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Abstract

In this paper, slab method of analysis has been applied to calculate the drawing force necessary to carry out a
drawing process of sguare twisted rod from round bar. Because of the complexity of the metal flow inside the
die, analysing the real process is complicated. In this study, the idea is to analyze the equivalent axisymmetric
process instead of complicated real process. In equivalent process, in each position on the die axis,
perpendicular cross sections on the actual die and the equivalent die have the same area. The obtained
analytical results were compared with the experimental results were done for steels and copper alloys rods in
diameters of 10, 8 and 6 mm to twisted sguare section rods with sides of 8, 6 and 5 mm, respectively.
Comparison of the experimental and theoretical drawing forces showed an acceptable agreement.
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Nomenclature

dx element thickness

F, drawing force

k yield shear stress of the workpietaterial
m shear friction fact@< m<1)

R, equivalent radius in exit of the die

R, bar initial radius

A helix angle of the die

o, flow stress of the workpiece matieria

stress component along axial and radralctions, respectively.

1. Introduction

Twisted square section rods are used in manufagttnwisted nails with square cross section.
Twisted nails guarantee better quality of jointsrkirng under cycling loads comparing to the
nails made from the round wire [1]. Drawing througk rotating dies is a simple method for
manufacturing twisted rods. In this process, likgeo metal forming processes, notification of
drawing force is important. Estimating the requidrdwing force is essential for designing
the die and selecting the machine with enough dgpathe process of drawing through
conical dies was analysed by Avitzur using the ufgoeind method [2]. He analysed drawing
process by assuming a spherical velocity fieldhe zone of plastic deformation. Juneja and
Prakash [3] derived an upper bound solution touebdrrod with a polygonal cross-section
through straight converging dies, by utilizing ehepcal velocity field with a cylindrical
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surface of velocity discontinuity. Basily [4] anad the process of drawing of circular wires
to square ones. He calculated drawing force by mgdhe deformation zone and defining of
a spherical velocity field for each node, and iyablved the whole geometry of deformation
by use of a computer program. Gunaserka and Hogbinaccomplished the upper bound
solution in order to analyse drawing and extrusibrcircular bars to square section rods
through converging dies which were formed by stralmes. In a related investigation, Boer
and Webster [6] obtained an upper bound solutiairaav square sections from a round billet.
Knap [1] described the process and the circumstantehe material deformation in the
process of drawing circular wire to twisted squseetion rod. Ma et al. [7, 8] analysed the
process of forward extrusion through rotating diggoretically and experimentally. They
provided required torque for rotating the die fram external source and also supposed that
the angular velocity of the material inside the changes with a power relation with radius of
each position in proportion to apex of virtual aoof the die. Haghighat et al. [9] estimated
the drawing force in drawing of twisted square isectod from round bar by using upper
bound technique. It is inevitable that an upperrnabsolution overestimates the loads. On the
other hand, slab method of analysis solution furetgally underestimates the required loads.
Consequently, a combination of both solutions isirdéle to predict the drawing forces
within close limits.

In this study, slab method of analysis based orethevalent curved die, was utilized for
estimating the required force in drawing a circllar to a twisted square section rod. Some
drawing experiments were performed and measuremegowere compared with theoretical
drawing forces.

2. Description of the process

This process of drawing of twisted square sectazhfrom round bar is shown in Fig. 1. The
working surface of the die has a shape which alldtvesdeformation of the round bar into
square rod and twisting it, simultaneously. In ortte obtain gradual shaping of the cross
section during the decrease of its area, the wgrkurface of the die is inclined under a
constant angle to the die axis. Due to the existasfcthe helix anglé inside the die, the
friction force,F, , acting on the material has two components as shoWwig. 1.

Fig. 1. Drawing process of a circular round baa twisted square section rod.

The friction force circumferential componeift, sinA, causes that die starts to rotate when
the drawing process starts.
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3. Slab method of analysis

The slab method of analysis was developed by S[@bgl Karman [11], and Sachs [12]. This
method usually underestimates the forming load®lued because it neglects redundant
inhomogeneous material deformation. It is an appnate method used for analyzing plastic
flow problems. In this method, a slab of elememtalifferential thickness is first selected
from the deforming material on the planes of whimbth normal and shear stresses are
assumed to act. It is assumed that principal gseds not vary over the thickness represented
by these planes. Based on the assumed stresdulisin, a force balance on the elemental
slab is made and the resulting differential equetiof equilibrium are solved with the
appropriate assumptions of yield or flow criteraomd the stress boundary conditions.

Because of the complexity of the metal flow insithe die, analysing the real process is
complicated. In this study, the idea is to analymeequivalent axisymmetric process instead
of complicated real process. In equivalent processgach position on the die axis,
perpendicular cross sections on the actual dietlam@quivalent die have the same area. The
profile of equivalent axisymmetric curved die igm in Fig. 2. In this figure, circular bar
with initial radiusR,is drawn through the axisymmetric curved die asdaidius is reduced

toR; .

(b)

Fig. 2. Equivalent axisymmetric curved die andgg®metric parameters.

The state of stress (based on the cylindrical dinate system) at a small element as shown
in Fig. 2a is assumed. The material deforming &1de be shearing between the die-material
interface, thus a shear stress of magnittkleyas assumed to act at at the die-material
interface, wheranis the shear friction fact@d < m<1)andkis the yield shear stress of the

workpiece material and for Von-Mises' matefiaF o, /\/§) whereo, is the flow stress of

the workpiece material. Then, by resolving the masiforces due to the stresses acting on the
slab element along the x-direction and for the ldguum,
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o (r +dr)? - mr¥(o, +do, )+ [Zm ijmksinﬂ cosa
cosa

1)
dx .

+| 2rmr —— |psina =0
cosa

wherex, dx, etc. are as shown in Fig. 2a ands stress component along axial direction.
Neglecting the higher-order small quantities amajdifying, we have

djx +g[mksin/l + ptana + o, tana] =0 2)
X T

Next, considering the force equilibrium in the @ddirection (as shown in Fig. 2b) and
neglecting the higher-order small quantities andpéifying, the following relationship is
obtained

-0, (27 )dx + p[Zm X jcosa—mksin/](Zm

X jsina =0 3)
cosa

cosa

whereo, , g, are stress components along radial and circumfateltections, respectively
anddr = dxtana .Neglecting the higher-order small quantities aintptifying, the following
relationship is obtained

-0, + p-mksinAtana =0 (4)

Applying the appropriate yield criteriong, — o, =0, =2kyields an expression for, as
follows

o, =0,-0, (5)
By placingo, from Eq. (5) into Eqg. (4), we have
p=-0,+0, +mksinAtana (6)

Substituting Eq. (6) into Eqg. (2), the variationcgfwith the distancais obtained as a
differential equation in the following form

do, Z[mksin/]
ax r

- + (20, + 0, )tana} =0 (7)
cos a

To obtain a solution to the above equation, thendawy conditiowr, = @&t x=0 must be
satisfied.
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4. Experiments and discussion

In order to verify the theoretical results, expeants using three real rods used as industrial
rods have been performed. The materials for theraxents were St 33 and copper and the
same as materials used for theoretical study. Tiesss-strain curves of the materials, St33

and copper, were obtained using tensile test aeg #re shown inFig. 3 and Fig. 4,
respectively. The chemical compositions of St 88 eopper are shown ifable 1 and Table

2, respectively..

The drawing speed was 1 mm/s. The initial round lvegre 6 mm (Case 1), 8 mm (Case Il)
and 10 mm (Case lll) in diameters. They are drawtwisted square section rods with sides
of 5, 6 and 8 mm, respectively. The material ofndng dies were tungsten carbide with the
helix angles of 83°, 80° and 77° and their lengtlese 7, 7 and 10 mm, respectively. Drawing

process was operated without lubricant.
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Fig. 3.True stress—strain curve for St 33.
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Fig. 4.True stress—strain curve for copper.

Table 1. Chemical compositions of St 33 bars.

C Si Mn P S Cr Mo Ni Al Co
0.09 0.05 0.41| 0.024 0.022 0.0 0.002 0.01 0.p020030
Cu Nb Ti \Y W Sn As Fe
0.05 | 0.005| 0.002 0.002 0.02 0.005 0.002 Base
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Table 2. Chemical compositions of copper bars.

Zn Pb Sn P Mn Fe Ni Si Al S
0.01 0.02 0.01| 0.007 0.002 0.005 0.02 0.006 0.0140030
Ag Co Cu
0.005| 0.01 99.5

The results of the experiments, measured drawinge$o for these three cases of St 33 and

copper rods are shown in Fig. 5 and Fig. 6, respeygt

The results of theoretical and experimental datadfawing forces are compared in Table 3
and Table 4. These tables show that the approxitramelytical forces are lower than the
experimental measured forces. There are two redsorisis matter. The first one is because
of using the equivalent die and the second is dubé nature of the slab method of analysis
in which the force is under estimated. It only tkmto account the homogeneous
deformation of the material.
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Fig. 5. Experimental drawing forces for three casfeSt 33.

-
— A
é 465 ,\/’\'N\,‘ N\Mv‘_ \j’—r\— d\
Q
o
L
2
= 315
2
o
a 2
22 5
13
90(
4 1
40 0 120 160 200
Stroke (mm)
(a) Case |
651
2 58 ALTTTINNAN An e A
= v R *av¥) %4 %) i aad LA
g (\Af
o 520
2
= 45
2
Y
D 29
32
6
1950
1 a8
B I
o
40 0 120 160 200

Stroke (mm)

(b) Case I



Drawing force (N)

<
N
'
~——
©

4500

3001

1501

1
50 100 150 200 250

Stroke (mm)

(c) Case lli

Fig. 6. Experimental drawing forces for three cadesopper.

Table 3. Analytical and theoretical drawing foréeisthree cases of steel.

Case| Analytical drawing force Experimental drawing force
No. (kN) (kN)
I 8.03 9.6
I 12.97 15
11 18.8 22.6

Table 4. Analytical and theoretical drawing foréeisthree cases of copper.

Case| Analytical drawing force Experimental drawing force
No. (KN) (kN)
I 3.68 4.14
I 4.97 5.85
1] 10.66 12.6

6. Conclusions

In the process of drawing of twisted square seatamhfrom circular bar, the drawing force
was estimated based on an equivalent axisymmeitrnied die by utilizing the slab method of
analysis. In order to verify the possibility of thpplication of theoretical results by using the
slab method of analysis, experiments of the shapading for three real industrial products
were performed and the results were in acceptajpement with theoretical results.

Slab method of analysis is very easy to apply amesdot require big calculations, but slab
method underestimates the extrusion load valuetry ©ut the process, since it only takes
into account the homogeneous deformation of thenadt

7. References

[1] Knap, F., Drawing of square twisted wirg,of Mater. Process. Technol., 60, 167-170,
1996.

[2] Avitzur, B., Metal Forming: Processes and Analysis, McGraw-Hill, New York, 1968.

20



[3] Juneja BL, Prakash R (1975) An analysis fomdng and extrusion of polygonal section.
Int. J. Mach. Tool. Des. Res. 15:1-30.

[4] Basily, B.B., Sansome, D.H., Some theoreticahsideration for the direct drawing of
section rod from round bamt. J. of Mech. Sci., 18, 201-208, 1976.

[5] Gunasekera, J.S., Hoshino, S., Analysis ofusxtm or drawing of polygonal sections
through straightly converging diek,Eng. Ind. Trans ASME, 104, 38-45, 1982.

[6] Boer CR, Webster WD, Direct upper-bound solatiand finite element approach to
round-to square drawing. Eng. Ind. 107, 254-260, 1985.

[7] Ma, X., Barnett, M.R., and Kim, Y.H., Forwardteusion through steadily rotating conical
dies. Part Il: theoretical analyslsit. J. of Mech. <ci., 46, 465489, 2004.

[8] Ma, X., Barnett, M.R., and Kim, Y.H., Forwardteusion through steadily rotating conical
dies. Part I: experimentbit. J. of Mech. Sci., 46, 449— 464, 2004.

[9] Haghighat H., Allahveisi, Akhavan A., Estimati@f drawing force in drawing of twisted
square section rod from round bdnternational Journal of Engineering and Applied
Mechanic (ljeas), Accepted for publication, 2010.

[10] Siebel, E., Der derzeitiger stand der erkessmi uber die, mechanischen beim
drahtziehenStahl und Eisen, 171-180, 1947.

[11] Karman, V., "Contribution to the theory of liab," Zeitschrift fuer Angewandte
Mathematik und Mechanik, Vol. 5, pp.139-141 (in @an), (1925).

[12] Sachs, G., On the theory of the tensile téatschrift fuer Angewandte Mathematik und
Mechanik, 7, 235-6, 1927 (in German).

21



