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Abstract: The article presents the results of investigations into the depth of the plastically deformed
surface layer in the roller burnishing process. The investigation was carried out in order to obtain
information on the dependence relationship between the depth of plastic deformation, the pressure
on the roller and the braking torque. The research was carried out according to the original method
developed by the authors, in which the depth of plastic deformation is increased by applying a
braking torque to the burnishing roller. In this method, it is possible to significantly increase (up to
20%) the depth of plastic deformation of the surface layer. The tests were carried out on a specially
designed device on which the braking torque can be set and the force of the rolling resistance of
the roller during burnishing can be measured. The tests were carried out on specimens made of
C45 heat-treatable carbon steel. The dependence of the depth of the plastically deformed surface
layer was determined for a given pressure force and variable braking moments. The depth of the
plastically deformed layer was measured on the deformed end face of the ring-shaped samples. The
microhardness in the sample cross-section and the evolution of the microstructure were both analysed.

Keywords: burnishing; hardness; material properties; roller burnishing; steel shafts; work hardening

1. Introduction

In many cold working processes plastic deformation occurs in the surface layer of
the workpiece. The plastically deformed surface layer, with a depth between 0.1 mm and
2.0 mm [1] in steel specimens, occurs in such technologies as burnishing, thread rolling
and plastic working of splines. The plastically deformed surface layer can also be observed
after such technologies as turning and milling. After these machining techniques, the
thickness of the plastically deformed layer is much smaller and ranges between 0.01 mm
and 0.2 mm [2]. This is an advantageous phenomenon because the plastically deformed
material has higher static and fatigue strength. The problem of determining the depth of a
plastically deformed layer is difficult, both theoretically and experimentally. In industrial
practice, burnishing is used in two main types of plastic working: slide burnishing (SB)
and roller burnishing (RB). The purpose of slide burnishing is to obtain a low surface
roughness of the workpiece after turning or milling. The process takes place with low
pressure forces [3] using a stationary tool that is hardened steel or a ceramic ball [4]. Plastic
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deformation of the surface layer only takes place in the area of the peaks of the surface
roughness [5]. In rolling burnishing, the tool is a rotary ball or a roller with a toric profile [6],
which is pressed by an adjustable pressure.

The plastic deformation created by the roller is a displacement of the material that
flows from the peaks into the valleys under pressure, and results in a surface finish with
a strain-hardened surface [7,8]. The purpose of RB is plastic deformation of the surface
layer in the area of the peaks of the surface asperities in order to obtain a roughness of
Ra = 0.08-0.15 um [9]. The roller burnishing process is used to achieve a high-quality
surface finish strengthened through the work hardening phenomenon [10]. Kowalik [11]
has shown an increase in yield strength of up to 20% in the plastically deformed layer,
depending on the burnishing conditions.

Hertz [12] drew on elastic theory to examine the relationships between pressure p and
compression load F. The state of triaxial compression occurring in the surface layer may
cause contact stresses to exceed the value of the yield point. Bielajew [13] observed the
change of stresses in the surface layer under the influence of loading and concluded that
the greatest deformations of the material occur at a certain depth beneath the surface layer,
at the so-called Bielajew points. Bielajew’s theory was used to determine the equivalent
stresses in von Mises theory [14].

Kowalik et al. [15] proposed a theoretical method of determining the depth of plastic
deformation in the RB, based on the Hertz theory. The solution to the problem proposed by
Jezierski and Mazur [16] was based on the simplifying assumption that there are zones of
plastic deformation and elastic deformation in the surface layer. Figure 1 shows a diagram
of this method and the quantities used for the calculations.
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Figure 1. The roller burnishing scheme used to calculate the thickness of the plastically deformed
surface layer along the axis of action of the thrust force (at x = y = 0): D—roller diameter, r—roller
radius, d—shaft diameter, 6—depth of plastic deformation, R,—yield stress.

The distribution of elastic stresses during burnishing is presented as a dashed line.
The stress value at depth ¢ is equal to the yield stress. Below this value, the stress character
is elastic [17]. The character of the stress distribution in the plastic deformation zone does
not change substantially from the elastic stress distribution. The depth value J separating
these two zones can be determined on the basis of the Hertz-Bielajew strain theory, which
determines the geometrical relationships between two plastically deformed bodies. The
contact of the roller with the shaft surface represents a symmetrical case in which the
contact surface has an ellipsoidal shape.
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After complicated calculations based on differential geometry, both Jezierski and
Mazur [16] and Kowalik [17] obtained a solution to the problem of the depth of the
deformed layer 6, depending on the roller pressure force F, material parameters (Re—yield
stress of the workpiece material, v—Poisson’s ratio and E—Young’s modulus) and the
contact geometry of the roller and the shaft (=—shaft diameter, D—roller diameter, »—roller
radius). For a specific material described by the Re, v, E parameters, the roller pressure
force F had the greatest impact on the depth of the plastically deformed layer. The contact
geometry of the shaft and roller was less significant. Due to the complexity of the general
solution, its practical use requires the application of numerical methods, nomograms or
tabulated values. Due to this fact, the solution is complicated and of hardly any benefit
for industrial use. Calculations of the depth of the plastically deformed layer conducted
by Teimouri and Amini [18] were based on the general solution of the contact problem
developed by Hertz [12]. They presented a model of the depth of the plastic deformation
of the surface layer for static and dynamic deformation in ultrasonic ball burnishing and
verified it with a finite element method (FEM) simulation and hardness measurements. The
model takes account of the effect of factors such as static force, feed rate, ball diameter and
ball material, as well as ultrasonic vibration parameters such as amplitude and frequency.
To incorporate the effect of feed rate, two important parameters, linear coverage coefficient
and overlapping ratio, have been defined and have contributed to the model. Assessment of
the depth of the plastically deformed layer is particularly important for the determination
of the fatigue strength.

The depth of the hardened layer is closely correlated with the value of the fatigue
strength. It was found that the ratio of the depth ¢ of the hardened layer to the shaft
diameter d [16] is useful in determining this depth. In recent investigations, this ratio
was found to be 6/d > 0.05 [16]. The depth of the hardened layer should be as deep as
possible, but with the simultaneous condition that no cracks should occur on the roller
surface during burnishing [19-21].

In recent decades, research has primarily focused on the process of slide burnishing
and roller burnishing of various materials. Researchers determined the correlation be-
tween pressure forces, feed rate, surface microhardness, burnishing speed, and roughness,
before and after burnishing. Balland et al. [22] investigated the influence of burnishing
parameters on material properties. Finite element-based computations showed that the
mechanism of creating ridges plays an important role in providing the required surface
quality. Burnishing depth and feed rate play a key influence on the microhardness of
the material and the strength parameters of the burnished material [23]. Loh et al. [24]
and Hassan and Magqableh [25] found that the use of a different lubricant and the initial
surface roughness and hardness of the workpiece have significant effects on the burnishing
process. The results of investigations by Franzen et al. [26] have shown that the process
parameters of the roller burnishing process have a strong influence on the tribological
properties of the friction elements and their surface topology. The surface asperities of
the coating are flattened by the roller burnishing process and the contact area between
the finished surface and the sheet is increased. Okada et al. [27] found that burnishing
force, feed rate, roller-inclination angle, and number of tool passes had the greatest impact
on the integrity of the burnished surface in roller burnishing with an active rotary tool.
Experimental investigations conducted by Kowalik and Trzepiecinski [28] have shown
that the depth of plastic deformation of the surface layer in the burnishing process for
strengthening C45 shafts depends on the state of stress in the workpiece material.

The utilitarian goal of the research presented here is to develop a very efficient and
cheap method of formation of the surface with both high surface smoothness and shape
accuracy. Slide burnishing and roller burnishing technologies are relatively well researched,
however many problems have appeared with the hardening burnishing (HB) technology,
which have to be resolved. The main issue is how to set the basic process parameters such
as roller pressure F, roller feed F and rolling speed v. Another problem is what the roll
geometry (roller diameter D and rounding radius of roller r) should be in relation to the
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roller diameter d in order for the optimum depth of plastic deformation ¢ and high surface
smoothness without cracks and pitting to be obtained.

Kowalik et al. [28,29] developed an original method for determining the depth of
deformation of the plastically deformed layer during roller burnishing, based on the
observation of the front surfaces of ring specimens. The method thus developed involves
increasing the depth 4 of plastic deformation in the surface layer by applying a braking
moment on the burnishing roller, while maintaining the rolling nature of the burnishing
process. In a recent paper by Kowalik et al. [15], an analytical method was developed for
determining the depth of the plastically deformed layer on the basis of the Hertz—Belyaev
theory. The depth of deformation was obtained as a function of the process parameters:
material strength, burnishing force and roller radius. Analysis of the RB process, in
which a braking moment was applied to the roller, was first analysed by the authors in
papers [28,29]. However, the results only applied to the RB process with braking moment.
Moreover, only the roller pressure force F = 3 kN was analysed. This article compares the
results of the microhardness distribution and the depth of the surface layer for two variants
of the RB process realised with and without braking the roller. The rolling resistance
force values were also determined for a wide range of burnishing force changes between
1 kN and 5 kN. The experimental results are supplemented by the results of numerical
modelling of both variants of RB analysed. Using a specially built test stand, the change in
the rolling resistance of the roller during the RB process was also presented and discussed.
The research demonstrated that the braking force applied to the roller causes a change
in the stress state in the burnishing zone and an increase in the depth of the plastically
deformed layer.

2. Materials and Methods
2.1. Material
The first series of tests were carried out on samples made of C45 carbon steel subjected

to annealing. Selected mechanical parameters of theC45 steel are presented in Table 1.
Chemical composition of the steel used in the tests is listed in Table 2.

Table 1. Selected mechanical properties of the C45 steel used in the tests.

Parameter Value
Yield stress R, 400 MPa
Ultimate tensile stress Ry, 690 MPa
Elongation As 19%
Young’s modulus E 2.12 x 10° MPa
Poisson’s ratio v 0.3
Strength coefficient K 1086 MPa
Strain hardening exponent n 0.124
Hardness HV1 180

Table 2. Chemical composition of C45 steel (wt.%) [30].

C Si Mn Cr Ni Mo Cu S P
0.42-0.50 0.1-0.4 0.5-0.8 max. 0.3 max. 0.3 max. 0.1 max. 0.3 max. 0.04 max. 0.04

2.2. Methods
2.2.1. Background
Classic roller burnishing is carried out according to the scheme shown in Figure 2.

The aim of this process is to obtain a large depth of the plastically deformed surface layer &
and appropriate surface roughness.
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Figure 2. Schematic diagram and parameters of conventional roller burnishing.

The cold-deformed material in the outer layer has greater strength and hardness due
to the work hardening phenomenon, as well as greater fatigue strength.

The theoretical analyses [15,17] and experimental studies [10] showed that the roller
pressure force has the greatest impact on the depth of the plastically deformed surface layer.
The contact geometry described by the roller and the shaft diameters and roller radius are
much less significant. Experimental studies have shown that with adequately established
technological parameters (F, D, 7, d, f, v), the depth of plastic deformation ¢ reaches the
maximum value.

Hardening burnishing technology is carried out using a spring to exert pressure on the
workpiece (Figure 2). The burnishing force does not depend on the size of the burnishing
allowance but depends on the settings of the spring elements of the tool, such as the
pneumatic and hydraulic actuators. The resulting parameter of the RB process is the depth
of the plastically deformed layer J. Inappropriate selection of the technological parameters,
mainly burnishing forces, may lead to the destruction of the workpiece through peeling,
surface cracks, etc. [31].

A diagram of the effect of the burnishing force on the deformation of the surface
asperities and the depth of the plastically deformed layer is shown in Figure 3. Plastic
deformation occurs at the peaks of the surface asperities (between points 1 and 2 in
Figure 3) with a minimal increase in the value of the burnishing force F. Plastic deformation
then occurs on the entire area of the surface asperities (between points 2 and 3), and the
workpiece surface is smoothed at point 3. Further increase of the pressure (between points
3 and 4) causes an increase in the depth of the plastically deformed layer until cracks and
pitting occur, which show that the surface has been destroyed (point 4).
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Figure 3. The effect of burnishing force on the deformation of surface asperities and the depth of the
plas-tically deformed layer: 1—flattening the roughness asperities, 2—severe flattening of the surface
topography, 3—completely flattened surface, 4—work hardened subsurface zone.
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2.2.2. Roller Burnishing

The purpose of burnishing was to obtain the maximum possible depth of plastically
deformed surface layer with constant burnishing parameters. The burnishing samples
(rings) were attached to a special mandrel. During burnishing, the rings could not be pulled
apart axially. The roller pressure F was changed within the range 1-5 kN. The dimensions
of the samples, the roll geometry, and the burnishing parameters are listed in Table 3.

Table 3. Dimensions of samples and burnishing parameters.

Parameter Value
Outer diameter of the ring 4 70 mm
Inner diameter of the ring d; 30 mm
Thickness of ring ¢ 18 mm
Diameter of burnishing roller D 100 mm
Rounding radius of the burnishing roller r 1.5 mm
Burnishing speed v 42 m/min (180 rpm)
Feed rate f 300 mm/min

Figure 4a shows a schematic diagram of the test method. The design of the mandrel
with a package of six rings is shown in Figure 4b. The rings (1 to 5) were sat tightly on the
mandrel, and they were compressed by means of a nut. The tightening torque is selected
so that the axial force compressing the rings is at least 30 kN.

; \ roller
F
feed
©
- o Y0
|
1 2 |1 3 4 |5 <
N \/
pin clamping |
< force
Gotation Rl
112[3]4]5 ; Y

burnishing zone
(a)

| burnishing Il burnishing
zone zone

g (ML .

ZNINNNGNIN 1

Tool feed direction

o

J

(b)

Figure 4. Schematic diagram of (a) the test method and (b) mandrel with mounted rings: 1, 5—
stopper rings; 2-4—operating rings.
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Roller burnishing was carried out on a lathe with a device in which the roller pressure
force F is adjustable through a spring (Figure 5a,b). The device is equipped with a sensor
that allows the rolling resistance force R of the roller to be measured.

-

Roller

Samplerings package

~§' ] s | YT
Burnishing device r 1 ) B 25 =

Setting roller pressureF B8

PG

R Force Sensor

b,

ZE F /:%lfe Setting

(b)
Figure 5. (a) Photograph and (b) schematic diagram of the stand used for testing the roller burnishing process.

The specimens for microstructural analysis were hot-embedded into conductive
Bakelite resin with carbon filler. After embedding, the specimens were prepared by
machine grinding and polishing. Microstructure was revealed by etching in 2% Nital
(98 mL ethanol + 2 mL HNO3). The microstructure was examined by a Nikon Eclipse
MA200 optical microscope (Nikon Corporation, Tokyo, Japan) coupled with a Nikon
DS-Fi2 digital camera.

2.2.3. Roller Burnishing with Braking Torque

The second series of investigations was conducted using the new method developed
by the authors. The method involves the application of a braking torque to the burnishing
roller, thanks to which burnishing takes place in a triaxial asymmetric state of stress. A
schematic diagram of the method is presented in Figure 6. The tests were carried out on
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the test stand shown in Figure 5a, which was equipped with a brake acting directly on the
burnishing roller (Figure 7).

Setting braking torque

' B
/
/

Compression spring
Bronse braking pad

Figure 7. Burnishing device with mounted roller brake.

2.3. Numerical Modeling

A numerical model of the roller burnishing process with roller braking was built
in the MSC Marc program for modelling physical phenomena using the finite element
method. The geometrical model of the shaft, mandrel and roller corresponded to the real
geometrical dimensions (Figure 8). In order to limit the size of the numerical task, the
calculations were performed for a model containing five rings. The ring and pin models
included 72,000 brick-type finite elements. The outer surface of the shaft, where large
deformations are expected, has been subdivided into smaller elements. The mesh size
was determined on the basis of a sensitivity analysis. Simulations were carried out with
different sizes of finite elements on the surface of the rings in the range from 0.5 to 2 mm.
The deformation values at the assumed point in the model coincided with a decrease of the
mesh element. The reduction of the mesh size from 1 to 0.5 resulted in a 3.4% reduction
in the deformation value. However, the computation time increased by 450%. Thus, for
further calculations, a model was adopted that had elements with an edge size of about
1 mm on the surface of the rings.
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The mandrel and roller models have been modelled as non-deformable surfaces. A
pressing force of 3 kN was applied to the roll. The mechanical parameters of the shaft
material were assumed according to Table 1. It was assumed that the elastic-plastic material
model with non-linear work hardening applied. For the burnishing without braking
moment, the value of the friction coefficient in the friction model, which depends on the
workpiece-tool slip velocity, was assumed to be y = 0.1 [10]. In the case of burnishing
with braking applied to the roller, the coefficient of friction has been estimated as the
proportion between the rolling resistance force and slide burnishing force. The value of the
friction coefficient has been determined experimentally as a ratio of rolling resistance force
(tangential force) and burnishing force (normal force).

i __roller

mandrel

p——
Figure 8. Numerical model of roller burnishing.

3. Results and Discussion
3.1. Experimental Investigation

Determining the depth of the plastically deformed surface layer is difficult because the
zone of elastic and plastic deformation does not have a clear boundary. Most researchers de-
termine the depth of the plastically deformed layer on the basis of the hardness distribution
in the cross-section. This is not a precise method. Wang et al. [32] and Sonmez et al. [33]
found a significant increase in the material strength and small changes in the hardness as a
function of deformation in cold forming. Agrawal and Singh [34] obtained a 5% increase in
the hardness of steel samples with 60% of the material undergoing plastic deformation.

The method of measuring the depth of the plastically deformed layer involves de-
termining the depth on the basis of the results of profilographometric measurements on
carefully prepared (grinding) front surfaces of disconnected rings, which are joined on
a mandrel and compressed by an axial force during burnishing (Figure 9). The profilo-
graphometric measurements were carried out on the front surfaces of the rings with the
use of a profilometer coupled with a digital multimeter and computer.

stylus movement <:| burnishing direction

I:D

contact surface | |
of rings

stylus tip

(=%

i

1

i 0]

| )
(a) (b)

Figure 9. (a) Deformation of the side surfaces of adjacent rings corresponding with the plastic
deformation depth § and (b) measurement of the depth § of the plastically deformed layer.
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Figure 9a enlarged the contact area in the deformed zone of adjacent rings. Figure 9b
shows a schematic diagram of deformations on the surfaces of the rings after their discon-
nection. The measurements of the layer thickness § made during burnishing of the roller
with different pressure force values are listed in Table 4.

Table 4. The results showing the depth of the plastically deformed layer & for the various burnish-

ing forces.
Burnishing Force F, kN Rolling Resistance Force R, N Depth §, mm
1 35 0.35
2 5.6 0.63
3 8.7 0.86
4 20.6 1.12
5 56.2 1.24

The second series of samples was burnished with the same parameters, but with
braking torque applied on the roll. The braking torque was selected in such a way that the
burnishing took place on the border between roller and slide burnishing. The pressure
force on the roller brake was selected individually for the individual values of the pressure
force F so that the braking torque did not stop the roller during burnishing. Burnishing
was carried out with the maximum possible rolling resistance applied to the roll, while
maintaining the rolling nature of the burnishing process. This means that a slight increase
in braking torque would make the burnishing process stop.

Figure 10 summarises the rolling resistance force R of the roller for burnishing with
the roller pressure force F = 5 kN and F = 2 kN. The roller pressure forces F for burnishing
with the braking moment, and the rolling resistance force Rp of the roller are also shown.
By analysing the values given in Table 5 and the recorded variation of the force, it can be
seen that the roller resistance force Rp increases with roller pressure F. Therefore, the most
effective application of braking on the roller in order to increase the deformation depth is
at a higher roller pressure force. Relatively large fluctuations of the rolling resistance force
result from the application of direct braking of the roller under dry friction conditions [35].
In the process of burnishing with the use of roller braking, a significantly greater depth of
plastic deformation can be obtained.

Table 5. The results of the depth of the plastically deformed layer J for the various burnishing forces
(burnishing with braking torque).

Burnishing Force F, Rolling Resistance Slide Burnishing

kN Force Rg, N Force, N Depth 5, mm
1 8.6 15.3 0.46
2 31.3 54.7 0.86
3 72.4 89.5 1.12
4 91.5 126.3 1.42
5 118 132.5 1.64

The depth of the plastically deformed layer was determined on the basis of the profilo-
gram of the end faces of the rings in the burnishing zone according to the method presented
in Figure 9. Figure 11 shows the dependence of the depth of the plastically deformed layer
as a function of the roller pressure force for burnishing with and without braking. In
the process of hardening burnishing with the use of roller braking, a significantly greater
depth of plastic deformation is obtained due to the asymmetrical state of stress during
deformation in the zone of contact between the rings and the roller.
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Figure 10. Rolling resistance force of the roller with and without braking applied to the roller.
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Figure 11. Effect of roller pressure on the depth of the plastically deformed layer for burnishing with
and without braking applied to the roller.

During the observation of the front surface of the measuring rings (Figure 12a), it
was noted that the deformation of the surface layer can be observed along the line of the
grinding traces shown in Figure 12b. The marks of separation of the deformed zone and
non-deformed zone are most visible when the lines of the sanding marks run in a direction
perpendicular to the cylindrical surface of the ring. In the case of burnishing without
braking torque, a clear fold is visible (Figure 12¢). During burnishing with the application
of braking torque, the transition from the non-deformed area to the plastically deformed
layer is not so clear, however the bend of the grinding lines can be observed (Figure 12d).

The deformation of the surface layer can be observed on the faces of the rings under
slight magnification. Observation is facilitated by the grinding marks on the faces of
the rings. The characteristic zones are marked in Figure 12¢,d and their dimensions are
given. In the case of conventional roller burnishing, parallel grinding marks are observed
both in the non-deformed zone and with plastic deformation. A different character of
plastic deformation is observed for samples burnished with braking torque (Figure 12d).
In the zone of transition from the non-deformed zone to the plastically deformed area, the
grinding marks are bent in the direction of action of the braking torque. With the same
pressure force of the burnishing roller F, the depth of plastic deformation J is much greater
if we apply braking torque.
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Figure 12. (a) End face of the burnished ring, (b) end face of the non-burnished ring, (c) end face of
the bur-nished ring without braking torque, (d) end face of the burnished ring with braking torque of
the roller: 1—plastically deformed zone, 2—grinding tracks, 3—depth of plastically deformed zone,
4—subsurface zone, 5—curving of grinding tracks.

Measurements of plastic deformation on the end faces were verified on metallographic
specimens. Specimens from cross and longitudinal sections of the rings used for making
the microsections were taken from the rings, polished and etched to enable observation of
the microstructure. The samples shown in Figure 13 were taken from rings burnished with
the roller pressure force F = 5 kN with braking torque. The structure of the C45 steel ring in
the non-deformed zone consists of dark pearlite grains separated by white ferrite network.

as-received
material

burnished surface

surface layer

subsurface layer

plastically
deformed layer

Figure 13. Cont.
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Figure 13. Structure of the plastically deformed surface layer of specimen burnished with braking
moment: (a) magnification %200, (b) magnification x500.

A deformed layer was identified which extended approximately 0.7 mm into the
surface. The plastically deformed surface layer has two characteristic zones. The near-
surface zone consists of intensely deformed perlite grains and finely divided ferrite grains.
The depth of this zone is about 0.3 mm and is clearly separated from the subsurface zone.
The depth of the subsurface zone is marked. The border of the transition to the subsurface
zone is very clear and easy to determine.

Figure 13b shows the structure of the surface layer in a cross-section under a higher
magnification. The ferrite and perlite grains are highly stretched and curved in the opposite
direction to the rotation of the ring. The bend of the ferrite and pearlite grains is identical to
the curvature of the grinding marks on the front surface of the rings observed in Figure 12d.
The depth of plastically deformed layer that can be identified from the observation of
the structure is 0.7 mm (Figure 13a), while the one observed at the faces of the rings is
1.6 mm (Figure 12d). This value, more than twice as high, results from small deformations
of the microstructure that are impossible to observe on a metallographic microscope.
The researchers [32-34] encountered the same problem, who for 60% plastic deformation
observed minimal changes in the microstructure and an increase in hardness.

The transition boundary between the non-deformed material and the plastically
deformed layer is more difficult to determine because it is difficult to identify very small
plastic deformations. The area in which there is a change in the nature of the ferrite
network can be observed as the boundary between these zones. In the non-deformed
zone, the ferrite network is clearer, the grains are wider and there are numerous branches
and thickenings. In the zone of plastic deformation, the ferrite grains are thinner, and the
branches and thickenings disappear.

Hardness measurements were made on the transverse and longitudinal sections.
The load of the indenter was selected so that the imprint during the test covered several
grains. Because the ferrite and perlite grains have significantly different hardness, the
risk of measuring the hardness of individual grains was avoided. In this way, the average
character of the hardness measurement was obtained. The measurement was made from
the surface into the material with steps of 0.05 mm. The first hardness measurement was
made at a distance of 0.05 mm from the surface.

Figure 14 shows the hardness characteristics of the surface layer. In the near-surface
layer in the depth range of up to approx. 0.3 mm, we can observe clear changes in hardness
which correspond to the changes in the microstructure observed on the metallographic
specimens (Figure 13). In the deeper layers of the material, changes in hardness are small,
despite the fact that clear changes in the microstructure can be observed. In the outer
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layer of the material, the hardness after burnishing increases approximately three times.
Burnishing with braking torque provides greater hardness in the material layer located
between 0.1 and 0.6 mm compared to the variant of burnishing without braking. This
proves that the braking of the roller results in a more intense impact of the roller on the
workpiece, which has a positive effect on the strain hardening of the surface layer. This is
one of the ways to increase the fatigue strength of machine components.

700 ‘ T T T
—— burnishing with braking the roller

600§ |~ burnishing without braking the roller
g 500 [——% = as-received material —
= 400
\
5 300
(T
T 200 |-

100

0
0 0.2 0.4 0.6 0.8 1 1.2

Layer depth (mm)

Figure 14. Effect of the surface layer depth on the cross-section hardness HV1 of ring (roller pressure
force F =5 kN).

As a result of cold plastic deformation, the material reaches a certain extreme of
hardness and mechanical strength at which the processes of microcracking and pitting
begin. The hardness of a material cannot be increased above a certain value for each
material. Therefore, in the near-surface layer, the hardness of the material in the area of
contact with the roller is similar in both RB processes analysed (Figure 14). However, there
are differences in the depth of the plasticised layer (Figure 11).

3.2. Analysis of Stress State in RB

In the burnishing zone under the roller, two areas can be distinguished: an elastic
zone and a plastically deformed layer (Figure 1). Based on this assumption in the work [25],
the depth of the plastically deformed layer was calculated using the relationships from the
theory of elasticity. In the layer of plasticised material, the equivalent stress ¢,; according
to the von Mises yield criterion corresponds to the yield stress R.. Therefore, for the
points lying on the boundary of the layers subjected to elastic and plastic deformation, the
relations of the theory of elasticity can be used. Figure 15 shows the components of the
stress tensor for point A lying directly under the roller on the border of the elastic, and
plastic zones for both variants of the RB process analysed.

RB without
braking the roller

Alc;

roller

: ¢ T,
ring 7y
RB with
braking the roller
o
elastic plastically /_TZ"
zone deformed layer Oy

Figure 15. Stress tensor components for point A for variants of RB with and without braking the roller.
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The components of the stress tensor in the general form are:

Ox Txy Taz
O = | Tyx 0Oy Tyz (1)
Tzx Tzy Oz

where ¢, 0y and 0, are normal components, and Ty, Tx; and T, are tangential components
of stress tensor. It should be noted that according to the stress theory Ty = Tyx, Txz = Tax
and Ty; = Tzy.

After taking into account the stress tensor components characterising burnishing
(Figure 9) in Equation (1), the tensors obtained for classic burnishing with braking Sgp and
without braking Sy are as follows:

0 0 O
Sg=|0 o5 0 ()
0 0 oy
0 0 Ty
SRB = 0 Oy 0 (3)

Ty 0 o0y

where: ¢ is the stress component originating from the roller pressure force F, oy is the
stress component originating from the feed force of the roller, Ty; is the stress component
originating from the roller braking force.

The stress tensor being considered at point A for burnishing with braking the roller
takes into account the additional tangential component 7, coming from the braking force
of the roller.

The general dependence on the equivalent von Mises stress has the form:

1 2 2
Oeq = \/2 (0x —0y) " + (0 — 02)* + (02 — 0x)* + 3(td, + 1% + ) 4)

The values of the components ¢, 7, and 7.y are proportional to the roller pressure
force F, the value of which has been measured experimentally. The feed force of the roller
was 0.25-F and the braking force was about 0.03-F. To simplify the notation, let us denote
0 as 0. Then ¢, will be equal to 0.25¢ and Tz, = 0.03-0. After introducing these values into
Equation (4), we obtain the values of equivalent stress for burnishing without (cre];) and

with ((7513 ) braking the roller:

2 2
Ugf] = \/; <—ia> +(—0)*+ (10—0) = 1150 ®)

RB 1/ 1 \? 2 1 ? 2
o = 3 —ZU + (—o)" + ZO’—O‘ 43 x0.032 = 1.18¢ (6)

The results show that at the same roller pressure F at the point A considered, the value
of the equivalent stress for the RB process with braking the roller is greater than for the
RB process without braking the roller. Due to the additional tangential component of the
stress tensor, the depth of the plasticised layer is greater for RB with braking the roller.

3.3. Numerical Modelling

Figures 16 and 17 shows the distribution of equivalent strains on the cross-section of
the rings. For the sake of clarity in the presentation of the results, the cross-section was
limited to ¥/4 of the model. During the burnishing process, the depth of the plastically
deformed layer is very even, and the most plasticised zone is located in the subsurface
layer of the material, directly impacted under the roller. The depth of the plasticised layer
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determined by the finite element method is about two-times greater than that estimated in
the experimental tests of RB without braking the roller (§ = 1.16 mm). In the case of the RB
process with braking the roller, the depth of the plastically deformed layer, based on the
numerical simulation, is approximately 2.85 mm. Meanwhile, the depth of the plasticised
layer determined experimentally based on the analysis of the structure of the ring faces
is § = 1.6 mm. However, it should be remembered that the experimental estimate of the
depth of the plastically deformed layer is burdened with a large error resulting from the
inability to detect the area of small plastic deformations in the material. The numerical
model did not take into account the local grain orientation and the associated favourable
directions of material deformation. Very small values of plastic deformation determined
by means of numerical simulations, in which the material is treated as a solid body, may
not even be detectable experimentally. Based on Figure 16¢, it can be concluded that
only the layer in which the material deformation is greater than approximately ¢ = 0.074
(Figure 15) and € = 0.022 (Figure 17) can be detected by measuring the deformation of the
ring profile (Figure 9b).

rolling direction

E
E
© ;
e
R
n
w

0.178 =
0.018
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~0.002 © ]

Figure 16. Distribution of equivalent plastic strain ¢ after roller burnishing with braking moment

across the width of the rings packet: (a) 10 mm, (b) 20 mm and (c) 30 mm.
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Figure 17. Distribution of equivalent plastic strain ¢ after roller burnishing without braking moment
across the width of the rings packet: (a) 10 mm, (b) 20 mm and (c) 30 mm.

Figure 18 presents displacement of the material in the x-direction along the mandrel
axis. The results of the displacement of the burnished material in the surface layer in the
direction of the burnishing confirm the effectiveness of the proposed method of measuring
the deformation of the rings to determine the thickness of the plastically deformed layer.
The greatest deformations of the material are just accumulated under the roller and at the
end of the rolling process they even reach an absolute value of 0.4 mm (Figure 18c). This
leads to the formation of a distinct bulge of workpiece material in front of the roller which
moves with the roller. Despite the fact that the distribution of material displacements
suggests the displacement of the material along the entire rolled cross-section, most of
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them are elastic strains, which is confirmed by the distribution of places of occurrence
of equivalent plastic strains (Figures 18 and 19). In the case of roller burnishing without
braking moment (Figure 19), the material flow is more uniform across the width of the set
of rings than for roller burnishing with braking moment (Figure 18).

x-direction

-0.339 © J

Figure 18. Displacement of the material in the x-direction during roller burnishing with braking

moment across the width of the rings packet at a distance of: (a) 10 mm, (b) 20 mm and (c) 30 mm.
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Figure 19. Displacement of the material in the x-direction during roller burnishing without braking
moment across the width of the rings packet at a distance of: (a) 10 mm, (b) 20 mm and (c) 30 mm.

In order to compare the effect of applying the braking torque to the roller, we carried
out a comparison of the distribution of equivalent plastic strain along the paths located at
three different depths 0.6, 1.2 and 1.8 mm (Figure 20). In the initial stage of indenting the
roller into the ring surface, a local increase in the value of equivalent plastic strain (point A
in Figure 21a) was observed in the workpiece layer at a depth of 0.6 mm. This is because
the roller contacts the workpiece surface with its entire surface during the indentation step.
At this stage conditions for the formation of large plastic deformations occur directly below
the surface of the roller. After starting the burnishing process by axial displacement of
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the roller, the contact surface of the roller with the rings is reduced by about half, which
causes a further reduction in the value of equivalent plastic strains and their stabilisation.
The character of changes in equivalent plastic strains is similar for both RB variants with
and without braking the roller. However, the strains during RB with braking the roller
achieve greater values across the entire area of the burnishing zone. Movement of the roller
in relation to the material, which is a combination of burnishing speed and feed motion,
causes most of the flowing material to accumulate in front of the tool. The creation of an
additional material structure in front of the tool is noted in the literature and in workshop
slang is referred to as the “jumping wave” [36,37] or “the wave of plastically deformed
material” [22]. The equivalent plastic strain values in the zone of the “jumping wave” have
much higher values (point B in Figure 21a) than in the stable burnishing zone. Due to the
accumulation of the material in front of the roller, plastic deformations take place about
2 mm in front of it. The increased values of plastic strain at the stage of indenting the roller
into the workpiece were obliterated at a layer depth of 1.2 mm (Figure 21b). The intense
plastic deformation of the material immediately in front of the roller is still visible to some
extent at this depth. It is obvious that the deformation values decrease with increasing
depth of measurement (Figure 21c).

The aim of the research was to increase the depth of the plastically deformed layer and
at the same time to obtain a surface without defects in the form of microcracks or micro pits.
The application of the braking torque allowed a greater depth of the plastically deformed
layer to be obtained with the same pressure force when compared to roller burnishing
without braking the roller. Burnishing with braking takes place in the asymmetrical
compression state of stress, which makes the material easier to transform into a plastic state.

end points
burnishing zone

start points Iy gt

—— \path 3 (depth 1.8 mm)
path 2 (depth 1.2 mm)
path 1 (depth 0.6 mm)

Figure 20. Scheme for measuring the distribution of equivalent plastic strains in numerical model.
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Figure 21. Distribution of the equivalent plastic strains along paths located at a depth of (a) 0.6 mm,
(b) 1.2 mm and (c) 1.8 mm.

4. Conclusions

Based on the experimental tests conducted and numerical simulations of the strength-

ening of the surface layer of the shafts using the new method of roller burnishing with the
braking torque of the roller, the following conclusions can be drawn:

The main problem in determining the depth of the plastically deformed layer is
the difficulty of separating the plastic and elastic deformation zones. The plastically
deformed layer can be divided into two characteristic areas: (i) the surface layer, which
is characterised by a large deformation of the grains in the metallographic structure
and (ii) a subsurface area of 2-3 times greater hardness, and whose microstructure is
clearly different from the base material.

The subsurface layer is slightly harder than the base material, and the microscopic
image shows slight deformation of the metallographic structure. Two-times greater
depth of plastic deformation was obtained using the method developed by the authors,
which involves observation of the sample ring faces.

The results of the measurement of the depth of the plastically deformed layer on the
ring faces were consistent with the results of FEM simulation. FEM results confirmed
the possibility of determining the depth of plastic deformation during roller burnishing
based on the measurement of the deformation of the ring faces.

The depth of the plastically deformed layer during roller burnishing can be increased
to approx. 20% by applying a braking moment to the burnishing roller. Burnishing
with roller braking takes place in a state of asymmetric triaxial compression and the
deformation of the material is more effective than when using the same pressure force
in conventional roller burnishing.

Determining the depth of plastic deformation in the surface layer in the burnishing
process using a package of rings is a process suitable for use in industrial conditions
because it does not require the use of complicated laboratory equipment.

Author Contributions: Conceptualization, M.K.; methodology, M.K; software, T.T.; validation, M.K.
and L K.; formal analysis, PP.,, PM., S.L.; investigation, M.K. and TT.; data curation, T.T., PP. and LK.;
supervision, PP, PM. and S.L.; writing—original draft preparation PM. and T.T.; writing—review
and editing, S.L. and T.T.; project administration, M.K. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.



Materials 2021, 14, 5844 22 0f 23

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.
11.
12.
13.
14.
15.
16.

17.
18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

Patyk, R.; Kukielka, L.; Kukielka, K.; Kulakowska, A.; Malag, L.; Bohdal, L. Numerical Study of the Influence of Surface Regular
Asperities Prepared in Previous Treatment by Embossing Process on the Object Surface Layer State after Burnishing. Appl. Mech.
Mater. 2014, 474, 448-453. [CrossRef]

Kukielka, L.; Kustra, J.; Kukielka, K. Numerical analysis of states of strain and stress of material during machining with a single
abrasive grain. WIT Trans. Eng. Sci. 2005, 49, 57-66.

Grochala, D.; Berczynski, S.; Grzadziel, Z. Analysis of Surface Geometry Changes after Hybrid Milling and Burnishing by
Ceramic Ball. Materials 2019, 12, 1179. [CrossRef]

Skoczylas, A.; Zalewski, K. Selected Properties of the Surface Layer of C45 Steel Parts Subjected to Laser Cutting and Ball
Burnishing. Materials 2020, 13, 3429. [CrossRef]

Kluz, R.; Antosz, K.; Trzepiecinski, T.; Bucior, M. Modelling the Influence of Slide Burnishing Parameters on the Surface
Roughness of Shafts Made of 42CrMo4 Heat-Treatable Steel. Materials 2021, 14, 1175. [CrossRef] [PubMed]

Rotella, G.; Caruso, S.; Del Prete, A.; Filice, L. Prediction of Surface Integrity Parameters in Roller Burnishing of Ti6Al4V. Metals
2020, 10, 1671. [CrossRef]

Dwivedi, S.P,; Sharma, S.; Mishra, R K. Effects of roller burnishing process parameters on surface roughness of A356/5%SiC
composite using response surface methodology. Adv. Manuf. 2019, 7, 116. [CrossRef]

Gharbi, F; Sghaier, S.; Hamdji, H.; Benameur, T. Ductility improvement of aluminum 1050A rolled sheet by a newly designed ball
burnishing tool device. Int. . Adv. Manuf. Technol. 2012, 60, 87-99. [CrossRef]

Patyk, S.; Patyk, R.; Kukielka, L.; Kaldunski, P.; Chojnacki, J. Numerical method for determining the main force of burnishing
rolling of rough cylindrical surface with regular periodical outlines asperities. Eng. Mech. 2017, 754-757.

Kowalik, M.; Trzepieciniski, T. Numerical and experimental estimation of forces during longitudinal rolling process of shaft
formation. Arab. ]. Sci. Eng. 2014, 39, 1259-1260. [CrossRef]

Kowalik, M. Influence of deformation on the structure and properties of materials in longitudinal cold rolling of multidiameter
shafts. Mater. Sci. 2011, 46, 679-684. [CrossRef]

Hertz, H. Uber die Beriihrung fester elastischer korper. J. Reine Angew. Math. 1992, 92, 156-171.

Bielayev, N.M. Strength of Materials; MON: Warsaw, Poland, 1954.

Von Mises, R. Mechanik der festen korper im plastisch-deformablen zustand, nachrichten der koniglichen gesellschaft der
wissenschaften. Math. Phys. Kl. 1913, 4, 582-592.

Kowalik, M.; Mazur, T.; Trzepieciniski, T. Assessment of the depth of the deformed layer in the roller burnishing process. Strength
Mater. 2018, 50, 493-503. [CrossRef]

Jezierski, J.; Mazur, T. Analysis of the thickness of the plasticized zone in the surface burnishing process. Arch. Mech. Eng. 2002,
49, 105-126.

Kowalik, M. Calculation of squeezing forces during longitudinal rolling for the final passage. Arch. Mech. Eng. 2008, 55, 81-91.
Teimouri, R.; Amini, S. Analytical modeling of ultrasonic surface burnishing process: Evaluation of through depth localized
strain. Int. . Mech. Sci. 2019, 151, 118-132. [CrossRef]

Zielecki, W.; Bucior, M.; Trzepieciriski, T.; Ochat, K. Effect of slide burnishing of shoulder fillets on the fatigue strength of
X19NiCrMo4 steel shafts. Int. |. Adv. Manuf. Technol. 2020, 106, 2583-2593. [CrossRef]

Kropotkina, E.; Zykova, M.; Shein, A.; Kapustina, N. Application of roller burnishing technologies to improve the wear resistance
of submerged pump parts made of powder alloys. Mech. Ind. 2018, 19, 705. [CrossRef]

Rusyn, B.P.; Torska, R.V.; Kobasyar, M.I. Application of the cellular automata for obtaining pitting images during simulation
process of their growth. In Man-Machine Interactions 3; Advances in Intelligent Systems and Computing 242; Gruca, A., Ed,;
Springer: Cham, Switzerland, 2014; pp. 299-306.

Balland, P.; Tabourot, L.; Degre, F.; Moreau, V. Mechanics of the burnishing process. Precis. Eng. 2013, 37, 129-134. [CrossRef]
Luo, H,; Liu, J.; Wang, L.; Wang, Q. The effect of burnishing parameters on burnishing force and surface microhardness. Int. |.
Adv. Manuf. Technol. 2006, 28, 707-713. [CrossRef]

Loh, N.H.; Tam, S.C.; Miyazawa, S. Ball burnishing of tool steel. Precis. Eng. 1993, 15, 100-105. [CrossRef]

Hassan, A.M.; Maqableh, A.M. The effects of initial burnishing parameters on non-ferrous components. J. Mater. Process. Technol.
2000, 102, 115-121. [CrossRef]

Franzen, V.; Trompeter, M.; Brosius, A.; Tekkaya, A.E. Finishing of Thermally Sprayed Tool Coatings for Sheet Metal Forming
Operations by Roller Burnishing. Int. J. Mater. Form. 2010, 3, 147-150. [CrossRef]

Okada, M.; Shinke, M.; Otsu, M.; Miura, T.; Dohda, K. Influence of Various Conditions on Quality of Burnished Surface in
Developed Roller Burnishing with Active Rotary Tool. Int. ]. Autom. Technol. 2018, 12, 921-929. [CrossRef]


http://doi.org/10.4028/www.scientific.net/AMM.474.448
http://doi.org/10.3390/ma12071179
http://doi.org/10.3390/ma13153429
http://doi.org/10.3390/ma14051175
http://www.ncbi.nlm.nih.gov/pubmed/33801549
http://doi.org/10.3390/met10121671
http://doi.org/10.1007/s40436-018-0232-y
http://doi.org/10.1007/s00170-011-3598-6
http://doi.org/10.1007/s13369-013-0722-y
http://doi.org/10.1007/s11003-011-9340-6
http://doi.org/10.1007/s11223-018-9994-5
http://doi.org/10.1016/j.ijmecsci.2018.11.008
http://doi.org/10.1007/s00170-019-04815-7
http://doi.org/10.1051/meca/2019031
http://doi.org/10.1016/j.precisioneng.2012.07.008
http://doi.org/10.1007/s00170-004-2412-0
http://doi.org/10.1016/0141-6359(93)90344-A
http://doi.org/10.1016/S0924-0136(00)00464-7
http://doi.org/10.1007/s12289-010-0728-x
http://doi.org/10.20965/ijat.2018.p0921

Materials 2021, 14, 5844 23 0f 23

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Kowalik, M.; Trzepieciniski, T. A method of increasing the depth of the plastically deformed layer in the roller burnishing process.
In AIP Conference Proceedings; AIP Publishing: Mellvile, NY, USA, 2018; Volume 1960.

Kowalik, M.; Trzepiecinski, T. Experimental assessment of the depth of the deformed layer in the roller burnishing process.
MATEC Web Conf. 2019, 290, 03008. [CrossRef]

EN ISO 683-1. Heat-Treatable Steels, Alloy Steels and Free-Cutting Steels—Part 1: Non-Alloy Steels for Quenching and Tempering;
International Organization for Standardization: Geneva, Switzerland, 2018.

Kukielka, L. New Damping Models of Metallic Materials and Its Application in Non-Linear Dynamical Cold Processes of Metal
Forming. Steel Res. Int. 2010, 81, 1482-1485.

Wang, H.T,; Tao, N.R.; Lu, K. Architectured surface layer with a gradient nanotwinned structure in a Fe-Mn austenitic steel. Scr.
Mater. 2013, 68, 22-27. [CrossRef]

Sonmez, F.O.; Demir, A. Analytical relations between hardness and strain for cold formed parts. . Mater. Process. Technol. 2007,
186, 163-173. [CrossRef]

Agrawal, A K.; Singh, A. Limitations on the hardness increase in 316L stainless steel under dynamic plastic deformation. Mater.
Sci. Eng. A 2017, 687, 306-312. [CrossRef]

Brzézka, K.; Zurowski, W.; Gorka, B. Structure of friction products and the surface of tribological system elements. Nukleonika
2013, 58, 99-103.

Dzionk, S.; Dobrzynski, M.; Sciborski, B. Jumping wave characteristic during low plasticity burnishing process. Materials 2021, 14,
1441. [CrossRef] [PubMed]

Dzionk, S.; Sciborski, B.; Przybylski, W. Problems of Flaking in Strengthening Shaft Burnishing. In Advances in Manufacturing II,
Proceedings of the Manufacturing 2019, Poznan, Poland, 19-22 May 2019; Lecture Notes in Mechanical Engineering; Gapiniski, B.,
Szostak, M., Ivanov, V., Eds.; Springer: Cham, Switzerland, 2019. [CrossRef]


http://doi.org/10.1051/matecconf/201929003008
http://doi.org/10.1016/j.scriptamat.2012.05.041
http://doi.org/10.1016/j.jmatprotec.2006.12.031
http://doi.org/10.1016/j.msea.2017.01.066
http://doi.org/10.3390/ma14061441
http://www.ncbi.nlm.nih.gov/pubmed/33809528
http://doi.org/10.1007/978-3-030-16943-5_10

	Introduction 
	Materials and Methods 
	Material 
	Methods 
	Background 
	Roller Burnishing 
	Roller Burnishing with Braking Torque 

	Numerical Modeling 

	Results and Discussion 
	Experimental Investigation 
	Analysis of Stress State in RB 
	Numerical Modelling 

	Conclusions 
	References

