100 m/min . Table 4 contains 
the experimental design.

6.3.3  Specimens and conditions of the experiment

Hourglass-shaped specimens (Fig. 14) with minimum diam-
eters of 7.5 mm were prepared on a CNC T200 lathe. The 
specimens were slide burnished with a constant feed rate 
and burnishing velocity, respectively, f = 0.05 mm/rev and 

(a) (b)

Fig. 13  Mechanical characteristics of 41Cr4 steel: a stress–strain curves; b Wöhler’s curve

Table 3  Governing factors and their levels

Governing factors Levels of the factors

Coded

− 1 − 0.333 + 0.333 + 1

Naturals x̃
i

Coded x
i

Natural
Diamond r [mm] , x̃1 x1 2 3 4 5
Burnishing force Fb [N] , x̃2 x2 100 200 300 400
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v = 100 m/min , but with different combinations of diamond 
radii and burnishing forces. Polycrystalline diamond inserts 
were used as the deforming elements in the SB process in the 
presence of the lubricant Hacut 795-H. Bending fatigue tests 
were conducted on an MUI-6000 electromechanical testing 
machine under the conditions of load control and rotating-
bending loading with a cycle asymmetry factor R = − 1. The 
loading frequency was 100 Hz in air.

6.3.4  Details of Locatti’s method

The alleged Wöhler’s curves and the stepwise increasing 
stress amplitude are shown in a double logarithmic coordi-
nate system in Fig. 15. The basic curve (the central curve 
of the figure) was obtained in [40] for 42Cr4 steel, as the 
samples have been processed by SB with the following 
parameters: r = 3 mm , Fb = 225 N , f = 0.1 mm/rev and 
v = 100 m/min . The fatigue limit is �−1 = 490 MPa . The 

other eight curves are arranged two-by-two in parallel 
with the basic curve, as the fatigue limit changes from 410 
to 570 MPa in the 20 MPa step. The stepwise increasing 
stress amplitude starts at 440 MPa and increases in steps 
of 30 MPa. For each step, the base number of cycles is 
ni = 105 (the step at which the sample is destroyed is an 
exception).

6.4  Experimental results

Table 4 shows the results obtained for the fatigue limits. In 
this study, a regression analysis of the experimental results 
was carried out using QstatLab software [54]. The regres-
sion model was chosen to be a polynomial of degree no 

Table 4  Experimental design No. r , x1 Fb , x2 Experiment Model Error%

�
(1)

−1
, MPa �

(2)

−1
, MPa �

(3)

−1
, MPa �−1, MPa �̄�−1, MPa

1 − 1 − 1 495.0 495.4 488.1 492.83 494.38 0.3145
2 + 1 − 1 489.4 482.8 479.1 483.77 484.41 0.1323
3 − 1 + 1 537.1 514.5 528.0 526.53 525.56 − 0.1842
4 + 1 + 1 514.0 533.7 523.9 523.80 528.17 0.8343
5 − 1 − 0.333 505.1 524.8 506.9 512.27 510.11 − 0.4216
6 − 1 + 0.333 516.0 528.9 522.2 522.37 523.94 0.3006
7 + 1 − 0.333 498.4 493.5 499.4 497.10 498.20 0.2213
8 + 1 + 0.333 504.0 532.5 530.4 522.30 516.22 − 1.1641
9 − 0.333 − 1 489.9 497.3 483.8 490.33 491.12 0.1611
10 + 0.333 − 1 452.9 459.7 474.7 462.43 459.43 − 0.6487
11 − 0.333 + 1 537.5 530.3 526.3 531.37 534.38 0.5665
12 + 0.333 + 1 508.1 518.8 512.9 513.26 506.89 − 1.2411
13 − 0.333 − 0.333 515.4 517.4 506.7 513.17 508.83 − 0.8457
14 + 0.333 − 0.333 474.3 469.1 470.0 471.13 476.50 1.1398
15 − 0.333 + 0.333 523.7 529.9 524.9 526.17 526.69 0.0281
16 + 0.333 + 0.333 488.4 483.6 503.3 491.77 495.75 0.8093

Fig. 14  Hourglass shaped fatigue specimen

Fig. 15  Experimental and alleged Wöhler’s curves and stepwise 
increasing stress amplitude in double logarithmic coordinate system
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greater than three since the governing factors are changed 
at four levels. In order to carry out a proper statistical 
analysis, the coefficients in the polynomial should number 
no more than 16 (which is the number of the experimental 
points). The following model was obtained for the fatigue 
limit: The maximum deviation (relative error) of the model 

compared to the experimental results is less than 1.25% (see 
Table 4). A graphical visualization of the model obtained 
(13) is shown in Fig. 16. As can be seen, for all radii, the 
increase in the burnishing force leads to an increase in the 
fatigue limit, which can be explained by the increased depth 
of the compressive zone (see Fig. 10a). The influence of the 
radius is more complex and cannot be explained by the resid-
ual stresses alone. The explanation should be sought in the 
favorable combination of micro- (modified microstructure) 
and macro- (beneficial residual stresses) effects. It is neces-
sary to find the maximum fatigue limit predicted by Eq. (13). 
A one-purpose optimization was conducted using QstatLab’s 
genetic algorithm [54]. The optimal values of the govern-
ing factors are xopt

1
= −0.6311 (respectively, r = 2.553 mm ) 

and xopt
2

= 0.8803 (respectively, Fb = 382 N ), providing the 
fatigue limit �−1 = 540.35 MPa . The radii of the diamonds 
produced, however, are discrete numbers—they change with 
a pitch of 0.5 mm . Hence, Fig. 17 shows sections of the sur-
face of the fatigue limit (in natural coordinates) with planes 
ri = const . Obviously, the radius r = 2.5 mm , in combination 
with burnishing force Fb = 380 N , ensures the fatigue limit 
�−1 ≈ 540 MPa . Therefore, the optimal SB parameters under 
the “maximum fatigue limit” criterion are: r = 2.5 mm , 
Fb = 380 N , f = 0.05 mm/rev and v = 100 m/min . After the 

(13)

�−1 = 501.177 − 53.1935x1 + 28.989x2 + 11.443x2
1

− 4.486x2
2
+ 47.904x3

1
− 5.817x3

2
+ 3.143x1x2

− 4.439x2
1
x2 + 3.451x1x

2
2

Fig. 16  Dependence of the fatigue limit on the burnishing force and 
the radius

Fig. 17  Sections of the fatigue 
limit surface with different 
planes
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SB of 41Cr4 steel with these basic parameters (the num-
ber of passes is n = 1 and the working scheme is one-way), 
the fatigue limit of the processed specimens increased by 
22.7%—from 440 to 540 MPa. Figure 13b shows that at a 
stress amplitude of 540 MPa, the number of cycles to failure 
is approximately  105 cycles. Therefore, the fatigue life of the 
specimens increases more than 100 times after SB with the 
optimal basic parameters.

6.5  Verification of the results obtained

6.5.1  Reliability of the approach used

In order to verify the reliability of the approach used to 
determine the fatigue limit, the result for the sixteenth 
experimental point (see Table 4) was compared with the 
fatigue limit obtained via Wöhler’s curve (Fig. 18). The 
average magnitude of the fatigue limit obtained by means 

of Locatti’s method is 491.77 MPa, while Wöhler’s curve 
predicts 500 MPa. The relative deviation (against Wöhler’s 
curve) is 1.6%, demonstrating the reliability of the approach 
used.

6.5.2  The maximum fatigue limit predicted by the model

To verify the maximum fatigue limit predicted by the 
model (13), six extra fatigue specimens were manufactured 
using the optimal SB parameters under the “maximum 
fatigue limit” criterion, namely r = 2.5 mm , Fb = 380 N , 
f = 0.05 mm/rev and v = 100 m/min . The fatigue limits 
were obtained via Locatti’s method as the arithmetic means 
of the results from the extra specimens. The comparison 
between the experimental data (Fig. 19) and the proposed 
model data indicates good agreement, which proves the 
authenticity of the model obtained to predict the fatigue limit 
of slide burnished specimens made of 41Cr4 steel.

7  Conclusions

On the basis of the results obtained, the following conclu-
sions can be made:

• An adequate fully coupled thermal-stress FE model was 
created, and the effects of the basic SB parameters on 
the introduced residual stresses were studied. It was 
established that the diamond radius and the burnishing 
force have the strongest effect on the residual stresses, 
which, in turn, have a significant influence on the fatigue 
strength of the corresponding treated component. Large 
burnishing velocities lead to a large amount of heat being 
generated, which reduces the beneficial residual stresses 
in the surface layer. Therefore, the burnishing velocity 
was limited to v = 100 m/min . With an increase in feed 
rate, the residual stresses decrease in absolute value; thus 
f = 0.05 mm/rev was used.Fig. 18  Fatigue limit obtained via Wöhler’s curve

Fig. 19  Comparison between 
the extra tests and the proposed 
by the model maximum fatigue 
limit
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• An extensive experimental investigation of the effects 
of the selected basic SB parameters on the fatigue limit 
of the slide burnished specimens was carried out using 
Locatti’s method. The alleged Wöhler’s curves and the 
stepwise increasing stress amplitude were defined in a 
double logarithmic coordinate system, as the basic (cen-
tral) curve was obtained in our previous study. Based 
on a planned experiment, a regression model predicting 
the fatigue limit was obtained. The maximum deviation 
(relative error) of the model compared to the experi-
mental results was less than 1.25%. Based on the model 
obtained, a one-purpose optimization was conducted 
using a genetic algorithm, and the optimal values for the 
radius and burnishing force were found.

• Slide diamond burnishing, conducted with the optimal 
basic parameters under the “maximum fatigue strength” 
criterion (namely, radius r = 2.5 mm , burnishing force 
Fb = 380 N , feed rate f = 0.05 mm and burnishing 
velocity v = 100 m/min ) improves the fatigue limit 
of 37Cr4 steel by 22.7%—from 440 to 540 MPa. The 
fatigue life increases by more than 100 times. This proves 
that the SB process is an alternative to deep rolling pro-
cess.
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