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Abstract—Dynamics simulation of burnishing of a thin steel layer beneath an indenter applied with a constant
force and then moving with a constant velocity was performed by the finite element method in the plane strain ap-
proximation. The indenter was modeled by a perfectly rigid body, and the steel was modeled by an elastoplastic bo-
dy with isotropic hardening according to an experimentally defined law. The regularities of changes in the stress-
strain state of the material near the treated surface were studied and mechanisms of the formation of a nanostructu-
red layer were disclosed. The effect of the friction coefficient and the burnishing force on the height of a bulge of
edged material was analyzed. The results of studies agree well with experimental data.
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1. INTRODUCTION

Surface burnishing on modern multiprocessing ma-
chines is a highly efficient method of surface finish of
high-precision parts [1-18]. Spherical [5, 6, 10—13] or
cylindrical diamond burnishing [ 14—17] involves plastic
deformation and structural changes in a surface layer,
thus providing improvement of qualitative and service
surface properties such as roughness, hardness, wear re-
sistance, and fatigue strength [5-9]. Diamond burni-
shing, which uses indenters with a working section made
of natural or synthetic diamonds, features a low friction
coefficient; therefore, in studies with diamond burni-
shing, the frictional force at the “indenter — treated sur-
face” contact is normally neglected.

A considerable increase in hardness, wear resistance,
and fatigue strength of structural steel surfaces can be at-
tained by nanostructuring burnishing in which indenters
with increased friction coefficients and thermal stability
ensure a high shear strain level [6]. Nanostructuring bur-
nishing forms an enlarged bulge of plastically edged
metal which is a stress microconcentrator assisting struc-
tural dispersion of a thin surface layer. However, the
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growth of the bulge can lead to destabilization of the dy-
namic burnishing system and initiate self-vibration [4,
18]. Thus, nanostructuring surface burnishing of struc-
tural steels requires theoretical substantiation of its
modes to control plastic strain accumulation without im-
pairing the dynamic stability of the process. Another im-
portant problem is to clarify the effect of the ratio be-
tween the burnishing force and the friction coefficient of
the indenter material on the character of deformation pro-
cesses.

Note that the existing theoretical models [19-21],
which are based on analytical description, and the nume-
rical models that use static problem statements fail to re-
produce in full measure the actual pattern of the proces-
ses occurring in a thin surface layer in burnishing, the
more so in nanostructuring burnishing. This is due to
both dynamics of the process and extremely complex
nonuniform stress-strain distribution in the thus loaded
material. Similar calculations are most often taken in va-
rious approximations which give data on the process of
interest but only for a particular case. So the coordinate
grid method used for theoretical study of rolling and bur-
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nishing [22] makes it possible to analyze, in the context
of solid mechanics and plastic working, the stress-strain
state of isotropic material at the deformation site (at the
“indenter — burnished surface” contact zone). A more
preferable way is to use numerical simulation methods in
which a system of differential equations of solid mecha-
nics is integrated with regard for boundary conditions
and elastoplastic properties of a surface layer of test ma-
terial.

The main method of numerical research in stress and
strain distribution remains to be the finite element me-
thod. Until recently, the basic formation mechanisms of a
surface layer in machine parts hardened by severe plastic
deformation have been considered in static and quasi-
static problem statements. The authors of [22—27] stud-
ied roller burnishing and frictional treatment of a surface
layer by the finite element method for the conditions of
quasistatic deformation with a constant indenter pene-
tration depth. Note that this problem statement is not
quite accurate to fit in the main conditions of burnishing.
By and large, analysis of the available papers discloses
that it is not entirely clear to what extent the main burni-
shing parameters affect the formation of a specific stress-
strain state of material near its treated surface and the
structure of a near-surface layer of structural steels which
determines functionality of the layer.

The objective of the work was to study the process of
nanostructuring burnishing and the peculiarities of the
stress-strain state of a surface layer of the thus treated ma-
terial by the dynamic variant of the finite element me-
thod. The simulation was performed for the process in
dynamics and with a specified constant indenter pressing
force. This is the main difference of the method from
conventional approaches used to study the stress-strain
state of a near-surface layer. The primary task was to de-
termine the peculiarities of the stress-strain state capable
of providing the formation mechanisms of a nanostructu-
red surface layer — friction-induced shear and rotational
deformation [28, 29]. Other tasks to be solved were the
following:
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Fig. 1. Schematic diagram of the model specimen and loading
conditions.
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1) to study the peculiarities of the stress-strain state of
material at the stage of penetration of an indenter and in
its motion in one and several passes;

2) to analyze the effect of the burnishing force and the
friction coefficient on the height of a bulge of edged ma-
terial, and

3) to estimate the accumulated plastic strain in a sur-
face layer depending on the number of passes.

2. GEOMETRIC MODEL. BOUNDARY
CONDITIONS

We simulated burnishing of a steel specimen in the
two-dimensional statement for the plane stress state. The
calculations were performed by the ANSYS/LS-DYNA
finite element program. The loading was realized in two
stages and was specified through calculating the interac-
tion between the upper face of the deformed specimen
and the indenter which was an absolutely rigid body with
its boundary being part of a sphere of radius R = 2 mm.
First, the indenter was pressed into the specimen with a
constant force P, whereupon it moved under this force
with a constant velocity /= 10 m/min. Schematic of the
model specimen and loading conditions is shown in
Fig 1. At the top of the rectangle, part of the indenter is
depicted with indication of the burnishing force P and
indenter velocity V. The rectangle framed on three sides
corresponds to part of the treated specimen with bo-
undary conditions of “nonpercolation” or symmetry
(displacements perpendicular to the boundaries are
prohibited). The dimensions of the domain were 4792 X
1995 um.

The parameters varied in the calculations were the
friction coefficient and the burnishing force. In one cal-
culation, the sliding friction coefficient p and the burni-
shing force P were fixed. The initial specimen surface
was taken to be perfectly smooth.

3. FINITE ELEMENT GRID

We chose a grid of four-node quadrilateral elements
(simplexes) with linear interpolation of the desired quan-
tities. The grid was crowded from the bottom upwards to
provide sufficient details of the grid at the contact surface
(Fig. 2) and was horizontally rarefied at the computatio-
nal domain boundaries to which, by the problem state-
ment, the indenter center fails to come (Fig. 2) and where
an abrupt change in the stress-strain state was not expec-
ted. Thus, at the initial point in time, the elements at the
top of the loaded domain approximated squares and those
at the boundaries and at the bottom were rectangles. The
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Fig. 2. Fragment of the computation grid near the indenter —
surface contact point.

number of nodes in the computational grid reached
53352; the number of elements was 51 601.

4. MATHEMATICAL MODEL AND
CONSTITUTIVE (PHYSICAL) RELATIONS

The mechanical characteristics of the specimen were
taken to correspond to steel 20X (Russian designation):
Young’s modulus £ =218 GPa, Poisson’s ratio v=0.267,
and density p = 7670 kg/m*. The mechanical behavior
was described by an elastoplastic model with the von Mi-
ses yield criterion and isotropic hardening. Because the
real process involves cooling of the specimen surface and
indenter, the heat produced in friction and its effect on the
strength characteristics of the steel were ignored.

Numerical simulation of the behavior of the treated
material was performed taking into account geometric
and physical nonlinearity, i.e., the possibility of large dis-
placements, rotations, and strains for deformation and
plastic strains for mechanical response. In this case, the
problem is solved in terms of increments for both quasi-
static indentation and indenter motion with constant ve-
locity. In the dynamic problem, an explicit time integra-
tion scheme was used and the time increments were small
according to the stability condition of the numerical
scheme.

The mathematical problem statement is based on the
variational principle of virtual displacements according
to which a virtual variation in internal strain energy is
bound to be compensated by the same variation in exter-
nal applied loads:

[o,8¢;dV = £;°8u,dS+] fP8u.dV,
V N V

where o,; are the Cauchy stress tensor components,

1 au auj

iy ax ox;

are the strain tensor components,

u; are the dlsplacement vector components, x; are the

current coordinates, fl.S are the surface force vector
components, fl.B are the bulk (including inertia) force
vector components, V'is the volume of a deformed solid,
and S'is the deformed solid surface to which surface for-
ces are applied.

For realization of the variational principle of virtual
displacements, stresses are determined in terms of
strains. In this case, the constitutive relations are Hooke’s
law for elastic solids and more complex dependences for
elastoplastic solids. As a result, the problem is reduced to
a system of equations for displacement increments.

Thus, at each time step, the displacement increment
du; is determined from the equation of motion (or equi-
librium equation in the static case). The displacement in-
crement is used to calculate the total strain increment
de; which can be expanded into the elastic and plastic
strain increments:

— AcC 1
de; = dej; +del.
The plastic strain increments are determined from the
plastic flow rule [20]

Jf (o,
dgg,l =d) A
acsl.j
with the von Mises yield criterion

f(6;) =06, —0,(eB) =0,

where o, =,/3/2s;s; is the von Mises equivalent
stress, © (epl ) is the yield strength dependent on accu-
mulated plastlc strains accordmg to the specified har-
dening curve (Fig. 3), s; =0,; + P8 is the stress tensor
deviator, P, is pressure and 9, is the Kronecker sym-
bol.

The elastic strain increments are determined as a dif-
ference of the total and plastic strain increments and then
the stress increments are calculated from Hooke’s law
written in increments:

d’ 6, = Dy de,,
where dJGij =do; —0,dw ; -0 ;dw, is the Jaumann
stress increment which takes into account rotation of a
solid as a whole, D ;, is the matrix of elastic coeffici-
1 au auj
2 ax Cox,

1

ents, and 0; == is the rotation tensor.

The hardening curve was determined in special expe-
riments. The 20X steel specimen was subjected to heat
treatment as follows: carburizing (with a carburized layer
thickness of ~1.2 mm), oil quenching, and tempering at
250 °C for 2 h. Tests for kinetic indentation were perfor-
med on a TEST-MINI-(UT) hardness gage (VNIIAES).

The strain hardening curve was reconstructed from
kinetic test results by the procedure described elsewhere

PHYSICAL MESOMECHANICS Vol.16 No.1 2013
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Table 1. Coefficient ¢ and parameters of approximation of the
strain hardening diagram for steel 20X

: -3
Coefficient c-x 10 Coefficients
for pyramidal o
Metal indenters of approximation
90° | 123° | 136° | 6,, MPa| ¢ a,
Steel 20X | 51 114 | 210 1200 200 | 04

[30]. The strain hardening diagram was analytically de-
scribed as the three-parametric power dependence

o, =0,(1+ aleep(l1 )%, (1)
where 0, a;, a, are empirical coefficients and 6, has
the meaning of stress corresponding to the onset of plas-
tic deformation (yield strength).

The site of loading by pyramidal and conical inden-
ters was described by the parabolic dependence known as
Kick’s law:

P=ch?, )
where the coefficient ¢ depends on the indenter angle and
elastoplastic properties of indented material and does not
depend on the indentation depth.

The tests were performed using three different dia-
mond indenters with vertex angles of 90°, 123°, and
136°. Each indenter was used in 10 indentations with re-
cording of indentation diagrams. The coefficients ¢ for
formula (2) and the yield strength 6, and the coeffici-
ents a;, a, forapproximation (1) are given in Table 1.
The strain hardening diagram is presented in Fig. 3.

5. REPRESENTATION OF CALCULATION
RESULTS

The stress-strain state of a surface layer was analyzed
with the use of the stress tensor components in the Car-
tesian coordinate system (Fig. 1), the pressure £, the
von Mises equivalent stresses (stress intensity) 0., =

J3/2 58, » and the equivalent accumulated plastic strain

tensor (intensity of accumulated plastic strains) Sepil =

Stress, MPa

0.0 0.1 0.2 0.3 0.4
Plastic strain

Fig. 3. Strain hardening curve o, (:31;1l .
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f 2/3 ég-lég-l d¢, where éepil are the plastic strain rate ten-
sor components.

6. CALCULATION RESULTS

6.1. Stress and Strain Distribution Beneath
an Indenter

At the first stage, we modeled indentation of the spe-
cimen at a constant force in the quasistatic problem state-
ment.

At a friction coefficient 0of 0.35 and force P=350 N,
the indenter penetration depth was 65 um. Figure 4
shows the distributions of pressure, stress intensity, and
plastic strain intensity in the specimen beneath the in-
denter.

P, GPa
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Ocgs GPa
3.0
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2.0
1.5
1.0

241
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Fig. 4. Spatial distributions of the pressure (a), stress intensity
(b), and accumulated plastic strain intensity (c) in the test spe-
cimen on completion of indentation.
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Fig. 5. Chronogram of the distribution of equivalent accumulated plastic strains. The layer thickness is 580 um.

It is seen from the figure that directly beneath the in-
denter, there is a region of maximum uniform compres-
sive stresses and shear stresses are found in a region a
little bit deeper and sideways from the contact patch. The
maximum tangential stresses are attained under extreme
points of the contact patch from which bands of localized
plastic deformation develop. It is in these zones that the
largest number of structural defects should be expected
in static indentation. Due to considerable linear harde-
ning at small plastic strains (Fig. 3), the localization
bands have rather “smeared” boundaries and the maxi-
mum strains in them are ~5%. Under static loading, the
maximum plastic strains propagate to a depth of about
230 um and strains of ~0.5% are found at a depth of up to
1400 pum.

6.2. Plastic Strain Accumulation during
Indenter Motion

Next, we modeled loading of the specimen by an in-
denter moving with a constant velocity of 10 m/min in the
dynamic problem statement. Figure 5 shows a chrono-
gram of the effective accumulated plastic strain distribu-
tions in the specimen loaded by a moving indenter. It is
seen that ahead of the moving indenter, a bulge of edged
material was formed. The plastic strains in the bulge are

small, but the vertical displacements are maximal. It can
also be traced on the chronogram that part of the material
near the surface is entrained by the indenter; therefore,
the position of points 2 and 3 by the end point in time is
close to the right boundary of the cutout spatial domain.

Analysis of variations in accumulated plastic strains
shows that under dynamic loading, high plastic strains
are generated and accumulated beneath the moving in-
denter. So in a narrow near-surface layer of thickness

100
s 2
2 80
g
£ 60 1
£
£ 40
2
2 20
=
0
0.120  0.125 0.130  0.135  0.140
Time, s

Fig. 6. Plastic strain accumulation in the middle of the speci-
men as a function of time and number of passes of the inden-
ter (numerals near the curves). The time for each pass starts
with zero.
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Fig. 7. Vertical displacements of surface points during the in-
denter motion. The numerals near the diagrams correspond to
the numbers of equally spaced points, of which the first three
are indicated in Fig. 5. The larger the number of a diagram, the
farther a point is located from the initial indenter position.

75 um, they reach ~100% and decrease in going deep in-
to the material; at a depth of ~500 pm, the plastic strains
are ~10%.

In multiple passes of the indenter, plastic strain accu-
mulation depends strongly on the form of the hardening
curve used. If the hardening curve tends to a certain lim-
iting value (to saturation), the strains increase nonmono-
tonically. If the hardening curve is approximated by a po-
wer function as in Fig. 3, considerable plastic strains are
accumulated in the first pass and they remain further al-
most unchanged (Fig. 6). This means that a large number
of passes can be inefficient for hardening the material
and providing its other functional properties.

As one would expect, increasing the friction coeffi-
cient and the burnishing force increases the accumulated
plastic strains in the thin surface layer subjected to nano-
structuring burnishing [6].

20
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6.3. Effect of the Friction Coefficient and Burnishing
Force on the Height of a Bulge of Edged Material

Figure 7 shows time dependences of vertical displace-
ments on the specimen surface at certain points, part of
which is marked by solid circles and numbers in Fig. 5.
The data were obtained at a burnishing force of 350 N
and friction coefficient of 0.3. Analysis of Fig. 7 suggests
that even before arrival of the indenter, the surface points
go down and then they lift up during the passage of the
edged material bulge through them. As the indenter
passes, the surface sinks and then lifts up again due to the
presence of elastic strains. Diagrams 4 and 5 in Fig. 7 cor-
respond to the boundary of a transition region (the region
of stabilization of the edged material bulge) following
which the displacements of surface points change but
little. Point No. 5 is 2.7 cm away from the initial indenter
position.

The effect of the friction coefficient and burnishing
force on the height of the edged material bulge was ana-
lyzed from the diagrams of vertical displacements of the
same point (No. 5) of the treated surface (Fig. 8). The
bulge height was determined as a difference of the maxi-
mum lift in the bulge and the deepest sink for the point
before arrival of the indenter.

It is seen that as the friction coefficient and the bur-
nishing force are increased, the vertical displacements in
the edged material bulge increase, but the elastic recov-
ery of the indented material becomes lower. The maxi-
mum indentation (penetration) for one force is the same,
but shifts farther from the beginning at high friction coef-
ficients (the material is entrained by the indenter).

The effect of both burnishing parameters on the for-
mation of the edged material bulge is represented in
Fig. 9. It is seen that the increase in the height of the

100

Displacement, um
i
S )

dn
S

—-100

Fig. 8. Vertical displacements of the same point with time in the middle of the burnished surface at different friction coefficients pu =
0.35(7),0.3(2),0.25(3),0.2(4),0.15(5), 0.1 (6) and one burnishing force P =350 N (a) and at different burnishing forces P=1500 (1),
450 (2),400 (3),350 (4),300 (5), 250 (6), 200 (7), 150 (8), 122.5 (9) and one friction coefficient p =0.35 (b).
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Fig. 9. Height of the bulge versus the friction coefficient and
burnishing force.

edged material bulge with increasing the friction coeffi-
cient and the burnishing force obeys a nonlinear increas-
ing dependence. Analysis of the calculation data also
suggests that if the burnishing force is small, the bulge is
hardly formed at all at friction coefficients of up to 0.35.
Additional calculations show that only at a very high fric-
tion coefficient (U= 0.5), the material is edged little.

6.4. Stress Distribution at the Deformation Site

Because the edged material bulge grows with an
increase in both burnishing force and friction coefficient,
let us analyze the stress distribution first for the case
where the parameters are both high (the friction coeffi-
cientis 0.35 and the burnishing force is 350 N), and then
for that where they are both low (the friction coefficient
is 0.07 and the burnishing force is 122.5 N).

Figure 10a shows the indenter position, the deformed
finite element grid, and the two-dimensional distribution
of shear stresses G, in the computational domain. Figu-
res 10b and 10c show diagrams of the stress tensor com-
ponents 6., 0,, and 6, and also the pressure £ and
the equivalent stresses 0, along two lines indicated by
markers in Fig. 10a. The abscissa is the distance from the
edge of the marked line along the x axis.

In analyzing the stresses in near-surface layers of the
deformation site, it should be noted that lengthwise the
indenter motion, the normal stresses G, upstream of the
indenter (to its right) are negative, i.e., the material is
compressed along the x axis upstream of the indenter. At
the deformation site, the situation gradually reverses and
the stresses become positive, i.e., the material is stretched
downstream of the indenter (entrained by the indenter
due to friction). The material is compressed along the
vertical axis only at the deformation site, and outside of
the deformation site, the stress components 6,,, are equ-
al almost to zero. Slightly ahead of and directly at the de-
formation site, positive shear stresses operate. The uni-

form compressive stresses begin to increase ahead of the
bulge (the material is compressed due to arrival of the in-
denter), reach their maximum values behind the bulge
(where the indenter presses the bulge), and further the
pressure P, throughout the deformation site remains
compressive, giving way to tension downstream of the
indenter due to friction-induced entrainment of the mate-
rial surface layer there. Upstream of the indenter, shape
changing also occurs. The maximum von Mises equiva-
lent stresses, responsible for the shape changing, operate
at the deformation site and remain there almost constant.
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Fig. 10. Distribution of shear stresses at the deformation site
(a) and different stress components along two lines at the sur-
face (indicated by markers in (a)): b—for the upper line, c—
for the lower line with a large bulge of edged material. The di-
rection of indenter motion is indicated by an arrow.
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Fig. 11. Distribution of shear stresses at the deformation site
(a) and different stress components along two lines at the sur-
face (indicated by markers in (a)): b—for the upper line, c—
for the lower line with a small bulge of edged material.

By and large, joint analysis of all stress components
suggests that in the layers nearest to the surface, the stress
state upstream of the deformation site is similar to axial
compression and that downstream of this site is similar to
uniaxial tension. At the deformation site, a complex
stress state takes place.

In a deeper material layer, a different stress state
downstream of the indenter is realized. It is seen that the
lower line of markers in Fig. 10a crosses not only the re-
gion of positive shear stresses at the right (a wedge) but
also the region of negative shear stresses at the left be-
neath the indenter. The patterns are precisely the same as

PHYSICAL MESOMECHANICS Vol.16 No.1 2013

those obtained earlier [22], and this suggests that vertical
penetration of the indenter (without its surface motion)
gives rise to two regions: a positive shear region and a ne-
gative shear region which are positioned symmetrically
about the indenter axis. Motion of the indenter along the
surface breaks down this symmetry and the shear stress
distribution assumes the pattern shown in Fig. 10a.

The foregoing character of the stress distribution can
explain the rotational shear deformation in a surface
layer, because the indenter motion causes the uppermost
surface region to experience alternate loads close to axial
compression-tension and those deeper from the surface
to experience alternate shear. In the upper surface layers,
the plastic strains are thus higher than the plastic strain in
the deeper material layers.

Another conclusion from the analysis of the stress
distributions is that fracture of the surface layer is possib-
le at high friction coefficients, because the normal tensile
stresses can exceed the ultimate strength of the material.

Let us now consider the stress distribution at the de-
formation site when the bulge is hardly formed: the
burnishing force is P = 122.5 N and the friction coefti-
cientis 0.07.

Figure 11 presents the same data as those in Fig. 10
but for the case when the bulge is very small. It is seen
that the stress distribution in near-surface layers qualita-
tively fits that for a large bulge. A difference is found only
in the shear stresses Oy whose distribution is closer to
asymmetric about the indenter vertex. In deeper layers, a
qualitative difference is found in the normal stress distri-
bution G, ; in this case, no transition from compression
upstream of the indenter to tension downstream of it is
observed. All layers experience compression.

By and large, the stress distribution patterns obtained
in our calculations agree qualitatively with the data of nu-
merical experiments [21]. The main differences of our re-
sults from those of [22] are the absence of negative shear
stresses in the uppermost layers with a large bulge and
the change of sign of longitudinal normal stresses in the
uppermost layers with a small bulge and in deeper layers
with a large bulge. However, these features are quite ex-
plainable in the context of the dynamic problem state-
ment and joint action of burnishing forces and friction,
and can give an insight into the formation mechanism of
ananostructured layer.

7. DISCUSSION AND CONCLUDING REMARKS

The most important result of the study is disclosure of
the conditions conductive to the formation of a nano-
structured near-surface layer in burnishing. In particular,
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Fig. 12. Scanning and transmission electron microscopy of a thin surface layer of carburized steel 20X subjected to nanostructuring bur-
nishing by a tool with a dynamic stabilization unit on a turn-mill center: 4—nanostructured layer boundary.

analysis of the numerical simulation results shows that
motion of the indenter along the burnished surface gives
rise to a complex stress-strain state in the material region
near the indenter and its dynamics reveals an alternating
character. The material near the free surface upstream of
the indenter is under compressive stresses, and after pas-
sage of the indenter, the stresses reverse, i.e., a region of
tensile stresses arises. At a larger depth, this shows up in
the change of sign of shear stresses. Multiple passes of
the indenter along the surface of a treated part during its
rotation on a machine create cyclic alternate loads on
near-surface layers of the material. The available me-
thods of severe plastic deformation resulting in nano-
structured bulk metal materials are characterized by large
degrees of shear strains with a variable stress-strain state
[31, 32]. The probability of these conditions to occur in
frictional hardening of steels is also pointed out else-
where [26,27, 33].

The experiments [6] confirm the formation of nano-
structured layers in burnishing. Transmission electron
microscopy shows that in a thin surface layer of carbu-
rized steel 20X subjected to nanostructuring burnishing
by an indenter with a high friction coefficient (K, =
0.35), ahomogeneous ultrafine-grained structure with o-
martensite crystallite sizes of 20—50 nm is formed
(Figs. 12b and 12c¢). The electron diffraction patterns in
the form of continuous Debye rings suggest that indivi-
dual fragments are misoriented at angles ranging to seve-
ral tens of degrees. The rotational plasticity in nanostruc-
turing surface burnishing of steel 20X ensures the forma-
tion of nanocrystalline structures in a surface layer at a
depth of up to 5—7 um (Fig. 12a).

Thus, the distribution of accumulated plastic strains
and stresses in the upper layers of the burnished surface
shows that a narrow near-surface layer undergoes certain

peculiar severe plastic deformation. It is this action on the
surface layer material that can provide the formation of a
nanograined structure in burnishing. The results of nu-
merical simulation demonstrate that the depth of a sur-
face layer subjected to external action is determined by
the process parameters: the burnishing force and the fric-
tion coefficient. Increasing the friction coefficient in-
creases the shear stresses and the accumulated plastic
strains, and this assists the formation of nanostructural
states. On the other hand, at very high friction coeffi-
cients, the burnishing mode can change with break of the
contact and fracture of the surface layer material.

In conclusion, it should be noted that the results of the
study in the quasistatic problem statement agree well
with the data obtained by other authors, and this points to
correctness of the used physical model of the process.
The results obtained in the dynamic problem statement
give qualitatively new information on the behavioral pe-
culiarities of material under loading. They make it pos-
sible to analyze the stress and strain distributions in a
loaded material under conditions close to those of surface
burnishing of metal materials and to elucidate the effect
of the burnishing force, the indenter sizes and shape, and
the friction coefficient of a contact pair on the depth and
properties of a nanostructured layer. Analysis of the si-
mulation results has allowed us to determine the main pa-
rameters and the treatment modes that are capable of pro-
viding the mechanisms responsible for the formation of a
nanostructured layer.

The main results of the study can be formulated as fol-
lows.

The contribution of longitudinal normal and shear
stress components as parameters that provide nanostruc-
turing of material surface layers of differing thickness
has been revealed.
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It is shown that increasing the friction coefficient in
burnishing increases the shear strains in a surface layer.
The in-depth change in the amplitude and sign of these
strains provides rotational-shear mechanisms of nano-
structuring burnishing with high friction.

It is found that the increase in accumulated plastic
strains in a surface layer under multiple actions is purely
nonuniform.

It is demonstrated that nanostructuring can be control-
led by choosing an appropriate ratio between the specific
pressure at the indenter — surface contact patch and the
friction coefficient.

The constraint factor for nanostructuring burnishing
is the formation of dangerous tensile-compressive stres-
ses at the deformation site and their ability to cause frac-
ture.

The next step in analyzing the structural changes in a
thin surface layer is in additional studies, including nu-
merical simulation on a lower scale.
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