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Abstract
The cold drawing process takes places very quickly and during the conversion of mechanical energy into the heat energy
the work peace and the tool heat up considerably. In order to achieve a stabile drawing process, it is necessary to keep
tracks of the temperature growth of the work piece and the tool. The tool temperature has to be below the established
limits, and it is regulated by the amount of the coolant, which is at the same time also a lubricant. The expressions for the
temperature growth calculation in the conditions of adiabatic processes that can also be applied to the deep drawing
process with the reduction of the wall thickness, due to the high deformation rate, have been presented in the work. The
heat balance equation enables the determination of the coolant mass which will maintain the stabile tool temperature,
what is confirmed by the experimental researches.
Keywords: Drawing with the reduction of wall thickness; heat balance; tool temperature.

1. Introduction
Deep drawing is the forming of smooth (sheet) blanks into hollow parts. It is a process which involves forming by
tensile and compressive forces. [1]. Deep drawing process has to be surely considered as fully assessed since it was
developed in the 1700s. Starting from that date, the process was extensively studied and it has become a strategic process
in metalworking field [2]. Different cylindrical elements on the multi-tools are being made by the deep drawing process
with the reduction of the wall thickness.
This process happens during mass production by the continuous passing of the work piece through several rings set
one behind the other in the tool. The presentation of the process indicates a complex deformation mechanism, where
during the passing of the work piece through the tool, the reduction of the wall at the diameter and the wall thickness
occurs at the same time, as shown in Fig. 1 (a. 2D presentation, b. 3D presentation).
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Fig. 1. Scheme of drawing on the multi-tools
When projecting a technological process of the deep drawing with the reduction of the wall thickness, special attention
should be paid to the heat effect that has a significant role in the processes of cold deformation. In order to achieve a
stabile drawing process, it is necessary to keep tracks of the temperature growth during the process and control it, i.e. to
control the heating of the tool [3].
2. The heat effect during the deformation process
In order to keep tracks of the energy conversion during the deformation process it is needed to define the thermodynamic system. Since all the deformation process happens at high deformation rate, for the purpose of problem
elaboration, this process can be observed as an idealized case within the closed system, isolated in relation to the
environment. This means that the process takes place at approximately adiabatic conditions.
The expression for the temperature growth calculation during the drawing at high speed (for the conditions of the
adiabatic process) has been given as following [4]:

  x1  F1  h1 107
t 
V0    c  4,184  427
Where:
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N  is the drawing force;

 is the work piece volume;

D  d1
is the drawing depth mm  ;
h1  0
4d1
  0,85  0,90 is the coefficient
x1  0,70  0,85 is the diagram fullness coefficient (F,h);
2
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 is the specific weight kg / dm 3 and
c is the specific heat J / kgK  .
When reducing this expression (1), we obtain the following expression for the calculation of temperature growth
during the deep drawing process:

t 

  x1   1 107

(2)

  c  427  4,184

where:

 1 N / mm 2  represents the drawing voltage.

After including the recommended values for the heat transfer coefficient - 
coefficient we obtain:

t 

3806   1
 c

 0,85 and the diagram fullness

(3)
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where:

 1

 1 is the deep drawing voltage.
 m1 
D
for the relation 0 100  100  200  1  1,6
s0

 1  1   m 

For the deep drawing process with the reduction of the wall thickness, the specific deformation stress of the shape
change is calculated by the expression:

a1  k1  1

(4)

where:
k 1 - specific deformation resistance of the material for the determined deformation stress in and

N / mm - value of logarithmic deformation.
2

 1 - value of logarithmic deformation.
Bearing in mind the (4), after the drawing process with the reduction of the wall thickness the temperature value is:

t  t0  t  20 

3806  k1  1
 c

(5)

When it comes to deep drawing process without the reduction of the wall thickness, the calculation of temperature
after the process is obtained by the following expression:

 1

3806   m    1
 m1 
t  t0  t  20 
 c

(6)

Where m1 stands for the drawing relation in the first operation.
Calculated temperature values according to the expression (6) for the deep drawing process without the reduction of
the wall thickness for different materials have been given in the Table 1.
Material
Low carbon steel
Stainless steel
Aluminium
Duralumin

0,6
60
94
38
65

Value of the drawing relation in the first operation
0,55
0,50
69
80
112
132
42
47
76
88

0,45
93
156
53
103

Table 1. Calculated temperatures during the cold drawing process (adiabatic process)
3. Determining the energy of the intermediate form during the deformation process
The heat being released during the process causes the temperature growth of the work piece, which results in the
reduction of its hardness, as well as in the reduced deformation resistance. The deformation process takes place at high
deformation rates, leading to the softening of the workpiece material and increasing of its plasticity, as well as the
reduction of the energy needed for deformation. According to the [5] during the deformation process around 80 – 90 %
of mechanic energy spent for the deformation process is released in the metal in terms of heat, wheras the rest of 20 – 10
% remains in the metal in the form of residual stress. At higher deformation rates, the heat loss released in form of
radiation to the environment is negligible. The energy conversion can be tracked if defining the thermo-dynamic system.
Every thermo-dynamic system or his elements are characterized by a certain energy state. If we adopt the following as
the system elements: the puller, work pieces, drawing rings and coolant, and if we adopt the supposition that the drawing
process is seen as an idealized case within a closed system, isolated in relation to the environment it is possible to research,
theoretically and experimentally, the energy of intermediate form and to determine the amount of heat and deformation
stress during the deep drawing process with the reduction of the wall thickness. Exchanged amount of heat during the
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process from the initial state „l“ (before drawing) to the final state „2“ for the observed thermo-dynamic system is
calculated according to the following expression [6]:

Q1, 2  mi  ci  Ti 2  Ti1   N i  m  c  T2  T1  

 m p  c p  Tp 2  Tp1   mrs  crs  Trs 2  Trs1 

J 

where:
mi is the puller mass,
ci is the specific heat of the puller's material for
Tref=1/2(Ti1+Ti2),
Ti1 is the puller’s temperature in the state 1,
Ti2 is the puller’s temperature in the state 2,
Ni is number of work pieces drawn from the state 1
to state 2,
m is the mass of the work pieces,
c is the specific heat of the work piece material
for Tref=1/2(To1+To2),
T1 is the temperature of the work pieces in the state
1,

(7)

T2 is the temperature of the work pieces in the state
2,
mp is the mass of the drawing rings,
cp is the specific heat of the ring materials for
Tref=1/2(Tp1+Tp2),
Tp1 is the rings temperature in the state 1,
Tp2 is the rings temperature in the state 2,
mrs is the coolant mass,
crs is the specific heat of the coolant for
Tref=1/2(Trs1+Trs2),
Trs1 is the temperature of the coolant in the state 1,
Trs2 is the temperature of the coolant in the state 2.

Mechanical work (W) is another form of intermediate energy and it can be defined as a scale product of the force
vector and the motion vector. If Fl= Fl (l), the mechanic work is calculated according to the following:
2 
2
 2
W1, 2   F (l )dl   F (l ) cosdl   Fl (l )dl
1

1

J 

(8)

1

In order to determine the deformation stress during the drawing process, we need to integrate the diagrams of the
dependence of the deformation force on the drawing path and to multiply the given value with the number of the drawn
work pieces between the referential states „1“ and „2“.
By comparing the heat value (Q1,2) and the deformation stress (W1,2) we get the answer on the percentual relation of
the energy released for heat and the one spent during the deformation process.
The expression (7) enables the calculation of the needed amount of the coolant during the drawing process [7]:

mrs 

Q12  mi ci Ti 2  Ti1   N i mcT2  T1   m p c p T p 2  T p1 
crs Trs 2  Trs1 

(9)

By determing quantity of the revised heat and work of plastic deformation in deep drawing process with reduction of
wall thickness it is possible to determine the amount of coolant necessary to ensure a stable drawing process.
4. Results of the experimental research of the intermediate form of energy during the drawing process
In order to determine the amount of energy released in the form of heat during the process of deep drawing with the
reduction of the wall thickness, by an experimental research, it is necessary to measure and register the deformation force
and to measure the temperature of all the system elements before and after the drawing process. The deformation force
is determined by the usage of the tensometer device „Spider 8“ with the appropriate software. Measuring chain sketch for
registration of drawing force on multi-stage tools in given in Fig. 2.

RAČUNAR

SPIDER 8
I
0

Fig. 2. Sketch of measuring chain in production condition

- 0711 -

27TH DAAAM INTERNATIONAL SYMPOSIUM ON INTELLIGENT MANUFACTURING AND AUTOMATION
Using a measuring chain were obtained addiction diagrams of deformation force and draw stroke. Typical diagram
from one measurement is given in Fig. 3.

Fig. 3. Diagram of drawing force on multi-stage tool
By integrating the diagram of the dependence of the deformation force on the drawing path we obtain the value of the
deformation stress or the energy spent on deformation. Registering of the temperatures before and after the drawing was
done with laser measuring device and with thermography. Temperature measurement results before and after drawing are
given in Table 2.

No.

1
2
3
1
2
3

System elements temperature values before drawing
Puller temperature
Blank
Rings
Ti1 (C)
temperature
temperature
Measuring spots
T1(C)
Tp1(C)
1
2
3
20
21
21
22
21
22
22
22
22
21
22
21
22
22
21
System elements temperature values after drawing
40
35
34
39
29
40
35
34
40
30
40
39
35
39
30

Coolant
temperature
Trs1(C)
29
33
33
35
35
36

Table 2. System elements temperature values before and after drawing
Thermography of temperature fields on blanks and on drawing rings is given in Fig. 4.

Pmax=25,6°C, P01=20,8°C, P02=21,7°C, P03=19,8°C

Pmax=34,0°C, P01=30,1°C, P02=30,6°C, P03=30,8°C

Fig. 4. Temperature fields on blanks and drawing rings
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For the calculation of the exchanged heat amount between the two reference states of the observed system, the average
values of the registered temperatures of the system elements, their masses and specific heats were used [8]:
- state “1”
Ti1=21C; T1=22C; Tp1=21C; Trs1=32C
- state “2”
Ti2=37C; T2=39C; Tp2=30C; Trs2=35C
- puller mass mi = 0.127 kg
- work piece mass m= 0.0072 kg
- mass of the rings (5 rings) mp=0.473 kg
- coolant mass mrs= 69.87 kg
- specific heat of the puller material (steel) and temperature 20C ci=0.461 kJ/kg K
- specific heat of the work piece material (brass) and T ref=31C c=0.382 kJ/kg K
- specific heat of the material of rings (steel) and temperature 20C cp=0.461 kJ/kg K
- specific heat of the coolant (water) and T ref=33.5C crs=4.176 kJ/kg K
- number of work pieces Ni=1920.
Specific heat values of the puller materials and rings (steel) have been adopted as for the temperature of 20C, due to
the fact that charts on heats do not contain values for reference temperatures. By implementing the listed data into the
expression (7), we get the value of the exchanged amount of heat for the observed system from state “1” to state “2”
Q1,2=967.79 kJ.
The value of deformation stress W1,2 is obtained when multiplying the deformation stress for one work piece (W=0.638
kNm=0.638 kJ) with the amount of the drawn work pieces N i=1920. The obtained value of the deformation stress is
W1,2=1224.96 kJ.
Measuring of the tool temperatures after the drawing process has shown that the puller has a slightly higher
temperature (Ti2=37°C), and the temperature of the drawing rings is slightly lower (Tp2=30°C).
The expression (8) enables the determination of the coolant mass that allows a stabile drawing process. If the maximal
temperature of the tool is restricted to T=40°C, in order to have a stabile drawing process, then it is, according to the
expression (8), necessary to ensure that there is an amount of the coolant mrs=69,67 kg circulating during the process.
5. Conclusion
Stability of drawing process with a reduction of wall thickness in production conditions at high speeds of drawing
essentially depends on the correct certain amount of coolant and lubricant. In order to solve this problem experimental
research of the energy transition forms (exchanged heat and work of plastic deformation) in the process of drawing with
a reduction of wall thickness was done.
By recording drawing force on 1920 workpieces and simultaneous registration of the temperature on: workpieces,
punch, puller, drawing rings and coolant, the results obtained, which allows calculation of mass of coolant that is required
to calculate mass of coolant that which is required to limit the maximum temperature to T=40 ̊C.
The calculated temperature value of the theoretical expression (6) in the drawing without reduction of the wall
thickness, are shown in Table 1, indicate that in different materials occur high temperatures, which could impair the
stability of the drawing process if the amount of coolant is not correctly determined.
Further researches should be expanded to other metal forming processes by deforming the blanks from various
materials.
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