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This article presents the results of studying the temperature distribution in the process of thermo-frictional cutting of
titanium alloy Ti-55653. The process was simulated using the Machining module of the DEFORM 3D software pack-
age based on the finite element method. It was found that when cutting off the titanium alloy Ti-55653, depending on
the geometry of the circular saw, the temperature in the "disk-workpiece" contact zone reached T = 800 + 1130 °C,
and its propagation into the depth of the workpiece was 0.66 + 0.96 mm. The optimal geometry of a circular saw for

cutting off titanium alloy Ti-5553: L1 =18 mm, L2 = 14 mm, 8 = 2 mm.
The research was carried out within the framework of the grant Ne AP09562459.
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INTRODUCTION

Blank production is one of the key industries in the me-
chanical engineering industry [1]. The quality and effi-
ciency of technological operations in this production di-
rectly affects the indicators of quality and efficiency of
the technological process of manufacturing parts. In the
conditions of domestic mechanical engineering enter-
prises, such a technological operation can be called a
cutting operation, which is performed on drive hacksaws,
on saws (circular, band, friction, etc.) and rarely on lathes
(with one or two cutting tools) and on milling machines
slotted cutters. Bar stocks are most exposed to parting
off. The quality of the cutting operation is influenced by
the physical and mechanical properties of the workpiece
material. Particularly difficult to part off is materials with
high hardness and toughness, which will lead to rapid
premature wear and clogging of the tool teeth. These
are the materials based on tungsten, nickel, molybde-
num, complex alloyed steels, and titanium alloys. Titani-
um alloys have gained considerable interest due to their
wide range of applications in the aerospace, automotive,
chemical and medical industries due to their superior
properties such as high hot hardness, good strength-to-
weight ratio, and high corrosion resistance. And by add-
ing various alloying elements to titanium, it is possible
to obtain alloys characterized by higher operational and
technological properties [1]. The advantages of titani-
um and most of its alloys over other known structural
materials are associated with its high mechanical prop-
erties in a wide temperature range, low density, excel-
lent corrosion resistance to many aggressive media, low
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temperature, conductivity, non-magnetic, machinability
during processing and others, which are qualities, which
make it a very attractive material. In this work, the pro-
cess of thermo-frictional cutting of titanium alloy Ti—5Al—
5Mo-5V-3Cr-0.5Fe, is investigated, which patented as
Ti-5553. The alloy is a newly developed modification of
the Russian titanium alloy VT-22, close to beta, which
can be used for aerospace components with thick sec-
tions due to its high strength, which reaches 1250 MPa
at room temperature for certain microstructures, as well
as due to its ability to deep hardening [2],[3],[4]-

Ti-5553 alloy has the characteristics of titanium a + 3 and
type B. The tensile strength after annealing can reach
1080 MPa [5]. After heat treatment, the tensile strength
can exceed 1500 MPa [6]. Compared to Ti-6Al-4B alloy,
the alloy has advantages in hardness, high strength and
fracture [7]. Table 1 and 2 show the chemical composi-
tion and mechanical properties of the Ti-5553 alloy.

Table 1: Chemical composition of Ti-5553 alloy

Element Compc;sition Element Composition
in % in %
Carbon 0.009 Silicon 0.05
Iron 0.31 Chromium 2.77
Molybdenum 4.71 Oxygen 0.1282
Aluminum 512 Nitrogen 0.0055
Vanadium 4.72 Hydrogen 0.0038
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Table 2: Mechanical properties of Ti-55653 alloy

Condition | Desianation Composition in % Strength Specific force of | Hardness
9 Al Mo v Cr | limit, /mm2 | cutting, MPa HB
B-alloy Ti-5553 5 5 5 3 1160 2400 275-400

Titanium has twice the ductility of steel, making it an
ideal choice for applications requiring flexible materials
that won't crack or break. In addition, titanium alloys re-
sist corrosion and oxidation better than stainless steels
[81,[9],[10]. The following thermo-physical properties of
titanium Ti, depending on temperature, in the range from
100 to 2000 K, are given in [11]: titanium density, heat
capacity, thermal diffusivity, thermal conductivity of ti-
tanium, resistivity, Lorentz function, thermal expansion
coefficient. The density of titanium at room temperature
is 4500 kg/m3. When heated, titanium expands and its
density decreases. The density of liquid titanium at a
temperature of about 1700°C is 4120 kg/m®. The heat
capacity of titanium at a temperature of 27°C is 530.8 J/
(kg deg) and increases with increasing temperature. The
melting point of the Ti-5553 alloy (in degrees) is 1630 +
5°C. The thermal diffusivity at a temperature of 27°C is
about 9.3 106 m2/s. At a temperature close to 883°C, it
decreases to 6.9 and increases again. The thermal con-
ductivity of titanium is not high; its value is comparable
to the thermal conductivity of stainless steel. The thermal
conductivity of titanium at room temperature is on aver-
age 16W/ (m deg). As it heats up, the thermal conduc-
tivity of titanium increases. When heated at T= 20+700
°C, the thermal conductivity of titanium fluctuates in the
range A=15.5+19.4W/m. Alloy Ti-5553 has high strength
and fatigue properties at high temperatures and difficul-
ties can be observed during machining. Due to its low
thermal properties and high mechanical properties, this
alloy is considered difficult to machine [12]. Titanium can
be machined like stainless steel. This means that ma-
chining titanium is 4-5 times more difficult than conven-
tional steel, but this is still not an insoluble problem. The
main problems in titanium processing are its high ten-
dency to sticking and galling, low thermal conductivity, as
well as the fact that almost all metals dissolve in titanium,
resulting in it being an alloy of titanium and a solid cutting
tool material. This processing leads to rapid tool wear.
Coolants are used to reduce adhesion and shuffling,
as well as to remove a large amount of heat generated
during cutting [13]. Also, the low machinability of titanium
is associated with a high coefficient of friction, which in-
creases the temperature in the cutting zone. In addition,
titanium alloys have an almost two times lower modulus
of elasticity, which reduces the rigidity of parts and con-
tributes to the occurrence of vibrations, especially under
severe processing conditions. The high reactivity of tita-
nium is the cause of increased chemical wear of the tool
[14]. It can be concluded that productive titanium pro-
cessing requires the use of a special processing method
and tool design optimized for these conditions [15]. One
of such methods is a thermo-frictional cutting with pulse
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cooling and the design of the circular saw [16]. Figure 1
shows a sketch and photos of a special circular saw

(b)

Figure 1: Sketch and photos of a special
circular saw (a - sketch of a circular saw;
b - photos of circular saws; L - tooth pitch;

L, - heating zone; L, - cooling zone)

A special device based on a lathe was developed to
implement the method of thermo-frictional cutting with
pulsed cooling [17]. Figure 2 shows a diagram of the
thermo-frictional cutting process with pulsed cooling.
Currently, studies have been carried out to determine
the distance of the temperature distribution deep into the
workpiece from the “disk-workpiece” contact (look at Fig.
2,b), depending on the cutting conditions and tool geom-
etry. The values of the maximum distance h4, the thick-
ness of the contact layer and the maximum temperature
in the "disk-workpiece" contact during the thermo-fric-
tional cut with pulsed cooling St.08. The temperature dis-
tribution deep into the workpiece from the end surface of
the workpiece (look at Fig. 2, a, callout B), as well as the
stress-strain state of the machined surface are of scien-
tific and practical interest. In this case, if the cutting op-
eration is final, then high requirements may be imposed
on it regarding structural changes inward from the end
surface, which can lead to a change in the distribution of
hardness in the deformed layer of the surface. Changes
in the hardness of the cut surface and layers adjacent to
it can occur for two reasons. Either as a result of work
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Figure 2: Process flow diagram of thermo-frictional
cutting with pulsed cooling (a — front view; b — incision
A-A; S — feed; n — disk rotational speed; h1, h2, h3,
h4 — distance of temperature distribution deep into the
workpiece from the contact; B — temperature distribution
from the end surface; 1 — three-jaw chuck; 2 — work
piece; 3 — circular saw)
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hardening-work-hardening, or as a result of heat treat-
ment, which can occur due to the heating-cooling cycle.
If the cut surface during thermo-frictional parting is hard-
ened to a depth of 2 0.5 mm, then this negatively affects
the stability of the tool used for processing this surface
in the subsequent operation. The design of the circular
saw developed by the authors of [16] made it possible to
achieve an increase in the cooling efficiency, a decrease
in the frequency of heating-cooling cycles i <100*103,
the rotational speed of a circular saw to 2000 r/m with a
diameter of D = 285 mm. These advantages contribute
to the wider application of the method of thermo-frictional
parting with pulsed cooling, in particular for the process-
ing of high-strength and high-alloy steels, as well as re-
fractory and titanium alloys, which are difficult to part-off
with traditional methods

RESEARCH METHODS

We choose the DEFORM 2/3D software package to study
the temperature distribution during a thermo-frictional cut
with pulsed cooling of the titanium alloy Ti-5553 [18]. We
simulate the process using the Machining module of the
Deform 3D software package based on the finite element
method [19]. To simulate the process of thermo-frictional
cutting with disks of various configurations, the follow-
ing data were used: model disks @285mm with alternat-
ing teeth and notches (which is 28 teeth), the so-called
heating zones L1 = 18.26 mm and cooling zones L2 =
14.6 mm, respectively pitch L = 32mm, according to the
recommendations [20]. Material of the workpiece model
titanium alloy Ti-5553 - selected from the program library.
Cutting modes: disk rotation speed - ng = 2000, 3000

402

r/m, feed S = 120 mm/min. The simulation uses a tetra-
hedral finite element mesh, which is automatically rear-
ranged when distorted [21]. The initial temperature of the
workpiece, tool and environment is 20°C. The coefficient
of thermal conductivity between the workpiece and the
disc is 30W/(m C), between the parts and air - 0.002 W/
(m C) [22]. In the boundary conditions of the model, the
workpiece is rigidly fixed, the disk moves only along the
cutting axis (look at Fig. 2). When the saw is in operation,
it is cooled by supplying a jet of water-based coolant.
Figure 3 shows a fragment of a cut with a circular saw
and a view of a model of a disk and a workpiece with a
distributed finite element mesh.

2. [T,
TN
’ \

(@) (b)

Figure 3: Fragment of a cut with a circular saw and
a view of a model of a disk and a workpiece with a
distributed mesh of finite elements (a - a fragment of
a cut off with a circular saw; b — a view of a disk with
workpiece)

The strength characteristics for the workpiece are speci-
fied using the Johnson-Cook model [23]:

o= araen1ran(2))(1- (F2))

where ¢ - the accumulated deformation of the workpiece
material;

€ - average deformation rate of the workpiece material
in the cutting zone;

T - average temperature of workpiece material in the cut-
ting zone;

Tmelting, T, - melting temperature of the workpiece ma-
terial and its temperature corresponding to (g,) * (usually
T, =20°C);

(¢, ) - deformation rate of the workpiece material at tem-
perature T ;

A, B, n, C, 1T - coefficients obtained as a result of sta-

tistical processing of experimental data on the strength
characteristics of the workpiece material.

The Cockcroft — Latham model was used as a fracture
criterion for both steels [24],[25].
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where 01 — main normal stress; oi — stress intensity; i
— deformation intensity; clim — limit value of the Cock-
croft-Latham index. The material of the circular saw
during modeling is AlSI 4140 (analogue of steel 40XM).
DEFORM has a built-in base for this steel with depen-
dencies: elastic modulus - temperature, yield point -
deformation for various strain rates and temperatures,
and values of heat capacity, thermal conductivity [23].
Thermal conductivity of AlISI 4140 steel A=42.6 W/(m°C).
Johnson-Cook model parameters for AISI 4140 steel:
A =598 MPa; B = 768 MPa; C = 0.0137; n = 0.2092;
m = 0.807; (¢0) =0.001c-1. Titanium alloy was used as
a workpiece material during modeling, the parameters
of the Johnson-Cook model of which are presented in
Table 3.

Table 3 - Johnson-Cook model parameters for titanium
alloy Ti-5553

A B n C m
1175 728 0,26 0,09 0,72

Point Tracking

Temperature (C)

1190 [T T T T T T T T[T T T T[T T T T T T T

0,00 0,00568 0,0114 0,0170 0,0227 0,0284

Time (sec)
(a)
Point Tracking

Temperature (C)
2790 T T T T T T T T T T T T T T T T

2240

1680

1130 I

574 |

e
0,00 0,00437

0,00875

0,0131 0,0175 0,0219

Time (sec)

(c)

EXPERIMENTAL STUDY AND DISCUSSION OF
RESULTS

Let us consider the temperature distribution during mod-
eling using the DEFORM-3D program of the process of
thermo-frictional cutting with disks with different geome-
tries - with a heating zone L1 = 26, 18 mm and a cooling
zone L2 = 6, 14 mm, respectively. The workpiece sec-
tion was marked to determine the temperature change
in the contact layer to determine the temperature in
the surface layer of the workpiece. For these points in
the DEFORM 3D program, graphs of the dependence
of the temperature change on the time of the segment
are plotted, which is one disk revolution. As a result of
modeling, the temperature distribution into the depth of
the workpiece in the "tool-workpiece" contact zone was
obtained. Figure 4 shows graphs of temperature distri-
bution depending on the time of the segment with the
marking of the contact layer deep into the workpiece at
different sizes L1 n L2. The results of the analysis of the
graphs of the dependence of the temperature change
on the time of the segments per revolution of the disk
for different sizes of the geometry of the circular saw are
included into table 4.

Point Tracking

Temperature (C)

1200 """ T """ [ T T T T T T
967 |
731 [

494 |

200 (09029 by

0,0120

Time (sec)
(b)

Point Tracking

0,00 0,00599 0,0180 0,0240 0,0299

Temperature (C)

1860

1490

1120

TR B

2000 0 o
0,00 0,00514 0,0205

0,0103 0,0154 0,0257

Time (sec)

(d)

Figure 4: Graphs of the temperature distribution depending on the time of the segment with the marking of the
contact layer deep into the workpiece for different sizes L1 u L2 (a,c - n, =2000 r/min; b,d — n, =3000 r/min; a,
b-L=18mm, L,=14 mm;c,d-L=26mm, L,=6 mm; S =120 mm/min)
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Table4: The results of the analysis of the graphs of the dependence of the temperature change on the time of the
segments per revolution of the disk for different sizes of the geometry of the circular saw

The geometry of the circular , , . :
saw The rotation speed of the Time to establish the | Achieved temperature,
circular saw, n,, r/min processing process, sec T,°C
L, mm L,, mm

2000 0,0114 800

18 14
3000 0,0059 900
2000 0,0011 1130

26 6
3000 0,0009 1120

The results showed (look at Fig. 4 and Table 4) that the
value of the time to establish the process of thermo-fric-
tional cutting with impulse cooling at different cutting
conditions and geometries of the circular saw are in the
range 0.0009 + 0.0114 sec. In this case, the values of
the achieved temperature fluctuate within the limits of T
=800 + 1130 °C. Figure 5 shows the models of tempera-
ture change during one revolution of the disk in the heat-
ing and cooling zones, with L1 = 18 mm; L2 = 14 mm.
Figure 6 shows models of temperature change in one
revolution of the disk in the heating and cooling zones,
with L1=26 mm; L2 =6 mm. The workpiece section was

Temperature (C)
1800 I
1580
1360

1130

210

Temperature (C)

marked to determine the temperature in the surface lay-
er of the workpiece. These points were used to plot the
dependences of the temperature change in each section
on the time of the segment. Let us analyze the change in
temperature per one rotation of the disk in the process of
thermo-frictional cutting with pulsed cooling of the titani-
um alloy Ti-5553 at different sizes of the heating zone L1
and the cooling zone L2, as well as at different rotational
speeds of the circular saw nd. From Figures 5 and 6, as
well as from Table 4, it can be seen that with a disk with
a heating and cooling zone size of 26 and 6 mm, respec-
tively, the temperature in the "tool-workpiece" contact

Temperature {C)

15{?‘].

1580

(b)

Temperature ()

0,055

(d)

Figure 5: Models of temperature change in one revolution of the disk in the heating and cooling zones, with L =18
mm; L, =14 mm (a,b - n, =2000 r/min; ¢,d — n, =3000 r/min; S= 120 mm/min; 8 = 2 mm, a,c — heating zone models
L.=18 mm; b,d — cooling zone models L, =14 mm)
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Temperature ()

2000 I
1750

Tampiratune (C)
1800 l
1580

1380

(b)

(d)

Figure 6: Models of temperature change in one revolution of the disk in the heating and cooling zones, with L =26
mm; L,=6 mm (a,b - n, =2000 r/min; ¢,d — n, =3000 r/min; S= 120 mm/min; & = 2 MM, a,c — models of heating zone
L,=26 mm; b,d — models of cooling zone L, =6 mm)

zone is higher than with a disk with a heating and cooling
zone size of 18 and 14 mm.

The results of the analysis of the temperature change
for one revolution of the disk in the heating and cooling
zones atL1 =18 mm; L2 =14 mm (look at Fig. 5) showed
that the maximum distance of temperature distribution
into the depth of the workpiece is 0.66 mm. At the same
time, the temperature fluctuates in the range T = 200 +
18000C. An increase in the rotational speed of the circu-
lar saw leads to an increase in the contact temperature
and at the same time the distance of temperature propa-
gation into the depth of the workpiece. With L1 = 24 mm;
L2 =6 mm (look at Fig. 6) the maximum distance of tem-
perature distribution deep into the workpiece is 0.96 mm.
In this case, the temperature in the contact "tool-work-
piece" reaches up to T = 2000 oC. The results showed
that at smaller sizes of the heating zone L1 = 18 mm, the
conditions necessary for the cutting process are provid-
ed and the temperature spreads to a smaller depth. This
can be explained by the low thermal conductivity of the ti-
tanium alloy, which prevents the propagation of heat into
the depth of the workpiece and contributes to the sharp
localization of heat in the tool-workpiece contact zone

Istrazivanja i projektovanja za priverdu ISSN 1451-4117
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CONCLUSIONS

As a result of studying the temperature distribution in the
process of thermo-frictional cutting of titanium alloy Ti-
5553 using the DEFORM 3D software package, it was
found that:

- the low thermal conductivity of the titanium alloy Ti-
5553 favorably affects the intensity of the tempera-
ture concentration directly in the "disk-workpiece"
contact and, at the same time, reduces the time to
establish the cutting process;

- the value of the time to establish the process of ther-
mo-frictional cutting of titanium alloy Ti-5553 at dif-
ferent cutting conditions and geometry of the circular
saw are in the range of 0.0009 + 0.0114 sec. In this
case, the values of the reached contact temperature
fluctuate within the limits of T = 800 + 1130 °C.

- the distance of temperature distribution in the pro-
cess of processing deep into the workpiece, at vari-
ous cutting conditions and dimensions of the geom-
etry of the circular saw, is in the range of 0.66+0.96
mm. In this case, the temperature fluctuates in the
range T = 200+1800 °C.

- taking into account the mechanical properties of tita-
nium alloys, in particular Ti-5553, the optimal geom-
etries of the circular saw were selected: L1 = 18 mm,
L2=14 mm, b =2 mm.
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