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INTRODUCTION

burnishing treatment, surface layer, surface wear.

The paper presents the results of an analysis of the wear process under conditions of dry technical friction
of surface layers after selecting external surface pressure burnishing methods. The possibility of making
changes in the burnishing process leading to an increase in resistance to wear under conditions of a simulated
exploitation process is described. The possibility of conscious control of the process of material deformation
in the zone of contact between the tool and the workpiece in the course of the surface layer formation process
by changing the method and technological parameters of the pressure burnishing process is used. The course
and results of the wear process of surfaces pressure burnished with a rolling ball, disc, and sliding ball are
analysed. A description of the wear mechanism and comparative results of the wear of the surfaces tested are
presented.

obrobka nagniataniem, warstwa wierzchnia, zuzycie powierzchni.

W opracowaniu przedstawiono wyniki analizy przebiegu procesu zuzycia w warunkach tarcia technicznego
suchego warstw wierzchnich po wybranych sposobach obrobki nagniataniem naporowym powierzchni ze-
wnetrznych. Opisano mozliwo$¢ dokonania zmian w procesie nagniatania prowadzacych do wzrostu odpor-
nosci na zuzycie w warunkach symulowanego procesu eksploatacji. Wykorzystano do tego mozliwo$¢ swia-
domego sterowania przebiegiem procesu odksztalcania materiatu w strefie kontaktu narzedzia z przedmiotem
obrabianym w trakcie procesu konstytuowania warstwy wierzchniej na drodze zmiany sposobu i parametréw
technologicznych procesu nagniatania naporowego. Przeanalizowano przebieg i rezultaty procesu zuzycia
powierzchni nagniatanych naporowo tocznie kulka i krazkiem oraz powierzchni nagniatanej $lizgowo kulka.
Przedstawiono opis mechanizmu zuzywania i wyniki poréwnawcze warto$ci zuzycia badanych powierzchni.

makes it possible to improve the resistance of the
obtained surface layers to mechanical, thermal and

Burnishing treatment is one of the most widespread
surface engineering methods allowing conscious
control of the functional properties of the forming
surface layers [L. 1-6]. It allows a relatively easy
and inexpensive improvement of complex surface
layer characteristics that are important from a user's
point of view [L. 7-13]. Burnishing changes
the metal's mechanical and physical properties
[L. 14-18]. The surface treatment by burnishing

chemical factors occurring during exploitation
[L. 19-22]. This resistance is achieved by creating
anew, more favourable structure with a significantly
higher hardness and modifying residual stresses'
state and distribution [L. 6, 14, 23]. This is due
to changes occurring in the surface layer during
burnishing as a result of processes taking place
within the deformation zone [L. 5, 6, 24]. The
studies on the wear processes of burnished surface
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layers, carried out by the author for several years,
unambiguously confirm that the characteristics of
the surface layers obtained are largely determined
by way of burnishing treatment and the deformation
scheme applied to determine the occurrence of
a specific technological state of the surface layer
[L. 24. 25].

EXPERIMENTAL TESTING OF THE WEAR
PROCESS

Preparation of experimental testing of the wear
process

In the conducted testing of wear under frictional
conditions, the test bench made for the conducted
wear testing was used (Fig. 1). The bench
was constructed using a universal lathe type
CU-500 equipped with a hydraulic device for
forcing the pressure of a cast iron counter-specimen
against a steel specimen. It allowed continuous
measurement of the friction force and, indirectly,
of the coefficient of friction and the measurement

.'
Z .

of linear wear (on the diameter) using an induction
sensor mounted on a moving slide pushed against
the specimen for the duration of the measurements.
The wear of sliding pairs was measured in the tests,
with a specimen made of C55 steel acting as a pivot
and the counter-specimen made of EN-GJL-250
cast iron as a pan (Fig. 1d and e). The wear process
was carried out under conditions of technically dry
friction. The pressure (p) relative velocity (v) of the
counter specimen to the test surface was determined
from the permissible value for a given friction pair
(steel — cast iron) of pv wp — 1.0 MPa - m/s and the
recommended relative pressure of 2+2.5 MPa.
Assumed rotational speed n = 315 rpm (v = 39.58
m/min) and relative pressure p = 2.43 MPa. The
results of the wear measurement were read out at six
points on the circumference of the specimen using
an inductive sensor with a digital reading device.
The value was read continuously using the inductive
sensor. Knowing the friction force (T) and the
contact force (N) of the counter-specimen to the test
surface allowed the average coefficient of friction 1
to be determined as a function of the contact time.

Fig. 1. Test bench for measurement and analysis of the wear process (a), wear measurement (b), view of the cylinder head
(¢), the tested sliding pair (d), load scheme and dimensions of the specimens (e): 1 — hydraulic cylinder, 2 — pressure
regulator, 3 — head with the counter-specimen, 4 — friction specimen, 5 — measuring sliding, 6 — inductive sensor for
wear measurement, 7 — inductive sensor for the recording of friction force

Rys. 1. Stanowisko do pomiaru i analizy przebiegu procesu zuzycia (a), pomiar zuzycia (b), widok glowicy z sitownikiem (c),
badana para $lizgowa (d), schemat obcigzenia i wymiary probek (e): 1 — sitownik hydrauliczny, 2 — regulator ci$nienia,
3 — glowica z przeciwprobka, 4 — probka $cierana, 5 — sanie pomiarowe, 6 — czujnik indukcyjny do pomiaru zuzycia,

7 — czujnik indukeyjny do rejestracji sily tarcia
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The value of linear wear was determined
by the diameter of the tested surfaces (fig.1b).
However, the accuracy of measurement carried out
in this manner was often not satisfactory, which
resulted both from different wear values at different
points of the tested surfaces and from changes in
the temperature of the tested surfaces occurring
during the wear process, which undoubtedly had
an impact on reducing the accuracy of the wear

a) um

measurement itself. This necessitated the search for
other methods that would precisely determine the
exact value of the wear obtained. One of the options
used in practice during the study was determining
the course of the roughness profile in the transition
area between the surface not involved in friction
and the surface after friction. The obtained profile
allowed for very precise determination of linear
wear in any area of the analysed surface (Fig. 2).
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Wear zone after rolling pressure burnishing: a — distinguished profile of the transition zone between the worn out

and the non-worn area, b — determination of the fault height
Rys. 2. Strefa zuzycia po obrobce tocznym nagniataniem naporowym: a wyodrebniony profil strefy przej$cia pomi¢dzy obszarem
zuzytym i obszarem nie poddanym zuzywaniu, b — wyznaczenie wysokos$ci uskoku

Three surface groups were analysed: rolling
ball pressure burnishing, rolling disc pressure
burnishing and sliding ball burnishing. In order to
homogenise the structure, the C55 steel bars were
hardened (austenitising — 840°C, water cooling) and
highly tempered (500°C, 2.5h) before the specimens
were made. They were then made into sleeve-
shaped specimens. After machining, the specimens
were subjected to hardness measurements. The
average hardness was 25.05 + 0.73 HRC. The
finishing parameters prior to burnishing were:
n = 800 rpm, v = 100.5 m/min, f= 0.102 mm/rev.
The burnished C55 steel specimens acted as a pivot
and the EN-GJL-250 cast iron counter-specimens
as a pan during wear. The counter-specimens were
made of a single piece of EN-GJL-250 cast iron.
They were cubes of 10 x 15 x 20 mm, with an
undercut in the shape of a radius equal to that of the
test specimen (i.e., 20 mm). The average hardness
was 178.75 £ 3.46 HB. The outer surfaces' finishing
turning, and burnishing was carried out directly
on the wear test bench while partially dismantled.
Finishing turning parameters prior to burnishing:

n = 800 rpm, v = 100.5 m/min, f= 0.102 mm/rev.
For burnishing, a burnishing tool with an elastic
pressure device is used, which allows the pressure
of the burnishing device on the workpiece to be
continuously adjusted.

The burnishing that was carried out was the
so-called strengthening burnishing. Therefore,
less importance was attached to obtaining optimal
parameters of surface stereometry.

Analysis of the wear process of a burnished
surface layer

The wear courses of burnished surfaces
were analysed at a distance of 9,500 m.
Macrophotographs of the surface after the tests
are presented on the example of a rolling ball
burnishing surface (Fig. 3a), a disc (Fig. 3b), and
a sliding ball burnishing surface (Fig. 3c¢). The
surface appearance after friction of all specimens
shows characteristics of friction wear. The cast
iron used for the counter-specimens is one of
the materials prone to so-called microstructural
roughness (characteristic of multiphase materials
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with significant grain size and large differences in
hardness). During the contact, soft components of
its structure, i.e., graphite and ferrite releases, were
worn out first. Their loss resulted in the separation on
the surface of protrusions from harder components
of the cast-iron structure (perlite, phosphorus
eutectic). These protrusions had outlines with sharp,
irregular edges. As a result, they intensively wear
the contact body by punching and extruding a grid
of grooves on its surface oriented in the direction
of relative motion. The grid of grooves appeared
almost immediately after the start of the friction
process. There was a quite pronounced increase in
compaction and deepening of individual grooves
in its initial stage. After a certain period (which
can be regarded as the friction pair running-in
phase), the height of the grooves formed stabilised.
Further contact no longer led to a clear increase in
roughness. Their height did not increase, but there
was an expansion due to the interaction of the
material of the sidewalls, indentations, and smaller
protrusions. The separated material was in the form
of microscopic chips carried away by the cooling
liquid. On the surface of all the specimens, there
appeared characteristics of friction wear, a grid of
tiny grooves arranged parallel to the direction of
movement.

The grafting phenomena were generally of
secondary importance given the deeper micro-

cutting and grooving processes and did not leave
any visible effects on the surface condition. In some
places on the worn surface, traces of detached or
remaining build-ups typical of adhesive wear were
visible. Particularly intensive wear occurred on the
surfaces worn with a sliding ball burnishing R, =5
mm (Fig. 3c¢). It can be assumed that with longer
contact, the intensity of wear would increase (Stage
IIT on the Lorenc curve), which could even lead to
a seizure.

Particularly important from the point of view
of the conducted studies was the group of disc
burnishing surfaces, for which it was expected to
obtain, during their formation, a contact-motion
deformation pattern. It can be concluded that the
wear of the disc burnishing surfaces is significantly
lower than that of the rolling ball burnishing surfaces
with identical processing parameters. A contact-
motion deformation pattern was also expected for
the sliding ball burnishing surfaces. Except for the
ball burnishing surfaces with the smallest radius
Rk = 5 mm, these surfaces also showed less wear
than the surfaces processed by cavity methods.

The study showed a significant relationship
between the intensity of wear and the surface
roughness that varied depending on the friction
distance. Changes in the roughness indicators as
a function of the friction distance showed that
after the running-in phase, it stabilised when the

Fig. 3. Rolling burnished surfaces: a — with a ball (F = 0.5 kN, R, =5 mm), b — with a disc (R, = 10 mm, f = 0.255 mm/rev.,
F =2.75 kN), ¢ — with a sliding ball (F = 0.7 kN, R, =5 mm) after friction on a distance of 9,500 m

Rys. 3. Powierzchnie nagniatane tocznie: a — kulka (F = 0,5 kN, R, = 5 mm), b — kragzkiem (R, = 10 mm, f = 0,255 mm/obr.,
F=2,75kN), ¢ —$lizgowo kulkg (F = 0,7 kN, R, = 5 mm) po tarciu na drodze 9500 m
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roughness changed most significantly, and further
contact did not cause such significant changes in the
analysed parameters. In the course of wear on the
rolling burnished surfaces, their roughness changed
from technological values of Ra = 0.2-0.8 um to
final values of Ra = 1-2 um. For the sliding ball
burnished wear surfaces characterised by a high
technological roughness Ra = 0.8—1.5 um, the wear
did not lead to any significant changes in roughness.

It is noticeable that not the initial roughness,
which is one of the basic parameters of the
technological surface layer, but the friction
conditions determined the roughness formed
during exploitation. For each friction pair, a change
in the roughness of the contact elements occurred
until the so-called equilibrium roughness was
achieved, which can be defined as the roughness
formed on the frictionally contact surfaces after the
running-in phase. The equilibrium roughness did
not depend on the initial (technological) roughness
but the type and properties of the friction materials
and the conditions of the friction process. It was
found that it could be either smaller or larger than
the initial. During the period of so-called stabilised
wear following running-in, the equilibrium
roughness was still recreated and remained
constant throughout the period. It follows from the
above considerations that any significant change
in the contact conditions must be accompanied by
a further run-in, as a new equilibrium state must be
generated. The technological roughness determined
the tribological parameters of the sliding contact
mainly during the initial wear period (run-in
period). It was noticeable that during wear, the
nominal contact area was significantly larger than
the actual contact area, and the pressures in the
micro-areas of the contact zone often exceeded the
permissible critical values. Due to wear, increased
surface micro-roughness came into contact with
each other. In the micro-areas of surface contact, the
stresses exceeded the plasticising stresses, which
fundamentally changed the material properties
of the surface layer and, as a result, led to the
deformation of the micro-areas of the roughness
structure. These changes progressed deep into the
material as it was being worn, i.e., as the friction
process continued.

From the point of view of learning and
explaining the mechanism of phenomena occurring
during the process of simulated exploitation, it
would be possible to observe the worn surfaces
microscopically (Fig. 4). Digital processing of the

obtained stereometry image makes it possible to
select any part of the recorded area, and it is also
possible to digitally filter out a shape (e.g., cylinder)
from the recorded area. The image of the analysed
stereometry is then obtained and developed on the
plane. A very precise "photographic" analysis of
the recorded area is possible (Fig. 5a), as well as
the analysis of any selected area of the stereometric
image of the analysed surface (Fig. 5b) as well as
the determination of SGP parameters.

Fig. 4. Stereometric image of the area of the transition
zone between the non-friction and the friction
area — disc burnished surface (R, = 10 mm, f =
0.255 mm/rev., F = 2.75 kN) after wearing on a
distance of 9,500 m

Rys. 4. Stereometryczny obraz obszaru strefy przejscia
pomigdzy obszarem nie biorgcym udziatu w tarciu
i po tarciu — powierzchnia nagniatana krazkiem (R, =
10 mm, = 0,255 mm/obr., F = 2,75 kN) po zuzyciu
na drodze 9 500 m

The test carried out produced stochastic
roughness profiles in all the cases analysed, and
the ordinate distribution of the profile was close
to a normal distribution. Presumably, the profile
obtained results from accidental grooving and
micro-cutting by hard components of the cast-
iron structure and products of wear sliding over
the contact surface. An example, typical for the
obtained measurement results, of the progress of
the material share curve and the distribution of
ordinates of the profile is presented in Fig. 6.

In the course of the study, it was found that the
wear of the surface led to the obtaining of a surface
roughness characteristic for a given friction pair
and the conditions of contact between the friction
elements. This increased the roughness of surfaces
having a small initial roughness after burnishing and
decreased for surfaces having the highest roughness
after burnishing (especially after sliding ball
burnishing). For the rolling burnishing surfaces, it is
possible to distinguish those treatment parameters,
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Fig. 5. Roughness of the area subjected to wear: a — ""photographic' image, b — stereometric view — disc burnished surface
(R, =10 mm, f = 0.255 mm/rev., F = 2.75 kN) after wear on a distance of 9 500 m
Rys. 5. Chropowato$¢ obszaru poddanego zuzyciu: a — obraz ,,fotograficzny”, b — widok stereometryczny — powierzchnia nagnia-
tana krazkiem (R, = 10 mm, f= 0,255 mm/obr., F = 2,75 kN) po zuzyciu na drodze 9500 m
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Fig. 6. Determination of the characteristic curve of the load-bearing capacity of the area—S,_method (a) and the distribution
of the ordinates of area (b) — disc burnished surface (R, = 10 mm, f = 0.255 mm/rev., F = 2.75 kN) after friction on
a distance of 9,500 m
Rys. 6. Wyznaczenie charakterystyki krzywej nosnosci obszaru — metoda S, (a) i rozktadu rzgdnych obszaru (b) — powierzchnia

nagniatana kragzkiem (R, = 10 mm, f= 0,255 mm/obr., F = 2,75 kN) po tarciu na drodze 9500 m

after which the changes in roughness and wear were
the smallest. There was generally a reduction in
roughness for the surface, with the highest initial
roughness for sliding burnishing surfaces.
Microscopic observations of the course of
the wear process were carried out on the surfaces
of a rolling ball and disc burnishing after friction
at 9,500 metres. Photographs were taken with
a PHILIPS XL 30 scanning electron microscope.
On the ball's burnished surface after friction
(Fig. 7a), one can observe a clear directionality of
the structure, resulting from the applied method of
burnishing and the occurring wear processes. The
analyses carried out (Fig. 7b) revealed the existence
of a layer of material just below the machined
surface, at a depth of 0 + 10 um, which differs from
the material lying deeper (Beilleby layer). This

layer, containing particles absorbed by the material
during the machining process, may protect the
material structure against contact. Presumably, the
surface layer structure features formed in this way
significantly determine the progress of tribological
wear. This layer had been removed by wear near
the material's surface (formed during burnishing),
and a new layer formed in its place, characterised
by a distinctly different colour. This layer contained
friction-plated particles, probably originating from
the material of the cast iron counter-specimen.
A clear fraying of material surface fragments,
caused by friction with visible areas of shallower
and deeper scratches, was also observed.

The image of the disc burnished surface after
friction (Fig. 8a) was similar to that of the ball
burnished surface. Wear of this surface led, as
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Fig.7. Stereometric image (a) and structure of the surface layer (b) ball rolling burnishing surface F=5 kN, R, =9.25 mm

after wearing on a distance of 9,500 m
Rys. 7. Obraz stereometrii (a) i struktura warstwy wierzchniej (b) powierzchni nagniatanej tocznie kulkg F = 5 kN, R, = 9,25 mm

po zuzyciu na drodze 9500 m
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Fig. 8. Stereometric image (a) and structure of the surface layer (b) disc rolling burnishing surface R, = 15 mm,
f=0.45 mm/rev., F =5 kN after wear on a distance of 9,500 m

Rys. 8. Obraz stercometrii (a) i struktura warstwy wierzchniej (b) powierzchni nagniatanej tocznie krazkiem R, = 15 mm,
f= 0,45 mm/obr, F =5 kN po zuzyciu na drodze 9500 m
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Fig. 9. Stereometric image (a) and structure of the surface layer (b) of the surface with a ball sliding burnishing F =1.2 kN,
R, = 9.25 mm after wearing on a distance of 9,500 m

Rys. 9. Obraz stereometrii (a) i struktura warstwy wierzchniej (b) powierzchni nagniatanej §lizgowo kulkg F = 1,2 kN,
R, = 9,25 mm po zuzyciu na drodze 9500 m

in the case of the rolling ball burnished surface, visible grooves and tears in the material, probably
to form a grid of grooves oriented following the caused by the grafting process, were also observed.
friction direction. Traces of micro-grafting and
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The cross-section (Fig. 8b) revealed characteristic
surface fraying caused by friction.

The process of wear on the surface of the ball
sliding burnishing occurred differently than on the
surfaces of the rolling burnishing. The characteristic
irregular structure and fraying appeared on these
surfaces already during their formation (Fig. 9).
The resulting roughness of these surfaces was
significantly higher. Within the surface layer,
a characteristic layer of material appeared, strongly
and repeatedly deformed by the sliding action of
the tool. The friction process led to a structure
covered with deep grooves and tears (Fig. 9a). The
fusions appearing in the whole area of the friction
zone on the material surface were also visible.
Also, noticeable (Fig. 9b) was a grid of grooves
oriented in the direction of friction, characteristic
of frictional wear. However, the surface was much
clearer than that of the rolling burnished surfaces,
with deep pitting and tears due to the fusion and
chipping of the material at the non-coherent points,
probably caused by the over-burnishing of the
surface layer.
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Fig. 10. Example of the distribution of circumferential
stresses determined for the surface of a disc
rolling burnishing before (1) and after (2) friction
on a distance of 9,500 m. Burnishing parameters:
force F = 0.5 kN, feed rate f = 0.068 mm/rev,
radius of curvature of the disc's outline R =
15 mm

Przyktadowy rozklad naprezen obwodowych
wyznaczony dla nagniatanej tocznie krazkiem
powierzchni przed (1) i po tarciu (2) na drodze
9500 m. Parametry obrobki nagniataniem: sita
F=0,5kN, posuw f= 0,068 mm/obr., promien krzy-
wizny zarysu krgzka R, = 15 mm

Rys. 10.

In the course of the conducted analyses, it was
also possible to trace the changes that the process

of wear induced in the state of stresses occurring in
the surface layer (Fig. 10) as a result of burnishing
treatment (depending on the applied treatment
parameters). The following pattern is noteworthy:
the burnishing removed the remaining tensile
stresses after the preceding treatment and replaced
them with compressive ones. After wear, there was
a clear increase in the average value of compressive
stresses in the circumferential direction (concerning
wear). The changes in the axial direction were in
the opposite direction, i.e., they led to a reduction
in the compressive stress values occurring in the
surface layers after the ball and roller burnishing.

Determination of test object function

In the presented study, the input values were the
burnishing parameters (tool roundness radius,
burnishing force and, in the case of disc burnishing,
also the burnishing feed). The proposed range of
variation of individual parameters covered the
typical range of parameters used in the burnishing
technology of the analysed surfaces. The ranges of
variation of the input values were selected based
on the general rules for the selection of burnishing
parameters in such a way that any combination of
them was feasible and reasonable from the point
of view of the study. The output quantity analysed
was the wear.

The influence of two input values of ball
burnishing (ball radius R, — 5+13.5 mm and
burnishing tool pressure F — 0.5+5 kN) on the
course and effects of wear were analysed in the
test. The remaining burnishing parameters were
constant and amounted to v = 10 m/min and
f = 0.102 mm/rev. A static determined, complete
experimental plan (PS/DK — 3%) with n_= const.
= 3 was adopted for the thus assumed test area.
With a relatively small number of systems n = 9,
this plan ensures maximum informativeness and
high efficiency of the conducted tests.

The second group of tests consisted of disc
burnishing surfaces. In the case of disc burnishing,
three treatment parameters were taken as variables
— three input values (disc radius of curvature R,
tool clamping force F, and feed f). The remaining
burnishing parameters were constant throughout
the tests and were v = 10 m/min and the diameter of
the burnishing disc d =39 mm. A static determined
poli-selective Hartley Special Experiment Plan
(PS/DS — P:Ha,) based on a hypercube (hS). The
choice of the plan was based on its particularly
good efficiency combined with fairly good
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informativeness. The choice of the hypercube-
based plan (hS) rather than the more informative
hypersphere-based plan (hK) was based on the
desire to minimise the number of input values.

The third group of the tested specimens
consisted of sliding ball burnishing surfaces.
For these surfaces, the effect of two input values
(ball radius R, — 5+13.5 mm and burnishing tool
pressure F — 0.2+1.2 kN) on the course and effects
of wear were tested. The remaining parameters of
burnishing were constant and amounted v = 10 m/
min and f = 0.102 mm/rev. A static determined
complete experimental plan (PS/DK — 3?) with nk
= const. = 3 was assumed.

Using digital processing of the obtained
measurement results, they were approximated by the
function of the tested object. For the assumed two-
dimensional area of the ball burnishing surfaces,
the measurement results were approximated by
functions f(x,y) — algebraic polynomials (linear,
quadratic and interaction components). In this
way, the test object function was obtained, i.e., the
dependence of the tested surface layer parameters

for a rolling ball burnishing surface (Fig. 11a):

on the input values (burnishing force F and ball
radius R, ). A similar procedure was adopted for the
assumed three-dimensional area of testing surfaces
burnished with a disc. The test object functions
f(x, y, z) were obtained, i.e., the dependence of
the tested surface layer parameters on the input
values (radius of disc curvature R, burnishing
force F, and feed rate f). The choice of the form of
the approximating function was conditioned by its
relatively simple form, ensuring ease of calculations.
The functions determined for the surfaces to be
burnished with a disc f(x, y, z) are four-dimensional
functions, and as such, they cannot be represented
graphically. Only a graphical representation, which
is a cross-section of a given function at a constant
value of the radius of curvature, feed or force, is
possible.

The results of the performed tests after
statistical analysis allowed for describing the
tested dependencies of wear (Z) on the burnishing
parameters (tool radius of curvature R , burnishing
force F, and in case of disc burnishing, also
burnishing feed f) with the following polynomials:

7 =26.42+10.18F-4.64R -0.35F*-0.86F R +0.39R *

for a sliding ball burnishing surface (Fig. 11b):

Z = 188.03-88.95F-26.20R, +36.68F*+2.61F-R +1.10R,*

for a disc burnishing surface (Fig. 12):

Z =58.63 -3.98R -124.46f-7.60F+0.15R *+0.26R  -f+132.19f+19.27f F+0.43F*

Graphical interpretations of the results are
shown in Figures 11 and 12. These polynomials
allow for optimisation of the burnishing process.
The analysis of the obtained polynomials allows
us to state that the optimum processing parameters
for all groups of surfaces can be determined (in the
considered range of parameter variation), ensuring
minimum wear. And so for rolling ball burnishing
surfaces—Z . =14.8 um for F=0.5kN iR, =6.54
mm; of surfaces to be disc rolling burnished - Z
= 5.4 um for R, =12.75 mm, f = 0.42 mm/rev. and
F=05kNandZ = 5.7 um for R, = 12.65 mm,
f=0.093 mm/rev. and F = 5 kN; of surfaces to be
sliding burnished Z . = 8.4 um for F = 0.825 kN
and R, = 10.87 mm. The value of the ball rolling
burnishing force (Fig. 11a) must be selected
according to the tool radius to ensure the correct
unit pressure. Too high or too low a force leads to
increased wear. Increasing the feed rate during disc

burnishing (Fig. 12) leads to a significant decrease
in the wear value, but only for low burnishing
forces. At higher forces, an increase in the feed
rate probably causes excessive contact stresses in
the contact area during the burnishing process and,
as a result, leads to material over-compression.
This is also confirmed by analysing the influence
of the radius of curvature of the tool on the value
of the wear obtained. In almost the entire range of
disc curvatures (R, <5; 13.5>), regardless of the
force and feed value, an increase in the radius of
curvature led to a decrease in the wear value. In
the case of ball sliding burnishing surfaces (Fig.
11b), an unfavourable influence of using a tool with
too small curvature can also be observed. In all
cases, the results of the performed analysis allow
for an estimated selection of optimum processing
parameters that ensure minimum wear value for
a given shape and profile of the tool.
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Fig. 11. Graphical representation of the dependence of the effect of burnishing parameters on wear resistance: a — ball
rolling burnishing surfaces, b — ball sliding burnishing surfaces

Rys. 11.  Graficzne zobrazowanie zalezno$ci wplywu parametrow obrobki nagniataniem na odpornos¢ na zuzycie: a — powierzch-
nie nagniatane tocznie kulka, b — powierzchnie nagniatane $lizgowo kulka

Fig. 12.

f=0,255 mm/rev

Graphical representation of the dependence of the effect of the burnishing processing parameters on the wear

resistance of a disc burnishing surface at a constant value of one of the treatment parameters
Rys. 12. Graficzne zobrazowanie zalezno$ci wptywu parametrow obrobki nagniataniem na odpornos¢ na zuzycie powierzchni
nagniatanej krazkiem przy statej wartosci jednego z parametrow obrobki

Long-term wear process tests

In order to confirm the beneficial effect of the
change in a deformation pattern characteristic of
disc burnishing, the long-term wear tests were
carried out over a distance of 47,500 m. The test
specimens were pressure burnished with a ball and
disc rolling and ball sliding. A contact time of 20 h
was established. This allowed the wear of a layer
with a thickness exceeding the depth of the material
layer with the greatest degree of strengthening
induced by the burnishing treatment (Z = 0.05
+0.15 mm). The technological parameters of
treatment of these surfaces were selected in
the central points of the testing areas described
previously. The results of wear testing and changes
in the friction coefficient are presented in Fig. 13.
Analysis of the changes in the wear values of
the specimens over a friction distance of 47,500

m shows a significant predominance of the disc
burnished surfaces and the ball sliding burnished
surfaces (for which a contact-motion deformation
pattern was expected) over the ball rolling
burnished surfaces (for which a contact-motion
deformation pattern was predicted). After a friction
distance of 10,000 m, the wear values of all
surfaces were similar, and further contact revealed
distinct differences in the behaviour of individual
groups of surfaces. For these parameters, the final
wear (along with the friction distance of 47,500 m)
of ball burnishing surfaces was more than twice as
high as that of the ball sliding burnishing surfaces
of the same profile (with smaller forces applied)
and more than three times as high as that of disc
burnishing surfaces of the same radius of curvature
and with identical technological parameters of
treatment (force, feed, burnishing speed). The
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Dependence of wear (a) and friction coefficient (b) on the friction distance for the surface burnished/cast iron

combination: 1 — ball rolling burnishing (F = 2.75 kN, R, = 9.5 mm), 2 — disc rolling burnishing (F = 2.75 kN,
f=0.255 mm/rev., R, = 10 mm), 3 — ball sliding burnishing (F = 0.7 kN, R, = 9.5 mm)

Rys. 13.  Zaleznos¢ zuzycia (a) i wspotczynnika tarcia (b) od drogi tarcia w skojarzeniu nagniatane powierzchnie/zeliwo: 1 — na-
gniatanie toczne kulka (F = 2,75 kN, R, = 9,5 mm), 2 — nagniatanie tocznie krazkiem (F = 2,75 kN, f= 0,255 mm/obr.,
R, =10 mm), 3 — nagniatanie $lizgowo kulka (F = 0,7 kN, R, = 9,5 mm)

probable reason for these differences seems to be
a change in the nature of the processes occurring in
the deformation zone, resulting from the kinematics
of the burnishing treatment. During the treatment
of disc and ball sliding burnishing surfaces, there
were additional forces tangential to the surface of
the workpiece to form a deformation zone. It was
also observed that during friction, after an initial
increase, the coefficient of friction stabilised during
the run-in period and slightly decreased. Subsequent
contact, especially of the sliding burnishing and
ball rolling burnishing surfaces, was characterised
by significant fluctuations of the friction coefficient
value. Certain instabilities can explain this in the
course of wear of friction surfaces caused by their
considerable roughness, leading to deformations
and destruction of micro-pitting and formation
and removal of grafting. After certain stages of
instability, the friction surfaces presumably reached
the roughness characteristic of a given friction pair
again, and wear stabilised. The surface subjected to
disc burnishing up to the end of the wear period was
in the stable wear period (period II of the Lorenc
curve), whereas the surfaces subjected to the ball
rolling and sliding burnishing, and particularly the
surface subjected to the ball rolling burnishing, in
the last phase of friction was probably approaching
the unstable wear period, i.e., the so-called
emergency wear period. This could be additionally
evidenced by clearly visible fluctuations of the
friction coefficient value.

SUMMARY

The tests confirmed that disc burnishing surfaces
(for which it was intended to obtain a more
favourable contact-motion deformation pattern due
to the appearance of additional forces tangential
to the surface of the material in the process of
forming the deformation zone during burnishing)
wore under the same friction conditions and under
similar treatment conditions (the same contact
forces and similar radii of curvature of burnishing
tools) significantly less than ball burnishing
surfaces (for which a contact-motion deformation
pattern was obtained). In both groups of specimens,
it was noticeable that there was such a value of unit
pressure (depending on the ball radius or the radius
of curvature of the disc and the burnishing force),
for which the wear was the lowest. A group of
sliding burnishing surfaces was also tested. Despite
the application of a contact-motion deformation
pattern, the results obtained were not as promising
as for the rolling burnishing surfaces. It was
probably caused by obtaining a very unfavourable
stereometric structure for this group of surfaces,
causing significant wear values (especially in the
run-in period).

The results of the presented tests allow for
a deliberate control of the functional features
of the surface layers formed by burnishing by
changing the treatment method and the values of
the technological parameters used in the process.
This is facilitated by the determined functions
of the test object (surface layer being burnished)
relating the technological parameters of treatment
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to the value of wear. For all groups of the analysed
burnished surfaces, it has become possible to
determine the optimum treatment parameters that
ensure minimum wear: for ball rolling burnishing
surfaces Z .~ = 14.8 um for F = 0.5 kN and
R, = 6.54 mm, disc rolling burnishing Z . = 5.7 um

F = 0.5 kN and ball sliding burnishing Z_ = 8.4 um
for F=0.825 kN and R, = 10.87 mm. The optimum
parameters were determined within the considered
ranges of variation of technological treatment
parameters. These ranges were selected to cover
the typical scope of technological parameters used

for R, = 12.75 mm, f = 0.42 mm/rev. and i the analysed burnishing process.
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