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Abstract: In this article, a mathematical model has been developed for calculating the energy-power
parameters of the drawing process in monolithic dies on straight-line drawing machines, and its
adequacy has been validated in experimental wire drawing on a laboratory automated drawing
machine. The program allows us to calculate drawing stress, drawing force, tensile strength and
yield strength of the alloy after wire drawing, safety factor, and drawing power. The developed
mathematical model differs in that it allows us to evaluate the uniformity of deformation over the
wire section, depending on the technological parameters of the deformation zone, namely, the semi-
angular die, the coefficient of friction and the degree of deformation. To select the technological
parameters of the deformation zone, which ensure uniform deformation over the wire cross-section, a
nomogram was compiled. The equations of hardening during nickel NP2 wire drawing are obtained.
The calculation of energy-power parameters of drawing nickel NP2 (Ni 99.6) wire ©1.8 mm from
04.94 mm wire rod is given. Experimental studies have been carried out to determine the energy-
power parameters of nickel wire drawing on a laboratory drawing machine with an installed ring
strain gauge to determine the drawing force. A change in the friction coefficient by 0.02 when
drawing nickel wire leads to an increase in stress and drawing force by 20%. To improve the
accuracy of the developed mathematical model, it is shown that in the future, it would be necessary
to conduct experimental studies on a laboratory drawing machine to determine the effect on the
energy-power parameters of the drawing process of the values of technological parameters entered
into the program as constant real values, such as the friction coefficient, die half-angle, drawing
speed, and back tension.

Keywords: wire; nickel; cold work; tensile strength; yield strength; elongation; drawing machine;
drawing force

1. Introduction

The wire is produced by such metal-forming processes as rolling [1-3], extrusion [4-8],
drawing [9-12] and their combination [13-15]. Drawing is the most common method of
making wire. Drawing can be carried out through monolithic [16,17], and roller [18] dies.
Alloys such as stainless steels and titanium alloys, which are difficult to work with mono-
lithic drawings, are plastically deformed in roller dies. This makes it possible to replace
sliding friction with rolling friction between the tool and the wire, which reduces the drag
force and allows large single strains to be applied per pass [19,20]. However, monolithic
drawing remains the most common and frequently used method of wire production. The
transition from the pulley-type continuous wire drawing machine to the straight-line wire
drawing machine has led to a change in the technical and technological parameters of
the drawing process in a monolithic die [21]. Significant changes with the introduction
of straight-line drawing machines are associated with an increase in drawing speed. The
high level of automation of modern drawing equipment has made it possible to increase
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the drawing speed in dry wire drawing from 8 m/s to 40 m/s, which in turn entails a
change in requirements for lubricants, the quality of preparation of the wire surface and
drawing tools [22]. The straight-line principle of high-speed wire drawing introduces its
own characteristics into the methods for constructing drawing routes and estimating the
energy-power parameters of the process [23].

The energy-power parameters of the wire drawing process depend on such technolog-
ical factors as the mechanical properties of the material being processed, its tendency to
harden during cold deformation, a single degree of deformation, the friction coefficient at
the metal-wire contact, the design parameters of the die, and the drawing speed [24-26].
The stability (non-break) of the process, the efficient and trouble-free workload of the
drawing machine, and the validity of the choice of drawing equipment when designing
production lines depend on the accuracy of determining the energy-power parameters.

To determine the energy-power parameters of the drawing process, mathematical
modeling can be applied [27-29], including simulation in such well-proven packages as
QForm, ABAQUS, and DEFORM [30,31]. It is possible to determine the drawing force and
the power consumed during drawing experimentally. To do this, it is necessary to install
strain gauges on the drawing machine [32] and provide for the recording and subsequent
processing of electrical signals by the automation system in the readings of the drawing
force and the power consumed by the electric motor [33].

Simulation in specialized programs such as QForm or Deform is a highly skilled
and time-consuming process. The validity of its application is obvious in theoretical
studies of the drawing process [34]. For practical and production tasks that require a fast
response, it is inefficient. For such purposes, an effective tool is the traditional estimation
method for calculating power parameters, which is used in many basic studies of the wire
drawing process [35,36]. At the same time, it must be said that the calculation method for
determining the energy-power parameters requires adaptation to modern conditions of a
straight-line high-speed drawing.

The purpose of this work is to develop a mathematical model for calculating the
energy-power parameters of the drawing process in monolithic dies on straight-line draw-
ing machines and to assess its adequacy when conducting experimental wire drawing on a
laboratory automated drawing machine. The verified mathematical model and program
will make it possible to determine the values of the friction coefficient depending on tech-
nological lubricants, die angles, drawing speed, and type of drawn alloy after experimental
studies of the drawing process. New knowledge about the drawing process will make it
possible to improve it and develop more effective technological lubricants, die designs, and
drawing routes.

2. Materials and Methods

The wire rod J4.94 mm from nickel NP2 (Table 1) was drawn on a laboratory drawing
machine (Figure 1) equipped with sensors for measuring the drawing force, speed, and the
ability to save the measured parameters for their subsequent statistical processing.

Table 1. Chemical composition (wt %) of the NP2 nickel (analogue of Ni 99.6).

Ni + Co Fe C Si Mn S P Cu As Pb Mg
min less
99.5 0.1 0.1 0.15 0.05 0.005 0.002 0.1 0.002 0.002 0.1

The drawing machine was designed by us for conducting research on the drawing
process in laboratory conditions. The pulling drum with a diameter of 400 mm is driven
by an electric motor with a power of 2.2 kW through a gearbox with a gear ratio of 25.23.
A monolithic die (Figure 2a) is installed in the soap dish for supplying lubricant, which,
when drawing, presses on the ring load cell (Figure 2b). Maximum allowable drawing
force P; (Figure 2b) for measurement 9800 N. The drawing parameters are controlled from
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the control panel, which also shows the measured values in the form of tables and graphs.
The software for controlling the drawing machine and recording the measured values was
also developed by us.

Soap box Capstan

—

. =4
Wire rod “

Ring load cell ~—— Gearbox

_-Motor

(a) (b)

Figure 1. Laboratory Drawing Machine with Force Sensor: (a) photo; (b) scheme.

Die

Wire

(b)

Figure 2. Wire drawing in a monolithic die: (a) monolithic die; (b) deformation zone scheme.

Wire drawing was done in monolithic dies with a half-angle x = 4° (Figure 2). When
drawing, a lubricant that provides a friction coefficient of 0.05 [37] was used. The wire
drawing route is shown in Table 2.

Table 2. Drawing route for 1.8 mm wire from &4.94 mm wire rod.

Drawing Route
Wire rod 1 2 3 4 5 6 7
4.94 4.30 3.70 3.20 2.80 2.40 2.10 1.80

The mechanical properties of the wire, namely, tensile strength, yield strength, and
residual elongation, were determined by the static tension method according to GOST
1497-84 on an Instron 5882 tensile testing machine (Figure 3) [38].
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Figure 3. Wire testing on an Instron 5882: (a) foto; (b) the tensile diagram wire rod & 4.94 mm.

3. Results and Discussion
3.1. Effects of Cold Working on the Mechanical Properties of the NP2 Nickel

Wire drawing in monolithic dies is carried out without heating the metal. In this regard,
during cold working, the metal is riveted, i.e., its strength properties (tensile strength and
yield strength) increase. Simultaneously with this, plastic properties decrease.

The dependences on which these indicators change for each alloy are individual. Also,
the change in strength properties during the drawing process is influenced by such techno-
logical parameters of the process as drawing speed, drawing route, and die angle [39].

Therefore, to build an accurate energy-power mathematical model of the drawing
process, it is necessary to know the equations for changing the tensile strength and yield
strength of the alloy under study from cold work.

Based on the results of tensile tests in the Excel mathematical package, the dependences
of tensile strength and yield strength (Figure 4) on the cold working of nickel wire were
constructed. There are various methods for assessing the hardening of a material [38,40].
We used built-in Excel functions and determined trend lines and approximation equations
for the resulting dependencies.

1000 1000
£ 900 £ 800
= =
> 800 N
£ £ 600
j=1
§ 700 g
& : =400
2 600 UST =+493.245.1e}, = 0.2US=194.4+ 15.7eY'-0.09¢Y 2
z R2=0,99 © 2=
é 500 < 200 R2=0.99
[ ]
400 0
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
Cold work £3¥,% Cold work €}°,%
(a) (b)

Figure 4. Tensile strength (a) and Yield strength (b) dependence on cold work of NP2 nickel.

Evaluation of plastic properties, namely relative elongation, is also important for
the drawing process. To evaluate the change in plastic properties during cold work, the
equation shown in Figure 5 was obtained from the results of tensile tests.
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Figure 5. Elongation dependence on cold work of NP2 nickel.

The construction of hardening curves for various alloys is very laborious work, but the
presence of equations describing changes in the tensile strength and yield strength on cold
work makes it possible to significantly improve the accuracy of mathematical modeling
of the drawing process and to know the limiting values of the drawing force at which the
wire will break.

3.2. Mathematical Modeling for the Wire Drawing Process

The energy and power parameters of the drawing process are the drawing power W;
and force P; [41,42]. The power expended on the drawing process is determined by the
force and drawing speed V;.

Wi =PV

When drawing on industrial multiple straight-line drawing machines, the drawing
speed from the first to the next pull drum increases by the amount of deformation in the
die between them (Figure 6).

Figure 6. Multiple wire drawing scheme.

The drawing speed on a straight-line drawing machine by passes is calculated as

Vier =Vi-pina
where V; is the drawing speed at the entrance to the i + 1-th die;
2
Hiv1 = % = ;—i is the drawing ratio in the i + 1-th die when drawing a round wire
! i+1

(Figure 2b);
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F; is the cross-sectional area of the wire at the entrance to the i + 1-th die;

F; 11 is the cross-sectional area of the wire at the exit from the 7 + 1-th die;

d; is the wire diameter at the entrance to the i + 1-th die;

dj 11 is the wire diameter at the exit from the i + 1-th die.

Along with the drawing ratio during drawing, the degree of deformation is also used
to assess the deformation, which can be calculated as

F—Fy _ d-dy,
g1 = — Fil+ =t d?H -100%
1

The value of a single degree of deformation in the design of the drawing route is set
from various considerations [42]. This can be the power of the drives and the multiplicity
of the existing drawing bench [43], the features of the wire being processed [44], the quality
of the wire surface preparation before drawing [40], etc.

However, when choosing a drawing route, it is necessary to remember the non-
uniformity of deformation over the wire cross section during drawing in a monolithic
die [30].

In studies [24,39], it was found that in order to reduce the unevenness of deformation,
the degree of deformation should be calculated taking into account the die half-angle & and
the friction coefficient f.

2
e>1- 1 —arctg(tga + f)
1+ arctg(tga + f)

If the half-angle of the die is set constructively during the manufacture of the die and
can be from 3 to 9°, then the value of the friction coefficient is difficult to determine and
is not constant. Sliding friction during the drawing process is determined by the quality
of the surface preparation of the wire and die, the grade of the alloy being drawn, the
type of technological lubricant used, and the drawing speed. It is rather problematic to
determine the friction coefficient in industrial conditions; however, in studies [37,39], it
was experimentally established that its value can take values from 0.01 to 0.15.

The nomogram of calculated values of the degree of deformation from the die half-
angle and the friction coefficient is shown in Figure 7.

75

f=0.15 s
| SO e
f=0.12

(o] = %) ™
(8] 8] &) (8]

Degree of deformation &%

r
u

[y
&)}

3 B 5 6 z 8 g
Die half-angle &, ©

Figure 7. Degree of deformation ¢ of providing uniform deformation over the wire cross section,
depending on die half-angel « and friction coefficient f (nomogram).
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The deformation zone parameters and the mechanical properties alloy of the wire
determine the drawing stress that will occur when the wire is pulled through the die. There
are several formulas to determine the drawing stress [39]. However, only some of them
take into account such an important indicator for energy-power parameters as the die
half-angle.

In our experience, the most suitable formula to determine the drawing stress 0y, is
the Korber and Eichinger formula [40]

Oar, = 002;[(1+ (f/tga)) - Inp; +0,77tga]

where 07 2, is the average yield strength of the alloy in the deformation zone.

The formulas for the change in tensile strength and yield strength from cold work for
the NP2 nickel obtained experimentally are shown in Figure 4. For other common alloys,
similar relationships are shown in Table 3 [45].

Table 3. Equations for the change in tensile strength and yield strength when drawing alloys.

Alloy Grade Tensile Strength UST (oy7), MPa Yield Strength 0.2 US (0 2), MPa
NP2 our =497.6 +5.0ey 002 = 1945+ 15.7¢ Y. —0.1¢ Y2
OK Autrod 4043 our = 92.36 +0.53¢ ) 002 = 61.6 +2.7¢ ¥ —0.01¢ Y2
C10 (steel) oyt = 3223 +83¢ Y —0.05¢ Y2 002 = 224.9 +10.8¢ ¥ —0.08¢ Y2
C67 (steel) oyuyr = 1023.3 +79¢Y" 0p2 = 661.8+10.7e )"

The drawing tension is an indicator that not only determines the drawing force and
power but also allows the evaluation of the stability of the process, i.e., the probability of
breaking the front pulling end of the wire by pulling it through the tapering hole of the die.

The safety factor v is estimated by the ratio of the temporary resistance to rupture of
the wire at the exit from the i-th drawing die to the drawing stress arising in it.

our;
Ud}’,‘

Yi =

The safety factor for continuous wire drawing should be more than 1.5 [35,36].
To determine the drawing force, it is necessary to know the drawing stress and the
cross-sectional area of the wire at the exit of the die

Py = F - o4y,

The results of the calculation of the energy-power parameters of the drawing process
must satisfy three main conditions

Yi > [vil; P < [P]; W; < (W],

where [;] is the allowable margin of safety for a given wire size;

[P;] is the allowable drawing force according to the drawing machine passport; and

[W;] is the motor power installed on the drawing machine.

Based on the described methodology for designing wire drawing routes and cal-
culating the power parameters of the drawing process, a computer program has been
compiled. The results of the calculation of the energy-power parameters of drawing for the
experimental drawing route (Table 2) are shown in Table 4.
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Table 4. Energy-power parameters calculation of drawing wire 1.8 mm from wire rod 4.94 mm from
NP2 alloy.

Initial Data

Wire rod &, mm 4.94
Wire &, mm 1.80
Tensile strength UST (oy;7), MPa 469
Yield strength 0.2 US (092 ), MPa 174

Calculation Results
Drawing route (No. pass) 1 2 3 4 5 6 7
Wire O, mm 4.30 3.70 3.20 2.80 240 2.10 1.80
Degree of deformation ¢, % 24.23 25.96 25.20 23.44 26.53 23.44 26.53
Cold work ey, % 24.23 43.90 58.04 67.87 76.40 81.93 86.72
Drawing ratio p 1.32 1.35 1.34 1.31 1.36 1.31 1.36
Tensile strength UST (oy;7), MPa 619 717 788 837 880 907 931
Yield strength 0.2 US (0p2 ), MPa 514 689 767 797 808 808 802
Die half-angle «, ° 4 4 4 4 4 4 4
Friction coefficient f 0.05 0.05 0.05 0.05 0.05 0.05 0.05
Drawing stress 0,,, MPa 188 354 415 413 483 426 484
Safety factor y 3.3 2.0 1.9 2.0 1.8 21 1.9
Wire cross-sectional area F, mm? 14.51 10.75 8.04 6.15 4.52 3.46 2.54
Drawing force P, N 2730 3802 3333 2541 2185 1476 1232
Drawing speed V, m/min 20 27 36 47 64 84 114
Drawing power W, kW 0.91 1.71 2.01 2.00 2.34 2.06 2.34

3.3. Verification of the Convergence of the Calculated and Experimental Drawing Forces of
Nickel NP2

A comparative analysis of the drawing forces obtained experimentally during the
drawing on a drawing machine (Figure 1) and the calculated values (Table 4) was carried
out to verify the developed mathematical model. Measured on a laboratory drawing
machine and obtained by drawing the wire in pass 3 (wire diameter 3.20 mm), the drawing
force data are shown in Figure 8. As can be seen on the curve (Figure 8), the value of the
drawing forces changes from the maximum value of 3650 to the minimum value of 2750 N.
This is due to a change in the friction conditions in the deformation zone, the cause of
which may be a different quality of the wire surface preparation along the length and an
unsettled flow of technological lubricant into the deformation zone. The presence of a large
number of measurements of the drag force per second, which is more than 600 points per
second, allows the calculation of the average value. In this experiment, the average value
of the drag force is 3050 N. The experimental values of the drawing forces along the entire
drawing route are shown in Table 5. A comparison of the calculated and experimental
drawing forces is shown in Figure 9.

Figure 9 shows that the calculated drawing forces are greater than the experimental
ones by 4-9%. This may be due to the fact that in the calculations, we took the friction
coefficient equal to 0.05. In real conditions, its value could be lower. However, for carrying
out analytical studies of the influence of technological parameters on energy and power
parameters in the design of drawing routes, the adequacy of the developed mathematical
model is very good. The calculation error does not exceed 10%. In turn, it would be useful
to evaluate the effect of the friction coefficient and the die half-angle on the energy-power
parameters by the calculation method.
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Figure 8. Experimental time diagram of the wire drawing force in pass 3.
Table 5. Experimental drawing force of nickel wire NP2.
Experimental Drawing ForceP,,, N
Drawing Route (No. Pass) Wire O, mm . T
Min Max Average Standard Deviation
Wire rod 4.94 - - - -
1 4.30 2453 2816 2484 129
2 3.70 3499 3956 3573 150
3 3.20 2750 3650 3050 139
4 2.80 2293 2786 2414 116
5 2.40 1918 2274 2065 89
6 2.10 1358 1536 1410 62
7 1.80 1152 1285 1182 57
4000
6% m Calculated
3500
Z\ 99, W Experimental
A~ 3000 -
!
= )
8 2500 9% 5%
b
c 0
'z 2000
©
= 0,
A 1500 4%
I 4%
1000 u
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Drawing route

Figure 9. Comparison of experimental and calculated nickel drawing forces NP2.
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3.4. Analytical Studies of the Influence of the Coefficient of Friction and Die Half-Angle on the
Energy-Power Parameters of Drawing Wire from Nickel NP2

The mathematical model of the drawing process implemented in the form of a program
allows us to quickly and fairly accurately estimate the energy-power parameters of the
process of drawing wire from different alloys. It is necessary to change the formula for the
dependence of hardening on cold work to change from one type of material for drawing
to another.

Also, the developed mathematical model makes it possible to evaluate the influence of
technological parameters on energy and power parameters. As an example, we present the
results of calculations that show how the drawing stress and drawing force change with a
change in the die half-angle (Figure 10) and friction coefficient (Figure 11). As you can see,
a decrease in the half-angle of the die leads to an increase in the drawing stress (Figure 10a)
and the drawing force (Figure 10b). This is due to the fact that, at a constant degree of
deformation, a decrease in the half-angle of the die leads to a decrease in the contact zone
between the wire and the die. A decrease in the contact area should lead to a decrease in
the drawing force, which is confirmed by calculation results. However, with an increase
in the half-angle of the drawing die, the conditions for injecting technological lubricant
into the deformation zone worsen. The deterioration of the efficiency of the lubricant leads
to an increase in the coefficient of friction. Calculated results of the effect of the friction
coefficient on the drawing stress and the drawing force are shown in Figure 11. As we
can see, in Figure 11, a change in the friction coefficient by 0.02 leads to an increase in the
drawing stress and drawing force by 20%.

3800

N
w
[
o]
S

3400

Drawing force P,
w
]
{na |
=]

w
o
<
(=}

6 7
Die half-angle «,®

@) (b)

Figure 10. Calculation results of drawing stress (a) and drawing force (b) of nickel NP2 depending
on die half-angle.

The analysis shows that the influence of the die half-angle and the friction coefficient
on the energy-power parameters of the drawing process is very significant. The accuracy
of specifying these values in mathematical modeling will determine the adequacy of the
obtained calculation results. These indicators also significantly depend on the types of
lubricants used and the quality of the surface preparation of the die and wire rod.

In connection with the foregoing, it becomes relevant to conduct experimental studies
to study the effect of technological parameters of drawing, namely lubricants, dies half-
angle, drawing speed, and back tension by an experimental method on a laboratory drawing
machine designed and manufactured by us. This will make it possible to clarify the values
of technological parameters and bring the results of mathematical modeling closer to real
values when designing energy-efficient wire drawing routes.
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Figure 11. Calculation results of drawing stress (a) and drawing force (b) of nickel NP2 depending
on the friction coefficient.

4. Conclusions

In this article, a mathematical model was developed for calculating the energy-power
parameters of the drawing process in monolithic dies on straight-line drawing machines,
and its adequacy has been tested in experimental wire drawing on a laboratory automated
drawing machine.

The developed mathematical model differs in that:

- Allows us to evaluate the uniformity of deformation over the wire section, depending
on the technological parameters of the deformation zone, namely, the die half-angle,
the friction coefficient, and the degree of deformation. To select the technological
parameters of the deformation zone, which ensure uniform deformation over the wire
cross-section, a nomogram was compiled;

- The calculation of the drawing stress is carried out for multiple straight-line drawing
machines, taking into account the hardening of the alloy, depending on the cold work.
For nickel NP2, the equations of hardening during wire drawing are obtained. Using
nickel NP2 as an example, a method for obtaining dependences of tensile strength
and yield strength on cold work is shown, using which equations can be obtained for
other alloys;

- When checking the adequacy of the mathematical model, it was revealed that in
the calculations, it is necessary to more accurately indicate the values of the friction
coefficient. The influence of the friction coefficient on the drawing stress and the
drawing force is significant. A change in the friction coefficient by 0.02 leads to an
increase in the drawing stress and drawing force by 20%;

- The program compiled on the basis of the presented mathematical model is a very
convenient and efficient assistant in the calculation and design of wire drawing routes
on multiple straight drawing machines. The program allows us to calculate the
drawing stress, drawing force, tensile strength and yield strength of the alloy after
wire drawing, safety factor, and drawing power;

- In the future, experimental studies should be carried out on a laboratory drawing
machine to determine the effect on the energy-power parameters of the drawing
process of the values of technological parameters entered into the program as constant
real values, such as the friction coefficient, the die half-angle, drawing speed and back
tension. This will improve the accuracy of the developed mathematical model.
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