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The formation of the operational characteristics of parts is contingent upon the
quality indicators of the surface and sub-surface layers of the workpieces. This process
is primarily accomplished during the final stages of production. The hardening of the
surface of the parts using cold plastic deformation ensures the operational characteris-
tics of the machine parts. Dynamic hardening processes are highly effective compared
to other hardening and burnishing processes used on workpiece surfaces. To utilize the
advantages of the impact hardening method, it is necessary to determine the influence
of the principal technological parameters on the anticipated quality characteristics
of the surface layer of the workpiece. This article presents the results of theoretical
research of the process of contact dynamic deformation of a workpiece surface by a
toroid-peen rigid indenter with a free or elastic connection. The dependencies were ob-
tained to determine the maximum contact force, the values of the maximum elastic and
plastic indentation, the parameters of the indentation contour, and the thickness of the
hardened surface layer of the workpiece, which are dependent on the speed, the geo-
metric dimensions of the contact workpiece of the toroidal indenter, and the elastic and
plastic characteristics of the workpiece materials for indenters with a free and elastic
connection. The study concentrated on the significance of establishing the duration of
the active indentation phase, which occurs with an increase in the applied force, and the
duration of the passive indentation phase, which occurs with a decrease in the applied
force. The utilization of an elastic connection with defined characteristics, which are in-
corporated into the indenter, will prolong the duration of the passive indentation phase.
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1. Introduction

One of the main features of modern production is ensuring the required qual-
ity of products. It is determined by the corresponding geometric, physical, and
mechanical characteristics of individual parts achieved during the finishing ma-
chining process. The procedures during the machining process of workpieces are
accompanied by residual changes and surface integrity in the sub-surface layer,
e.g., surface roughness, microhardness, and residual stresses. The integrity of the
workpiece surface and sub-surface layers affects the parts’ functional characteris-
tics as resistance to wear, fatigue, strength, etc. Therefore, ensuring the operational
functions of parts is especially important when the machining process of modern
metal alloys in the automotive, energy, aerospace, and other industries is carried
out [1, 2]. The finishing process methods are being developed and implemented to
reduce the influence of formed surface defects during the machining process on the
functional characteristics of products because these methods reduce or eliminate
the mentioned damages.

One of the most effective technological methods for replacing expensive su-
perfinishing cutting methods (honing, finishing grinding, etc.) is the use of surface
plastic deformation. The application of such technological operations has numer-
ous advantages, including strengthening the workpiece’s surface layer, creating a
regular relief of the processed surface, and reducing the cost of expensive tools.
The mathematical formalization of surface deformation is a complex process that
affects the quality and adequacy of such technological operations’ modeling. This
article addresses this issue.

2. Literature review

The machining process effectively ensures the required operational functions
of parts due to the obtaining appropriate quality characteristics of surfaces and sub-
surface layer of workpieces. This process is based on the methods of hardening
metal surfaces by plastic deformation [1-23].

The various hardening methods by surface plastic deformation are effectively
used in mechanical engineering. These methods differ in the tool design and the
scheme of its power load. The hardening of the surfaces of workpieces by plastic
deformation is accompanied by structural changes in the sub-surface layer, reflected
by the thickness of the strengthened metal layer, the value of residual stresses, and
an increase in hardness [1-3].

Hardening methods of machined workpieces and burnishing processes stand
out on the surface. Based on the ball burnishing method, a new burnishing pro-
cess was developed in [5]. This process consists of imposing oscillating micro-
movements on the ball with the application on the outer or inner cylindrical surface,
or the end surface. Such actions ensure a reduction in roughness, an increase in
the hardness of the processed surface, and an increase in the effective performance
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characteristics of workpieces [5]. Process roller burnishing and new slide roller
burnishing are used to achieve smoothing, hardening, and mixed burnishing. The
last new process ensures improvement by 42% smaller height roughness parameters
and improvement by 7% a higher surface microhardness on the surface of AISI 316
steel than the first traditional roller burnishing [6]. The roller burnishing process
has widespread applications. The use of a roller burnishing process for surface
treatment of aluminum matrix composites reinforced with SiC particles allows the
creation of smooth surfaces with considerable compressive residual stresses in the
matrix alloy [10]. Moreover, this process can be used for the wear surface treatment
of cast duplex steel workpieces to improve wear resistance [11]. It is worth noting
that the assistance of ultrasonic vibrations on the ball burnishing process improved
the average roughness by 2.9%, increased the von Mises stress at the surface by
11.5%, and increased the wear resistance of the 316L steel shaft to 7.3% [12].

Pulsed mechanical surface treatment achieves significant advantages in harden-
ing workpiece surfaces. These are processes based on the phenomenon of mechan-
ical impact. They include shot peening, deep rolling and machine hammer peen-
ing, microparticle bombarding, centrifugal shot peening, and vibration centrifugal
treatment. Application of these processes has the following results: increasing the
hardness of the surface and subsurface layers, improvement of surface micro-relief
characteristics, obtaining residual compressive stress for metals, providing mod-
ification, integrity and surface hardening of cermet material and titanium alloys,
improving the characteristics of processed welds in welded joints with reduced
crack formation, increasing the safety operation with limited service life, in partic-
ular aero engine compressor disks, reducing the risk of failure by 11.31%, ensuring
the performance characteristics of such workpieces as boring pipes and nipples
connecting them for oil and gas drilling equipment [13-23].

The phenomenon of mechanical impact is used in a modified form by imparting
an impulse load to the working element with a spherical surface of the tool from
an additional machine hammer peening. This surface treatment process allows
the effective applying plastic indentations on the practical surface and ensures
sufficient hardness of the workpiece. It ensures residual compressive stress, finely
dispersed metal structure, surface roughness that is close to operational roughness,
and geometrically defined micro-relief that holds lubricant on the surface [4].

The dynamic hardening mechanical surface treatment process, which uses
contact interaction upon impact of the working element — the indenter — with
the treated surface of the part, is one of the energy-efficient processes of surface
plastic deformation. For the practical use of its advantages, complete determinism
of the processing results from the main technological parameters of the process is
required. Therefore, it is relevant to develop recommendations for predicting the
main characteristics of the quality of the part’s surface layer. These characteristics
can be established by determining the value of the maximum contact force of impact
with a tool — an impact toroidal indenter on the elasto-plastic surface of the part,
depending on the initial speed of the indenter and the elasto-plastic characteristics
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of the workpiece material. The existing calculation models require improvement
since they do not consider the tool design, the shape and geometric dimensions
of the indenter, and the technological modes and conditions of the surface impact
hardening treatment process [4, 7-9].

3. Research methodology

Surface plastic deformation treatment is used at the final stage of the tech-
nological process of workpiece production to reduce the surface roughness of the
workpiece and harden and improve the material characteristics of the sub-surface
layer of the part. Methods of surface plastic deformation are characterized by the
absence of the part’s material cutting. These methods can be static and dynamic
depending on the action time criterion of the applied force to the deforming tool.
Dynamic methods include the methods that use the physical phenomenon of im-
pact of two bodies, i.e., a separate working element of the tool impacts the treated
surface of the part. By design, the working elements of the tools can be either balls
or rollers (discs). The working elements, for example, rollers (disks), can have a
toroidal tip. The processed surface of the workpiece has the shape of a plane or
a cylinder. The tool working element’s impact on the part’s processed surface is
applied at a speed created by different methods [4, 7, 8, 21-23].

The rotational method of providing the tool working elements with an initial
speed, when the tool rotates at a constant speed, is characterized by ease of im-
plementation, controllability, and efficiency [7, 8]. The tool body is located at a
distance from the processed workpiece surface. The working elements (indenters)
are located in the tool body. Moreover, they rotate together with the tool body.
They also alternately impact the processed workpiece surface, leaving residual
indentations on this surface. These indentations correspond to the tip shape of the
working element (indenter). The dimensions of the residual indentation depend
on the kinetic energy of the indenter and the workpiece material properties. They
determine the hardening values, internal residual stresses, and roughness param-
eters for the processed surface of the part. The depth of the residual indentation
is determined by the force-deformation dependence during the contact interaction
of the indenter with the workpiece surface [7-9, 24, 25]. The primary goal of this
work is to determine the dependence between the indentation depth of the indenter
into the workpiece material with elasto-plastic properties and the contact force,
which arises during the impact process, considering the connection of the indenter
with the body of the rotary tool.

The solution to this task is carried out using hypotheses about the independence
and sequence of the elastic and plastic indentation of the indenter into the elasto-
plastic half-space. Also, the identity of the dependences between contact forces
and indentation depths under static and dynamic loads was included, considering
changes in the mechanical properties of the material [9, 24, 25]. The diagram of
indentation depth — force indentation load — force indentation unload is shown
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in Fig. 1. OAE is the indenter load line during the elastic indentation; PyB is the
indenter load line during the plastic indentation; 0AD is the indenter load line during
the elasto-plastic indentation; DC is the indenter unloading line (force reduction)
during elastic recovery of the indentation. P,, is the maximum force of elasto-
plastic contact indentation; Py is the intermediate force of elasto-plastic contact
indentation; Py is the force at which plastic deformation begins at the center of
contact. hg is the limit indentation of the indenter into the elastic half-space before
the onset of plastic deformation; hj is the general elasto-plastic indentation of
the indenter into the half-space under the action of force Py; h,r is the elastic
indentation of the indenter into the half-space under the action of force Py; hpy is
the plastic indentation of the indenter into the half-space under the action of force
Py; h,, is the general elasto-plastic indentation of the indenter into the half-space
under the action of force P,,; &, is the elastic indentation of the indenter into the
half-space under the action of force P,,; h, is the plastic indentation of the indenter
into the half-space under the action of force P,,.
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Fig. 1. Diagram of the contact kinetic indentation of the rigid ball indenter
into the elasto-plastic half-space

The general indentation of the indenter % into the elasto-plastic half-space
under the action of a force applied to the indenter Py consists of successive elastic
and plastic indentations if the forcePy is greater than the force for the occurrence
of plastic deformation Py (Px > Po):

hi = hyi + hpi. (1)

The indentation of a rigid indenter with a spherical tip into an elastic half-
space, depending on the contact force Py, can be established using Hertz’s law (we
consider that the elastic properties of materials remain practically unchanged, at
least up to an indentation speed of 10 m/s) [7-9, 24, 25]:

hei = ke P, )



www.czasopisma.pan.pl P N www.journals.pan.pl
N
S
POLSKA AKADEMIA NAUK

298 Y. LYTVYNIAK, V. STUPNYTSKYY, I. YURCHYSHYN, O. LYTVYNIAK

where k, is the coefficient that considers the elastic mechanical properties of the
indenter and workpiece material and the geometric parameters of their surfaces in
contact.

The coefficient k, is determined using the known relationship:

1/3
97{2 1 (1—1/% 1—V%)2
- +

) 3)

"7\ 16 Ry | 7E;  7E;

where vy, v, are the Poisson’s ratios; E| is Young’s modulus of the indenter material;
E» is Young’s modulus of the workpiece material; R,z is the effective radius of the
indenter’s curvature and the workpiece surface:

-1/2
1 1 1 1
Re=||l—+—||—+ — , 4
xd ((Rll Rlz)(Rzl Rzz)) X

where R;; are the radii of curvature of the contacting body’s surfaces (i, j —
respectively, the curvature plane number, and the indenter and the part).
Depending on the force Py, the component of the deepening of a rigid spherical
indenter into a plastic half-space in contact is determined by a linear dependence,
confirmed experimentally under dynamic loads and described by a modified for-
mula [7-9, 24]:
hpi = kp(Pi = Po). 5)

where k, is the coeflicient that considers the effective radius of the indenter’s cur-
vature, the workpiece surface, and the plastic properties of the workpiece material,
which depends on the indentation speed.

The coefficient k, is determined by the equation:

kp = (2nRgmHp)™", (6)

where Hp is the value of static plastic hardness of the workpiece material in the
initial state, MPa; 7 is the dynamic plastic hardness coefficient.

When describing the hardening parameters of the surfaces of the workpieces
under dynamic loads with an indenter, it is necessary to use the characteristics
of the workpiece material that differ from those obtained under static loads; for
example, dynamic plastic hardness is nHp.

A connection has been established between the values of plastic hardness and
the Brinell hardness of the material [7, 9]:

Hp = (23/49)HB'*/%, (7)

where HB is Brinell hardness of the workpiece material, MPa.
Using results of experimental studies [9], obtained for various structural and
alloy steels, for example steel C22, C45, 41Cr4, 30CrMnSiA, we received empirical
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dependencies for determining the force of plastic deformation onset Py at the
center of the indenter contact with the part’s surface and dynamic plastic hardness
coefficient  (parameters change limits are Py: (8-2210), N; Hp: (1000-8000),
MPa; V: (1-10), m/s; n: (1.18-1.95); V/Hp: (4.25 - 107*~6.94 - 1073), m MPa/s):

P = exp(100.168 — 0.294(In Hp)> + 6.656(In Hp)? — 46.995In Hp),  (8)

1% V2
n:1.0887+248.96(—)—18040 (—) , )
Hp Hp

where V is the initial indentation speed, m/s.

4. Research results

The indentation process of a rigid indenter into an elasto-plastic half-space is
determined based on expressions (Eq. 1, Eq. 2, and Eq. 5).

When the maximum contact load P,, is reached (active loading stage), we can
obtain the maximum elasto-plastic indentation of the indenter (Fig. 1), and it can
be determined by the expression:

hn = (hy + ) = ky P> + k(P — Po). (10)

This expression consists of the maximum elastic indentation depth of indenter
h,- and the maximum plastic indentation depth of indenter /,,. The maximum elastic
indentation depth of indenter 4, is established by Hertz’s law:

h, = kP23

The passive unloading stage can be described using Hertzian dependence
(Eq. 2), and elastic restoration of the elasto-plastic indentation occurs during this
stage. This indentation decreases by the value %,, and it is accompanied by the
formation of a residual indentation with a depth that equals the size of the maximum
plastic indentation £, which is described by the following expression:

hp = kp(Pp — Po). (11)

The maximum contact load P,, is the determining factor in calculating the
residual plastic indentation /1.

We will consider two cases of contact interaction of an indenter with an elasto-
plastic half-space when impacting with a free indenter (the external connections
are absent) and impact with an indenter with an external elastic connection.
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4.1. Dynamic (impact) indentation of free rigid indent into elasto-plastic
half-space

4.1.1. Active stage of indentation

The motion equation of the mass center of the indenter during the deformation

of the half-space has the form:
d%h
moo = P(h), (12)

where m is the mass of the indenter; 4 is the elastic and elasto-plastic indentation
of the indenter into the sub-surface layer of the part; 7 is the arbitrary point in time
during the active stage of the impact (from O to t,); P(h) — variable contact force
(function of the size of the contact indentation #).

Applying the typical procedure for solving Eq. 12 we receive:

hy
V2
E= mT - / Pi(h)dh, (13)
0

where E is the initial kinetic energy of the indenter before the impact; V is the
initial speed of the mass center of the indenter at the moment of contact with the
half-space.

Successful solution of the Eq. 13 is possible when the expression Py = Py (h)
is deterministic. Besides that, the indentation force Py is a function of the variable
indentation depth / in the previous expression.

The ratios Eq. 2, Eq. 5 and Eq. 1 establish a relationship i = h(Py), in which
the size of indentation 4 is a function of the load force on the indenter Py.

Using the interpretation of the definite integral /; as the value of the area
bounded by the line and the h-axis from the right side of Eq. 13, we get:

hy Py
0 0
Py Py
= Pehy - [/ kP dPy +/ (kr PP + ke (P = Po)) dP|
0 Py

Considering Eq. 1, Eq. 2, and Eq. 5, we get: Prhy = Pk(krPi/B +k,(Pr — Po)).

Solving Eq. 13, considering previous expression, we establish a connection
between the initial kinetic energy of the indenter £ and the maximum indenta-
tion force P,,, considering the elastic and plastic characteristics of the workpiece
material: 5

mV 2 5/3 1
E=—-= gk,Pm/ + Ekp(P?n - P2). (14)
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The previous expression indicates that the total kinetic energy of the rigid in-
denter E is converted into the energy of elastic recoverable deformation of gkrP;/3

1
and plastic residual deformation of -k, (P%,l - P%) of the elasto-plastic half-space.

Expression 14 is the transcendental equation for determining P, (P, is the
maximum impact force of the indenter on the elasto-plastic half-space). After
transformations, we obtain an expression for determining P, by the method of
successive approximations (simple iterations):

1/2
2E + k,P?
N P A (15)
gk,P,;,l Pik,

The maximum value of the indenter’s elasto-plastic indentation hm and residual
plastic indentation £, of the indenter is determined by the value of P, according
to Eq. 10 and Eq. 11.

To determine other characteristics of the active stage of the impact process,
in particular, its duration, it is advisable to approximate the expression Eq. 15 by
power-law dependence in the form:

Py = bh", (16)

where b and n are the coefficient and exponent, respectively.

The approximation is carried out based on the following prerequisites: the
function graph Eq. 16 passes through a point with coordinates (%,,, N;,) and the
areas are limited by the functions graphs Eq. 14 and Eq. 16 are the same, i.e., the
line OAD in Fig. 1 is replaced by a single line corresponding to Eq. 16.

According to the first condition, we can determine P,, = bh,,. We can use
Eq. 13 and Eq. 16 to satisfy the second condition. After integration, we get:

E= %hﬁl.
Using Eq. 15 and Eq. 10, we can determine P,, and /,, and we must substitute

the determined values E in Eq. 16 to determine the parameters b and n:

_ hp Py

- E

n ~1, b=Puh" (17)

Considering that the variable speed of the indenter depth into the workpiece

i)

d
surface is equal V = O and using Eq. 16, we get:

n\? 1
2 -t )

dr T En+1
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The duration of the active stage of indentation 7, can be determined by inte-
grating the previous expression from ¢ = 0 to ¢ = ¢, and using dependences A =0
and hy = hy,:

1 E

2 hum F(L.Fl)
2

“aTy

\/77( (13)

where I is the Gamma function.

4.1.2. Passive stage of indentation

The passive indentation stage occurs when the indenter’s applied force de-
creases. This stage is accompanied by the action of elastic deformations that cause
a decrease in the indentation depth, which was obtained at the active stage of the
elasto-plastic indentation.

The residual plastic indentation &, corresponds to the value of the maximum
plastic deformation. Hertz’s law describes the elastic restoration of an indentation.

The variable value of the decreased indentation of the indenter (it corresponds
to the DC line in the diagram Fig. 1) can be determined by the expression:

hic = (i + hp) = ke P + .

The value of the contact force of the indenter with the elasto-plastic half-space
is described using dependence:

1 32
Py = (k_(hk - hp)) .

The motion differential equation of the indenter mass center during the passive

stage has the form:
d2h 1 11 32
( ) : (19)

—=——Ph)=——|—(hx—h
i —P(h) mkr(k p)

Solution to Eq. 19 allows us to determine the movement speed of the indenter
at the moment when the contact between the indenter and the workpiece surface
disappears and then the post-impact kinetic energy of the indenter E:

V) 2 _
Ey = ’"T’") =k R, (20)

where V,,, is the post-impact speed of the indenter mass center.
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The duration ¢, of the passive stage of the impact can be determined from
following equation by applying the considerations used when obtaining Eq. 18:

= : 1)
5V, 9
" r(#)

After appropriate transformations, which consists in determining from expres-
sion 20 the value of the post-impact speed V,, and the numerical values of the
Gamma function, the expression for determining the duration ¢, of the passive
stage of the indenter impact on an elasto-plastic half-space takes the following
form:

tp = 1.878925\k,NmP;,"°. (22)

4.2. Dynamic (impact) indentation of a rigid indenter with an external
elastic connection into an elasto-plastic half-space

Dynamic (impact) deformation of the half-space surface (Fig. 2) is carried out
by a rigid indenter with a toroidal surface connected to an elastic element.

Fig. 2. The indentation scheme of the rigid indenter
with elastic connection into the elasto-plastic half-space

The movement of the indenter is ensured by the movement of the elastic
element, the base of which moves uniformly progressively at a constant speed V
during the active and passive stages of impact indentation. The base of the elastic
element will move a distance S, during the active stage of the impact (its duration
is t4). The base of the elastic element will move a distance S, during the passive
stage of the impact (its duration is 7.,). We use the following preconditions for the
calculation. During the active stage of the indenter depth, the base of the elastic
element S, will move a distance, which is equal to the maximum depth of the
elasto-plastic indentation £,,, that is, there is no deformation of the elastic element.
Consequently, the active stage of the indentation of a rigid indenter with an elastic
connection is similar to the indentation of a free rigid indenter established by
Eq. 12 and Eq. 14. During the duration of passive impact stage ,,, the base of
the elastic element will move by the value of the maximum elastic indentation of
the indenter 4., and the indenter will move a variable distance that is equal to
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(h = hep). Consequently, during the passive stage of indentation, the total value of
deformation of the elastic element is equal to (h., + h — h,,). We assume that the
total mass of the indenter me is equal to the mass of the free indenter m and the
mass of the elastic element m.., i.e., m, = m + mc.

The differential equations for the movement of the mass center of a toroidal
indenter with an elastic connection during the indentation of an elasto-plastic half-
space, respectively, for the active and passive stages of impact, are as follows:

d’h

Me 7 = —P(h), (23)
d’h

meF = —P(h)+C(hr+hm—h), (24)

where C is the elastic element rigidity, N/m.
We can solve the Eq. 23 and Eq. 24 using the statements by which we solved
Eq. 12 and Eq. 19.

4.2.1. Active stage of indentation

The maximum indentation force P,,,, the maximum elasto-plastic indentation
depth A, the maximum elastic indentation depth 4., the maximum residual elastic
indentation depth 4., and the duration of the active impact stage by an indenter 7.,
with an elastic connection are determined from Eqgs. 15, 10, 11 and 18, considering
that the mass m is equal to the total mass of the indenter m..

4.2.2. Passive stage of indentation

2
.. . . m .
The kinetic energy of the indenter after impact £, = ——2, which can be

used to calculate the speed of the indenter after impact V,,,, is given by Eq. 25. Using
Eq. 25 we must consider the reasoning which was used to establish the expression
20. The kinetic energy of the indenter after impact depends on the maximum elastic
indentation depth of the indenter /., at the active stage of indentation and it can be
determined:

m V2 2 —-3/2,5/2 3
Eje = 62 - = gkr Pl - EChgry
or (25)
mV2

Ele =

15 - 2
= (1 - ZCkrPeni”) ShePo

The duration of the passive stage of the impact 7., will be determined by in-
tegrating the Eq. 26, using the approach to determine the duration of the stages of
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elasto-plastic indentation for a free indenter, reflected in determining the depen-
dencies Eqs. 18, 21, using the right side of Eq. 24:

0
ml2dn

=
s \/ T (hjlz - h5/2) +C (2herh + B2 = 312,)

(26)

It is advisable to perform the determination 7., by numerically integrating
Eq. 26.

The duration of the passive and active stages of the indenter’s contact with the
workpiece surface can be used to influence the efficiency of the machining process
by increasing the duration of the force in contact with the expected increase in the
duration of the passive stage of the indenter’s impact with an elastic connection.

4.3. The hardening parameters of workpiece surface layer

The established value of the maximum indentation force P, together with the
dimensions of the contact workpiece of the toroidal indenter, allows us to determine
the dimensions of the contour of the residual plastic indentation on the workpiece
surface and the thickness of the hardened layer using [8, 9].

The dimensions of the residual indentation, which is elliptical in plan, are
determined by the semi-axes a and b, which are defined by the formulas:

,\1/2 ,\1/2
az((hm+h,,)R11—hp) : bz((hm+hp)R12—hp) . @D

where R and R, are radii of curvature of the contact surface of a toroidal indenter.
The indentation depth of plastic deformations f;,, which corresponds to the
thickness of the hardened layer of the workpiece material, is calculated using the

following expression:
4
1 b
=({l-=(1--

The parameters of the surface treatment of the part are directly influenced by
the maximum impact force of the indenter P,,, the value of which depends on the
hardness of the workpiece surface Hp and the initial speed of the mass center of
the indenter V, which is shown in Fig. 3. This influence is reflected for steels C22
(Hp = 1440 MPa), 41Cr4 (Hp = 2530 MPa) and 30CrMnSiA (Hp = 4710 MPa)
for an indenter with a mass m = 0.05 kg and the effective radius of the indenter
Ry =0.005 m.

The influence of the value of static plastic hardness of the workpiece material
H), on the hardening parameters of the workpiece surface layer has different fea-
tures, which is shown in Fig. 4. During the increase of the value of static plastic

2P, 12
(nTp) . (28)
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Fig. 3. Influence of the value of static plastic hardness of the workpiece material H),
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hardness H),, the elastic indentation #, increases, but the plastic indentation /4,
decreases. In Fig. 4 there is presented: line 1, line 3 and line 5 — the elastic inden-
tation A,; line 2, line 4 and line 6 — the plastic indentation 4,; line 1 and line 2 the
initial speed of the indenter V = 1 m/s, line 3 and line 4 the initial speed of the
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Fig. 4. Influence of the value of static plastic hardness of the workpiece material H, on the elastic
indentation %, and the plastic indentation /,
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indenter V = 3 m/s, line 5 and line 6 the initial speed of the indenter V = 5 m/s;
the mass of the indenter is m = 0.05 kg and the effective radius of the indenter —
Rz = 0.005 m; steel classes and their hardness are used as for Fig. 3.

5. Conclusions

* The simulation of the process of dynamic surface elasto-plastic treatment
of a workpiece reflects the influence of three principal production factors:
the movement speed of the mass center of the toroidal indenter, the di-
mensions of the contact surface of the indenter (with radii of curvature
ranging from 1-5 mm to 10-20 mm) and the elasto-plastic characteristics
of the workpiece material, the surface of which is subject to hardening and
burnishing.

* The hardening and burnishing process of workpiece surfaces by toroidal
impact indenter is characterized by different influences on the initial values
of hardening parameters of the workpiece surface layer. For steels, during
a significant increase in the initial hardness of the workpiece surface, the
expected elastic indentation increases, but the plastic indentation decreases.
This tendency increases with increasing initial indenter speed. The elas-
tic indentation can be expected to be three times bigger than the plastic
indentation.

* The dimensions of the toroidal indenter’s contact surface significantly in-
fluence the maximum impact force. Furthermore, a reduction in the ef-
fective radius of curvature of the indenter allows the kinetic energy to
be distributed more efficiently, resulting in the formation of a plastic in-
dentation at a lower speed. This enables the same hardness level to be
achieved with less energy expenditure. The rigidity of the elastic element
exerts an influence on the parameters of surface plastic deformation, which
in turn gives rise to a reduction in the post-impact speed for an indenter
with an elastic connection. The utilization of an indenter with an elastic
connection is of practical significance. The spread speed of plastic defor-
mation in elasto-plastic materials is slower than that of elastic deforma-
tion. Consequently, increasing the duration of the passive stage of elasto-
plastic indentation will result in an increase in the duration of action of
the contact force and an enhancement in the efficiency of the hardening
process.

* Itis recommended to carry out design and technological modeling of surface
hardening and burnishing processes using impact toroidal indenters accord-
ing to the methods described in the article to determine the maximum impact
indentation force, approximate the dependencies for the indentation diagram,
and determine the dependencies for the elastic and dynamic characteristics
of structural materials.
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