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Abstract
In this study the process of burnishing rolling is considered as a geometrical and physical boundary and initial
value problem, with unknown boundary conditions in the contact area. 3D dynamic explicit method for burnishing
rolling process with taking into account surface roughness after turning (as previous treatment) under ANSYS en-
vironment were established. The analysis covered surfaces characterized by vertical angle of the asperities equal:
75°. The simulation results (i.e. surface deformation, states of strain and stresses, material behavior) were evaluat-
ed. Numerical algorithms can be used for an assessment of the influence of the surface after previous treatment on

the burnished product.

INTRODUCTION

Nowadays, automotive technology at a very high level is devel-
oped. Big companies try to outdo each other by introducing newer,
better and innovative projects. More and more companies increas-
ing engine power, improving traction properties, consumables and
others. One must keep in mind that the quality of the manufactured
products and the cost of their production are among the most im-
portant problems of modern manufacturing techniques. The increas-
ing performance requirements in relation to modern machine parts
are put. For reliability, durability and life of the properties decisive
influence have the properties of surface layer, which are achieved
depending on the type and the course of finishing treatment. Also,
the diversity of the destination and working conditions result in the
need to find treatment methods that allow for the formation of differ-
ent and yet optimal due to the adopted criteria of product quality.

Technological quality of the product depends mainly on the
type of finishing treatment and conditions of its realization, mainly
on the technological parameters. One of the methods of finishing
treatment, which allows obtaining the surface layer characterized by
advantageous utility properties, is burnishing rolling treatment [1+4].
Itis used to improve the surface state and/or the state of the surface
layer, to increase the smoothness of the surface, strengthening and
increase its dimensionally and shaping accuracy [5, 6, 14+19, 21].

The surface quality after previous treatment has significant in-
fluence on its quality after burnishing rolling [23+25]. It is recom-
mended that outline of the surface roughness under burnishing was
regular, determined and periodical. After burnishing rolling of such
profile, one receives also regular, determined and periodical profile.
Figure 1 shows the scheme of determined surface profiles after
previous treatment and after burnishing rolling.

line of tool crossing
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Fig. 1. Determined surface profile after previous treatment and after
burnishing rolling

Burnishing rolling of the surface with a stochastic roughness
profile (e.g. after grinding) causes that the achieved burnished
surface is also with stochastic surface roughness profile. On the

surface the secondary cavities are formed and material overflows,
resulting in deterioration of the burnished surface quality [1+4, 24].
Outline of asperities may have a decisive influence on the defor-
mation process (displacement, strain) and the state of stresses and
smoothing the surface after burnishing process.

Previous studies have shown that the surface roughness after
the process of burnishing the regular, triangular asperities depends
on the material type of asperities (yield stress Re, Young's modulus
E), the geometrical parameters (vertical angle 6 of asperities, the
distance f, the volume V (or surface outline area S), rounding of
asperities volleys and the peaks.

Authors [1+4], with the assumption that the asperity of the sur-
face after previous treatment is regular, symmetrical, and triangular
and that it is symmetrical deformity, single out three qualitatively
different cases of the material flowing in the product's Surface Layer
(SL) during burnishing rolling process depending only on the vertical
angle 6 of the asperity (Fig. 2):

1. for the vertical angles 6<80° a strain of the material occurs
only in the area of asperities. The valleys of asperities do not
rise. The core of the material remains unstrained. With a total
strain, deformed asperities are visible and are separated from
one to another with gaps (discontinuity planes) with the depth
0.5Rt. The levelling of the surface occurs as a result of the flow
of the material of asperities to sides,

2. for the vertical angle 80°<6<145° there occurs an increase of
the zone of plastic strains, which cover the core of the material,
as well. The asperity valleys rise, while with a total strain, in the
contact zone of neighbouring material overflows, gaps are visi-
ble, yet with a smaller depth than previously,

3. for the vertical angle 6>145° the levelling of the surface occurs
as a result of a strain of asperities and the core of the material,
and not at the cost of the material overflows, in the direction of
the sides of asperities. The value of the lowering of the vertex of
asperities equals the value by which its valley rises. In the sur-
face layer, there are no planes of the material’s discontinuity.

So it is important to receive after previous treatment not only regular

outline, but also adequate vertical angle 6 of the shaping asperities.

The values of the vertical angle 6 of the asperity and the feed during

previous treatment should be taken every time for the part and it's

inappropriate.

However, currently there is no explanation of the impact of de-
termined profile parameters on the physical phenomena in the
burnishing process, which have a direct impact on the quality of the
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formed product's surface layer, and therefore on the tribological
properties and fatigue of the product after the process. Moreover, in
the process of burnishing there are many physical phenomena
whose observation or measurement is very difficult or impossible.
These include for example: phenomena in the contact zone of the
tool with the object - the pressure, the friction forces, the slip and
contact zones, states of displacement, strain and stresses. The aim
of the paper is to provide an effective numerical model based on the
finite element method, which allow for the analysis of phenomena
(i.e. surface deformation, states of strain and stresses, depth of
stress deposition, normal force, material behavior) at any point of
the object and at any time during the process, taking into account
the physical and geometric nonlinearity.

The specific aim is to vivificate the impact of the vertical angle
0=75° of symmetrical triangular asperity on the process of defor-
mation and strain and stresses in object's SL in the burnishing
rolling process. The vertical angle 8=75° is in the group which is
characterized by an increase of the zone of plastic strains, which
cover the core of the material, as well. The asperity valleys rise,
while with a total strain, in the contact zone of neighbouring material
overflows, gaps are visible, yet with a smaller depth than previously.
The asperities with the vertical angle 6=75° after previous treatment
but under burnishing are used during forming secondary micro
cavities. It is useful in attrition pairs, where micro cavities are neces-
sary because of the gathering of the lubricant.

1. METHOD OF PROBLEM SOLUTION

The process of burnishing rolling was considered as a geomet-
rical and physical boundary and initial value problem, with unknown
boundary conditions in the contact area. An updated Lagrange's
description was used for the description of non-linear phenomena
on a typical incremental step. The increments of strains and stress-
es were described respectively with an increment of a non-linear
strain tensor of green — Lagrange and an increment of the second
symmetric stress tensor of Pioli — Kirchhoff respectively. For the
purpose of a variational formulation of the incremental equation of
the object's movement for the case of stress rolling burnishing, a
variational functional was used, in which there occurs only one
independent field, namely the field of an increment of displace-
ments. Moreover, it was accepted that compatibility equations are
satisfied and the initial and boundary conditions are fulfilled. Such
assumptions lead to the so-called compatible model for the prob-
lems of non-linear dynamics, which is expressed in the increments
of displacements.

While writing particular equations of motion for all the finite el-
ements separated from the tool and the object, after their expansion
and totalising, after all the finite elements of the object, an equation
of motion of the object's deformation in the burnishing process is
obtained. While not resigning from the general nature of the discus-
sion, it was accepted that the burnishing process of the rotating
section is described. A general equation of the object's motion has
then the following form:

where:

[MIGARH Cr O AR} + (K ()] +
AK T ODAY = AR (O}HIAFO}H Fr (03

[;M] - global matrix of the mass of the system in moment f,

(1)

[;C+] - global matrix of the damping of the system in moment t,

[{K+] — global matrix of the rigidity of the system in moment t,
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[[AK ] — global matrix of an increment of the object’s rigidity on a
step,

{i F+} — global vector of the object’s internal loads in moment ¢,

{{ AF} — vector of an increment of the object’s internal loads,
{{AR;}— global vector of an increment of the object’s internal
loads,

{{Ar} — vector of an increment of the displacements of the ob-
ject's nodes,

{{Ar} — vector of an increment of the velocity of the object’s
nodes,

{{ A} — vector of an increment of the accelerations of the object's

nodes

2. COMPUTER MODEL

Geometrical model (3D) (tool and object) and cross section of
the object in zoom, with the mesh grid in figure 2 is presented.

A
iy

Fig. 2. Determined surface profile after previous treatment and after
burnishing rolling

Computer model (3D) of the process in real scale in ANSYS/LS-

DYNA was prepared performing following operation:

— geometrical computer modeling: creation of tool geometry (roll-
er) and object (shaft) with marked regular asperities of the outer
surface. There is a possibility to input different geometry of as-
perity e.g. varying the vertical angle 6 and asperities distance f
and technological parameters of the process. For example, cal-
culations performed for 6 = 75° and f=2,7 mm.

— adoption of material models for individual bodies. In the present
case the subject was treated as an elastic body (in the range of
reversible strains) and visco-plastic (in the range of irreversible
strains), while the tool (roller) was treated as a perfectly rigid
body. Moreover, the incremental material models, assumes that
the object is made of C45 steel. Other, necessary material pa-
rameters: Young's modulus E=210 GPa and Poisson's ratio
v=0.29.

— discretisation of the object with finite elements type Solid164
(with a linear function of the shape), finite element type Shell
163 and contact elements. Model contains 374388 finite ele-



ments, and 385214 nodes. The number of degrees of freedom,
assuming only translational components, is: N=810 024.

— modeling of variable body contact with the adoption of a model
of friction - nonlinear anisotropic Coulomb friction, and the coef-
ficient of static friction 1=0,1.

— reference relevant boundary conditions - mainly applying to
displacement: references cavity tool and received degrees of
freedom for the subject, as well as set rotational speed provid-
ing the required burnishing speed. In this case burnished shaft
with surfaces asperities rotates, then the burnishing element
(roller) reach to the object's surface. Contact of the roller with
the surface also causes the rotation of the roll.

— establishing methods of discrete solution of motion equations.
For this purpose, according to a sensible solution algorithm (ex-
plicit), in every step of the analysis approximations of column
vector of acceleration and velocity increment as a function of
displacement column vector. Subsequently, bordering time in-
crement Aty was defined. Total analysis time t=3,5 s.

3. RECEIVED RESULTS OF DISPLACEMENTS AND
DEFORMATION OF THE ROUGH SURFACE

Exemplary results of model displacement and deformation of
the finite element mesh grid in subsequent time steps are shown in
Figure 3. In the first picture there is an example of the object that is
prepared in previous treatment (for example in turning process)
under burnishing. The model consists of two triangular, regular
asperities on the surface of the shaft, which constitute the actual
details of the surface prepared to be treated. Then the moment,
when the tool moves to the rotating part of shaft is visible as well as
its immersion and then the deformation of asperities vertexes. Fur-
ther immersion of the burnishing tool (until a value equal a half of
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=35s

the asperity height) and rotation of the shaft causes increasing
asperities squeeze until it is completely smooth out.

The subsequent time steps of asperities burnishing rolling pro-
cess in relation to the shaft cut-Y plane were analyzed. (Fig. 3). This
allowed observation of the surface deformation of triangular asperi-
ties, in cross section. At the beginning of the process, it can be clear
seen, that the tool caused asperities deformation as well as finite
element mesh grids. However, only in the area of the asperities in
the upper area of the shaft, the bottom remain intact (no contact
between the tool and the object in this subsequent time step), which
is consistent with the real course of the process of the burnishing
rolling. In the following steps, the increasing deformation of the
mesh grid is visible. Initially it covers only the area of asperities,
however, with successive time steps there are also visible changes
in the core area. This analysis also reveals how during time chang-
es the distance between asperities, and thus as the material fills this
area. In the initial phases the formed cavity between the asperities
vertices is large, and in subsequent phases of the burnishing be-
comes increasingly filled with material and it is getting narrower. The
width of the gap from the second to the last considered time step
changed by taking the values: 2,7, 0,47, 0,25, 0,19 mm. In the case
of burnished asperities, it can be seen how in subsequent time
steps increases the width of the deformed asperity, and their value
in subsequent time steps are: 0, 1,97, 2,33, 2,42 mm. The result is
determined profile with the asperities flat vertex outline (plateau
outline used in tribological pairs).

4. MAPS OF REDUCED STRAINS AND STRESSES
AFTER BURNISHING ROLLING PROCESS

Maps of reduced strains in the fragment of the shaft and cross
section, for vertical angles of asperity 6=75° and the spacing of
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asperity s=2,7 mm=const. with the scale indicating the obtained
result are shown in Figure 4.

Fig. 4. Map of reduced strain in asperities with vertical angles
6=75° for the depth of burnishing an=0,5 Rt

Under the influence of burnishing axial forces operating in the
machining system and the burnishing speed and feed, burnishing
element causes in the contact zone with the workpiece, local elastic
strains as well as viscous and plastic. As a result of strains following
the deformation of grains of metal in a thin layer underlying the
surface burnishing. In addition, grains are shredded. They are flat-
tened and elongated in the direction of a major strain creating de-
formation texture, showing the anisotropy of mechanical properties.

The cause of compressive internal stresses during the burnis-
hing rolling is primarily plastic strain, and then temperature and
structural changes. As a result of plastic strain decreases the densi-
ty of the metal in layers closest to the burnished surface. Deeper
layers of metal does not allow for free and fully spread into the
plastic strains. As a result, in the surface layer the stress state is
prepared. Maps of reduced stress in the fragment of the shaft and
cross section, for vertical angles of asperity 6=75° and the spacing
of asperity s=2,7 mm=const. with the scale indicating the obtained
result are shown in Figure 7.

Fig. 4. Map of reduced stress in asperities with vertical angles
6=75° for the depth of burnishing an=0,5 Rt

SUMMARY

Burnishing rolling was considered as a geometrical and physi-
cal boundary and initial value problem, with unknown boundary
conditions in the contact area. Developed application using the
incremental theory in updated Lagrange description allows to ana-
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lyze the geometric structure of the surface and the distribution of
stresses in the surface layer at any time during the process.

The paper presents a modern way of simulation of physical
phenomena in the process of burnishing rolling of regular, triangular
asperities with vertical angle 6=75°. The correctness of the various
stages of modeling and simulation - both modeling and discretiza-
tion and assumed initial and boundary conditions allow to analyze
the process in short time without costs on the experimental re-
searches. The developed application in the system ANSYS allows
for properly analysis of temporal displacement conditions, strains
and stresses in the asperities material with regard to physical and
geometric nonlinearity and strengthening of the material in the
process of burnishing. In addition, it is possible to determine the
component states of the displacement and strains and stresses
what means the elastic and plastic parts. It is possible to carry
Young module), the state of stresses and strains after treatment
previous treatment and determination their effects on the surface
roughness and the state of stress and strain in the surface layer
after the process of burnishing. You can also specify the location of
the area of maximum stress and strain and elastic recovery. This
will allow, for specified processing conditions, determine the status
of the surface layer of the object or vice versa, to required state of
WW article, determine the conditions of the process of burnishing.

Numerical simulations of the process of burnishing confirmed
the ability to control distribution of stresses. Based on the simula-
tions it was found that it is necessary to analyze the possibility of
stress distribution steering by the vertical angle of asperities.

Numerical algorithms can be used for an assessment of the in-
fluence of the surface after previous treatment on the burnished
product. They facilitate a better understanding of the phenomena
which occur in the zones of contact and strains, and therefore can
constitute the basis for the development of guidelines for the selec-
tion of the conditions of rolling and burnishing processes consider-
ing the required technological quality of the product.
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ANALIZA NUMERYCZNA
| SYMULACJE KOMPUTEROWE
PROCESU NAGNIATANIA
POWIERZCHNI CHROPOWATYCH

Streszczenie

W pracy proces nagniatania naporowego tocznego
rozpatrzono jako geometrycznie i fizycznie nieliniowe
zagadnienie brzegowo-poczgtkowe, z nieznanymi wa-
runkami brzegowymi w obszarze kontaktu. symulacje
komputerowe 3D przeprowadzono, z zastosowaniem
metody explicit w srodowisku Ansys. Powierzchnie do
nagniatania traktowano jako chropowate, przygotowa-
ne w obrobce poprzedzajgcej toczeniem. Analizg objeto
powierzchnie charakteryzujgce si¢ kqtem wierzchotko-
wym nierownosci powierzchni 6=75°. Uzyskane wyniki
(deformacije, stany odksztalcen i naprezen) przedsta-
wiono w postaci wykresow i map rozktadow.
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