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Abstract. The paper presents data from the study of the influence of methods
and modes of surface plastic deformation (SPD) on the temperature of the contact
region during titanium alloy processing. It shows that, as a result of deformation
and the work of friction forces, heat is generated. In this case, the overall temper-
ature field is influenced by the geometrical parameters of the part to be processed,
the time of the previous treatment, the total thermal power of the sources and the
nature of heat exchange with the environment. A generalized solution is given for
determining the maximum contact temperatures during ball rolling and ultrasonic
hardening by the method of moving sources. The authors find out that the maxi-
mum discrepancy between theoretical and experimental data, as a rule, does not
exceed 12–16%. Obtaining the temperature of the contact regionmakes it possible
to check the selected modes by the maximum possible heating temperature, which
is especially important when using optimal modes of surface plastic deformation.
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1 Introduction

Surface plastic deformation processing (ball rolling, ultrasonic hardening, diamond bur-
nishing, etc.) is one of the effective methods to increase the reliability and durability of
machine parts from difficult-to-cut materials (including titanium alloys) used to manu-
facture parts operating in extreme conditions [1–7]. As is known, titanium alloys have a
special combination of physical and mechanical properties: high specific durability and
heat resistance, low heat and thermal diffusivity, etc. Due to the low thermal conductivity,
titanium alloys are characterized by a concentration of heat in the near-contact region,
which can lead to a decrease in operational characteristics. To study thermal phenomena
during ball rolling and ultrasonic hardening, materials of two structural groups were
used: OT-4 alloy and VT6 and VT9 alloys.

2 Determination of Maximum Contact Temperatures

Intensive processing regimesdue to a significant increase in the temperature of the surface
layer cause thermoplastic deformations, which reduce favorable residual compressive
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stresses, and in some cases contribute to the formation of residual tensile stresses [8–
10]. The combined effect of high pressures and temperatures can lead to structural
transformations. During ball rolling and ultrasonic hardening as a result of deformation
and the work of friction forces, heat is generated, which is spent on heating the tool, the
workpiece and on heat exchange with the environment [11, 12].

The work of friction caused by the movement of the tool on the machined surface,
during ultrasonic hardening by a ball freely installed in the socket and by ball rolling
is very small in comparison with the work of deformation and can be neglected. Heat
transfer to the environment with an error of 1% can also be neglected [13, 14].

In the quasi-stationary stage of the process at the set thermal mode, we assume that
the parts of the tool in contact with the part turn out to be warmed up to the maximum
temperature, since they are constantly exposed to heat. Moreover, the contact area is
continuously moving relative to the part, meeting all the time with unheated points.
Therefore, the temperature gradients in the direction of the deforming tool are much
smaller than the gradient in the part. Thus, the heat sink to the tool in the steady state can
be neglectedwithout a significant decrease in accuracy [15, 16]. Therefore, for ultrasonic
hardening and rolling ball it can be stated that Q ≈ Qp.

Sources of heat generated as a result of plastic deformation are local under these
SPD methods. In ultrasonic hardening, a variable periodic force with a frequency of
ultrasonic vibrations is superimposed on a constant static force created by a deforming
tool (indenter). In accordance with this, the thermal power should be considered a time-
dependent variable [14].

Since the general work consists of work carried out by constant Pst and periodic
force, in accordance with the principle of superposition, we consider two independent
sources of heat. The power of the first is determined as follows

q1 = PstKV1000

M 60
, (1)

where K—coefficient of friction; V—speed; M—mechanical equivalent of heat.
The power of the source when rolling the ball is determined similarly.
The work of the plastic introduction of the indenter, produced by a variable periodic

force, is performed with a frequency of Ñ cycles per minute. In this case, the average
power of the source

q0(t) = Aω

M
, (2)

where A—the work of plastic implantation; ω—the frequency of cycles.
During each cycle, the indenter deployment effort changes. Consequently, the power

of the source also changes. To calculate the maximum temperatures, it is necessary to
determine the largest (amplitude) power of the source q0.

We assume that the change in effort, and, accordingly, in power occurs according to
a cosine law. Then

f (t) = q0 cosωt (3)

When studying the temperature fields formed during the SPD, the temperature in the
deformation zone is considered as the result of the combined action of two fields: the
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local one, which occurs at the time of deformation of a certain part of the part and the
general one arising from the heat influx from previously deformed sections [17].

The general temperature field is influenced by the geometric parameters of the work-
piece, the time of the previous processing, the total thermal power of the sources, the
nature and intensity of the heat exchange with the external environment. The distribu-
tion of sources in the part has practically no effect on the overall field. Therefore, for
each specific case, the total heating can be determined by any known dependence, using
the most simple method for schematizing the shape of the source and the type of the
motion. So, the local temperature field is determined by the shape of the sources and the
distribution law of the power of their heat generation and practically does not depend
on the other factors listed above.

We accept that the heat source has a spherical shape and its intensity is distributed
normally in three spatial coordinates. In this case, we can write

F(x, y, z, t) = qm
cγ

exp
(
−kR2

)
, (4)

where qm—the maximum heat release intensity; c—the heat capacity; γ—the specific
weight; k—the coefficient of concentration of thermal power, characterizing the shape
of the curve of the normal distribution; R—radius vector of the point being considered.

For hardening with the application of ultrasound, it is recommended that the radius
of the indent be taken equal to the conditional heating spot rn, where the heat release qi
is 0.05 of the highest intensity in the center of the indent. In this case

k = 3, 0

r2H
(5)

Since the shape of the part practically does not affect the local temperature field,
we take the surface of the part processed to be flat, representing the product itself in
half-space

−∞ < x < ∞; −∞ < y < ∞; z ≥ 0.

The surface z = 0 of the half-space is assumed to be adiabatic, and the initial
temperature is assumed to be zero.

The intensity of the sources during the ball rolling can be considered constant in time,
with ultrasonic hardening, a periodic change in intensity occurs. In this case, the most
interesting is the maximum temperature in the steady-state stage of the SPD process.

We determine the local component of the temperature field at the maximum tem-
perature of the deformation zone. We assume that the maximum value of the contact
temperature is close to the temperature of point 0 (0, 0, 0), at which the intensity of the
heat sources is greatest. It should be noted that at high speeds of the source, the temper-
ature maximum can be slightly shifted from the central point (0, 0, 0) in the direction of
the lag along the axis OX. Assuming in the equality X = Y = Z = 0 and noting that in
this case

R1 = R2 = R =
√

ξ2 + η2 + s2 (6)
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we find the image of the maximum contact temperature for an arbitrary distribution of
sources [18–20]

T (p) = T (0, 0, 0, p) = 1

2πα

∞∫

0

ds
∫ ∞∫

−∞
F(ξ, η, s, p)

1

R
exp

(
−V ξ

2a

)
exp

(
−R

√
p + α√
α

)
dξdη (7)

where α = V 2

4a ;—coordinates of the points of location of heat sources at time points;
p—Laplace transform parameter.

With ultrasonic hardening, two independent heat sources operate. The temperature
T1 arises from the action of a constant power source q1. Temperature fluctuations T (t)
are superimposed on it, which arise as a result of an additional action, which depends
on time and changes according to the sinusoidal or cosine laws of the variable source
q0(t). If we assume that the intensity of a variable power source q0(t) varies in time with
frequency ω in a cosine dependence, then the total thermal power

q0(t) = q1 + q0cosωt, , (8)

where q0—the amplitude value of the variable component of thermal power.
The resulting temperature T (t) in the quasi-stationary stage of the process can be

written as the sum of the constant component of temperature T1 arising from a constant
source q1 and the variable component T0(t) from the action of the source q0(t) ,

T (t) = T1 + T0(t). (9)

In this case, each component of the contact temperature can be searched separately,
solving two independent tasks. To determine the variable component of the steady-state
temperature T0(t), we use (with some modifications) the method proposed in [8]. It is
more convenient to present the dependence of the oscillating power of the source on
time in a complex form, assuming

q0(t) = q0exp(iωt). (10)

To calculate the maximum temperature of the contact region T (t) during ultrasonic
hardening, a constant component of the contact temperature should be added to the
amplitude value of the variable. The local temperature thus found is added to the overall
field temperature, which is determined each time depending on the processing conditions
and the shape of the workpiece:

T = 2qcpl

πλ

[
ch

(
Vsl

2Q

)
K0

(
Vsl

2Q

)
+ sh

(
Vsl

2Q

)
K1

(
Vsl

2Q

)]
, (11)

where l is half the width of the contact strip (imprint radius); qcp—the average heat flux
equal to the heat power referred to themiddle of the surface of the belt; λ—the coefficient
of thermal conductivity, K0(x) and K1(x) are the MacDonald functions of zero and first
orders, respectively; V s is the velocity of the source.
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The temperature during SPD in the contact zone was studied in the ANSYS software
package using the finite element method.

The task is axisymmetric elasto-plastic and has a three-dimensional (3D) character,
but to simplify the calculation, it is performed in a two-dimensional (2D) model. The
solution obtained for the section (2D) applies to the entire model.

Contact interaction of two surfaces is simulated: spherical (tool) and flat (part). The
axis of the sphere is fixed in the direction of the x-axis, the cylinder is fixed on the lower
surface in all directions. The force Fn that acts on the surface of the sphere is determined
during loading by the displacement of this surface along the y-axis. Tool material (ball
material)—ShH15 steel; the processed material is titanium alloy VT-9.

Properties of materials: isotropic elastic ball with modulus of elasticity E1 = 2.2 ×
105 MPa and Poisson’s coefficient ν1 = 0.33, simulated part isotropic elastic-plastic with
modulus of elasticity E2 = 1.18 × 105 MPa, Poisson’s coefficient ν2 = 0.35, breaking
point σ v = 1300 MPa.

We break the surfaces into finite elements, creating a finer mesh at the contact points.
The results of determining the temperature in the contact region are presented in Fig. 1.

Fig. 1. Temperature distribution during SPD of titanium alloy VT-9 a ball rolling: V = 50 m/min,
pH = 1500 N, b ultrasonic hardening: V = 50 m/min, Pst = 250 N, c ultrasonic hardening: V =
100 m/min, Pst = 250 N.
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As you can see,with ultrasonic hardening, themaximum temperature does not exceed
170 °C, and when ball rolling—180 °C, which indicates the identical effect of both
methods on the temperature under optimal processing conditions. At the same time,
with an increase in speed from 50 m/min to 100 m/min during ultrasonic hardening, the
temperature in the contact zone increases from 174 to 596 °C, while the heating zone
decreases significantly, since due to the low thermal conductivity of the VT-9 alloy and
the high processing speed the heat flow does not have time to spread deep into the metal.

In the process of an experimental study of temperature, the basic parameters of
the process of ultrasonic hardening and ball rolling—the value of the static (normal)
force and speed—were changed. The analysis of the results obtained theoretically and
experimentally showed their good convergence. From the graphs shown in Fig. 2, it
follows that the maximum temperature in the contact zone is determined by the force
and processing speed, i.e., parameters that determine the amount of heat released in the
contact area.

During ultrasonic hardening with an increase in force from 100 N to 350 N and a
speed from 15m/min to 50m/min, the maximum temperature rises from 600 to 1700 °C.
During ball rolling, a similar dependence is observed.

Fig. 2. Dependence of the temperature in the contact zone on the effort and speed during ultrasonic
hardening of the alloy OT-4: 1. V = 15 m/min; 2. V = 30 m/min; 3. V = 50 m/min, empty
circle—experimentally; filled circle—in theory.

3 Conclusion

A generalized solution is proposed for calculating the maximum contact temperatures
during ball rolling and ultrasonic hardening by the method of moving sources.

It was found that the maximum discrepancy between theoretical and experimental
data, as a rule, does not exceed 12–16%.

Determination of the temperature of the contact region makes it possible to check
the selected modes by the maximum possible heating temperature, which is especially
important when using optimal modes of surface plastic deformation.
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