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APPLICATION OF THE TORSION TEST IN CALCULATING THE EXTRUSION FORCE

ZASTOSOWANIE TESTU SKRĘCANIA W OBLICZENIACH SIŁY WYCISKANIA

The paper deals with the calculation of the extrusion force using the results of the torsion test of aluminium alloy
EN AW–2014. The mathematical model for the calculation of the extrusion force requires the knowledge of the functional
relationship between the yield stress and the temperature, the deformation and the deformation rate. Based on the proposed
mathematical model for the calculation of the yield stress, the functional relationship was derived to determine the extrusion
force in the hot extrusion of semi-products of aluminium alloy EN AW–2014.
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1. Introduction

Extrusion is one of basic metal forming technologies
to prepare initial semi-products for the manufacturing
industry and is used for a wide scale of materials [1-3].
Extrusion is popular for its low exigency in terms of
finance, as well as time and execution. Hot extrusion is
the most used technology.

Analytical methods for calculation of the hot extru-
sion force based on the utilization of the yield stress
obtained from the tensile test in the area of extrusion
temperatures did not bring satisfactory results. Therefore
for simulation of hot metal forming processes (includ-
ing extrusion), calculation methods based on FEM (finite
element method) are currently intensively utilized [4-6].

Each method for calculation of the extrusion force,
either analytical or FEM, requires the deformation resis-
tance values in the dependence on the temperature and
the deformation rate. The yield stress values obtained
from torsion tests offer such a possibility [6, 7].

The general functional relationship for the extrusion
force in extrusion can be described using the following
equation [8]:

F = f(DR, ηF, λ, vr,T, f ,L, die shape, material constants)
(1)

λ = SR/SV (2)

where: F – extrusion force [N]
DR– chamber diameter [mm]
ηF– deformation efficiency degree [-]
λ – extrusion ratio [-]
SR– chamber cross-section [mm2]
Sυ– extruded piece cross-section [mm2]
vr– plunger rate [m·s−1]
T – billet temperature [◦C]
f – friction coefficient between the chamber and the

billet, friction between the extruded piece and the die [-]
L – billet length [mm]
Mathematical relationships that take into account the

extruded piece shape are shown in [8] and [9]. The is-
sues of calculation of the extrusion force are solved in a
number of papers; KOPP and WIEGELS [10] made the
analysis of published papers. In most cases, in practice
the extrusion force is determined according to SIEBEL
and FINK [11] using the following equation:

F = SR ·
σp

ηF
·
(
ϕ + 4 · f · L

DR

)
(3)

where: σP– yield stress [MPa]
ϕ – logarithmic deformation [-], ϕ = ln SR

SV
Hot extrusion is made at the temperature, the de-

formation and different deformation rates. Therefore the
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yield stress is the function of the deformation, the defor-
mation rate and the temperature:

σP = f (ε, ε̇, T) (4)

where: ε – deformation [-]
ε̇ – deformation rate [s−1]
For the functional relationship required by the equa-

tion (4), BEISS and BROICHHAUSEN [12] used the
following relationship:

[
sinh

(
σP

D1

)]D2

=
ε̇

D4
exp

(
D3

T ′

)
(5)

where: D1[MPa], D2[−],D3[K],D4[s−1 ]– material con-
stants

T
′
– temperature [K]

In [13, 14] the yield stress was calculated from the
equation (5) and then the extrusion force was calculat-
ed from the equation (3) for extruded copper and brass
semi-products.

2. Experimental conditions

The calculation of the extrusion force requires the
knowledge of the functional relationship between the
yield stress and the temperature and the deformation
rate. For this purpose, the torsion test was used. The
torsion test, registering values of the torque along with
the number of revolutions, and consequently leading to
the stress-strain curve, enables to obtain information on
the ductility of the investigated material. The torsion test
was performed on a torsion machine at the temperature
T= 300, 350, 400, 450, 500◦C measured by a K-type
thermocouple. After an induction heating in air with a
heating rate of 1◦C/sec and a time holding of 3 min,
the samples fixed in an axial direction were deformed
to the fracture at equivalent strain rates of 10−3, 10−2,
10−1, 1, 5 s−1, and water-quenched immediately after
the deformation. Other information about torsion test is
described in [6, 7]. The results of the torsion test made
on aluminium alloy EN AW–2014, as well as all nec-
essary data calculating the extrusion force, were taken
from [15].

3. Results and discussion

To mathematically describe hot torsion tests, the fol-
lowing equation is used:

ε̇ · exp
(

Q
RT′

)
= A ·

[
sinh

(
α · σp

)]n
(6)

where: Q – activation energy [J·mol−1]
R – universal gas constant [J·mol−1·K−1], R=8,314

J·mol−1·K−1
A – material constant [s−1]
α – material constant [MPa−1]
n – stress coefficient [-]
In the equation (6) and following cases, the yield

stress σP is representing by the peak torsion stress and it
is the stress that corresponds to the stress according to
the functional relationship (4). If we compare the equa-
tions (5) and (6), we can see that they are, in principle,
similar. In the equation (6), the material constants are
transformed:

T0 =
Q
R
,σ0 =

1
α
,ε̇0 = A,m =

1
n

(7)

The set of equations (7) is introduced into the equation
(6):

ε̇ · exp
(
T0

T

)
= ε̇0 ·

[
sinh

(
σP

σ0

)]n

(8)

From the equation (8), the σP is expressed:

σP = σ0 · arg sinh
{[
ε̇

ε̇0
exp

(
T0

T

)]m}
(9)

The relationship (9) requires the determination of the
deformation rate ε̇ in extrusion. The mean deformation
rate ε̇st in the extrusion process is determined from the
following relationship:

ε̇st = 6ϕ · vr

DR
(10)

From the data presented in [15], the material constants
were calculated using the set of equations (7):

T0 =
Q
R

= 186200
8,314 = 22396K

σ0 =
1
α

=
1

0, 052
= 19, 23MPa

ε̇0 = A = 1, 5266.1010s−1

m =
1
n

=
1

3, 37
= 0, 2967

(11)

The equation (9) for the yield stress of aluminium alloy
EN AW–2014 gets the following particular form:

σP = 19, 23·arg sinh


[

ε̇st

1, 5266 · 1010 exp
(

22396
273, 15 + T

)]0,2967


(12)
The equation (12) represents a suitable mathemati-
cal model to simulate the conditions for extrusion of
semi-products of aluminium alloy EN AW–2014.
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The extrusion force can be determined from the
equation (3), while the yield stress can be calculated
from the equation (12):

F =
π

4
D2

R ·
19, 23
ηF

· arg sinh

[

6 ln λ
1, 5266 · 1010 ·

vr

DR
· exp

(
22396

273, 15 + T

)]0,2967
 ·

·
(
ln λ + 4 f

L
DR

)

(13)
After rearranging the constants, the resulting equation
of the extrusion force for aluminium alloy EN AW–2014
has the following form:

F = 15, 103
D2

R

ηF
·
(
ln λ + 4 f

L
DR

)
· arg sinh


[
3, 9303 · 10−10 · ln λ · vr

DR
· exp

(
22396

273, 15 + T

)]0,2967


(14)
Based on the proposed mathematical model for calcula-
tion of the extrusion force in extraction of semi-products
made of aluminium alloy EN AW–2014, the calculations
of the following technological constants were made:

– friction coefficient f = 0,20
– extrusion efficiency ηF = 0,40
– chamber diameter DR = 160, 200, and 250 mm
Fig. 1 shows the comparison of the influence of

the extrusion temperature on the extrusion force in the
dependence on the extrusion ratio, while the chamber
diameter is the parameter. The temperature significantly
influences the maximum required installed force of the
extrusion press.

Fig. 1. The influence of the extrusion temperature on the extrusion
force

Fig. 2. The influence of the plunger rate on the required extrusion
force

The influence of the extrusion rate (plunger rate) on
the required extrusion force is shown in Fig. 2. Particular
technological parameters for which the visualization of
the extrusion force was made are always shown in the
respective graph. The output rate of the extruded piece
from the die is described by the following equation:

vv = λ · vr (15)

where: vv– output rate of the extruded piece from the die
[m·s−1]

λ – extrusion ratio [-]
vr– plunger rate [m·s−1]

Fig. 3. The influence of the billet length on the extrusion force

The extrusion force is also significantly influenced
by the billet length, see Fig. 3. Here it should be noted
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that the billet diameter must be less than the chamber
diameter. In the technological practice billet diameter is
determined from chamber diameter after the following
equation:

DB = DR − 5[mm] (16)

where: DB– billet diameter [mm]
DR– chamber diameter [mm]
The above-mentioned difference between the cham-

ber diameter and the billet diameter, 5 mm, will ensure
that even after heating the billet to the extrusion temper-
ature it can be smoothly inserted into the chamber.

Fig. 4. The limit conditions for the extrusion force

The last pair of graphs, Fig. 4, indicates the limit
conditions that can occur during extrusion. The mini-
mum extrusion force Fmin is achieved at the higher extru-
sion temperature T=450◦C, the plunger rate vr=1 mm/s,
and the billet length L=300 mm. The upper limit of the
extrusion force Fmax is determined under the following
conditions: extrusion temperature T=350◦C, plunger rate
vr=10 mm/s, and billet length L=800 mm. It results from
the two model cases that the ratio of Fmax/Fmin ratio is
>2.5.

4. Conclusion

The aim of the paper was to create a mathematical
model to describe the yield stress and then to calculate
the extrusion force for hot extrusion of aluminium al-
loy EN AW–2014. For the determination of the yield
stress, an experiment was made, which was based on
the mechanoplastic torsion test. For the results of the
mechanoplastic torsion test, material constants of alu-
minium alloy EN AW-2014 were calculated and intro-
duced into the equation (9), while the resulting equation

describing the calculation of the yield stress got the fol-
lowing form:

σP = 19, 23 · arg sinh
[

ε̇st

1, 5266 · 1010 exp
(

22396
273, 15 + T

)]0,2967


(17)

The equation describing the calculation of the extrusion
force based on σp is expressed in the following form:

F = 15, 103
D2

R

ηF
·
(
ln λ + 4 f

L
DR

)
· arg sinh


[
3, 9303 · 10−10 · ln λ · vr

DR
· exp

(
22396

273, 15 + T

)]0,2967


(18)
The calculation of the extrusion force was made for
particular operating conditions (T=350-450◦C, vr= 1-10
mm/s, L = 300-800 mm), which resulted in graphs rep-
resenting F = f (DR, λ, T, vr , L).

The above-described mathematical equations (12,
14) make it possible, based on experimental results from
the precise mechanoplastic torsion test, to calculate the
extrusion force for changing operating conditions, or to
assess the possibilities of using the press from the view-
point of achieving the nominal force, as well as in de-
signing new extrusion equipment.

Acknowledgements

The authors would like to thank the bilateral project
SK-PL-0011-09.

REFERENCES

[1] K. L a u e, H. S t e n g e r, Strangpressen,
Verfaren-Maschinen-Werkzeuge, Düsseldorf:
Aluminium-Verlag GmbH, 396 p., ISBN 3-87017-103-0,
(1976).
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l i s t a, J. B i d u l s k á, Journal of Materials Science,
38, 81-88, (2003).
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