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Abstract

Wire drawing, has received a wide range of applications in the
production. A wide number of cable applications demand that the cable
survive high tensile loading. This works entails experimental and theoretical
investigation of tensile stress distribution during aluminium wire drawing.
The initial Aluminium rod used in this work was, 9.50mm with density of
2700kg/m* , young’s modulus of (7x10'°Pa), Poisson’s ratio (0.33), Yield
stress in simple tension (21.7 x 10°Pa), which was later drawn to different
diameter as required and tensile testing was carried out on each required
diameter.
In this work, tensile stress distribution in the drawing process is determined
via experimental and analytical method. A free body equilibrium method is
used to obtain the equations that dictate the drawing phenomenon. The result
obtained by experiment is compared with improved model and also with
other solutions found in the literature about these themes, particularly, with
Rogas solutions in slab method case. There is high degree of similarity
between the result obtained experimentally and the simulation of improved
model but there is a wide gap when compared experimental result with
simulation of classical slab method. Thus, the result of the study will be of
great benefit to industries that make use of aluminium wire as electrical
wiring, cables, spokes for wheels, stringed musical instruments, paper clips
and tension-loaded structural components and also automotive sector. This
will help them determining the extent of tensile loading that the aluminium
wires their working on can withstand before failure can occur.

Keywords: Wire drawing; Classical Slab Method; Tensile Stress;
Aluminium; Improved Method
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Introduction

Aluminium wire is a type of wiring used in houses, power grids, and
airplanes. Aluminium wires have been used mainly in overhead power lines
and automobile battery cables, where the cross-section area of the conductor
is large to support high current. Both tensile strength and electrical
conductivity are required for automobile aluminium wires in which the
former is the centre of discussion. Wires are used to bear mechanical loads
and to carry electrical energy and/or communications signals. Wire has many
uses. It forms the raw material of many important manufactures, such as the
wire-net industry, wire-cloth making and wire-rope spinning, in which it
occupies a place analogous to a textile fibre. Wire-cloth of all degrees of
strength and fineness of mesh is used for sifting and screening machinery,
for draining paper pulp, for window screens, and for many other purposes.
Vast quantities of aluminium, copper, nickel and steel wire are employed for
telephone and data wires and cables, and as conductors in electric power
transmission, and heating. It is in no less demand for fencing, and much is
consumed in the construction of suspension bridges, and cages, etc. In the
manufacture of stringed musical instruments and scientific instruments wire
is again largely used. Among its other sources of consumption it is sufficient
to mention pin and hair-pin making, the needle and fish-hook industries, nail,
peg and rivet making, and carding machinery; indeed there are few industries
into which it does not enter.

Wiredrawing Process

Drawing process is one of the most used metal forming process
within the industrial field and, particularly, in automotive and electric
sectors. The process consists of reducing or changing the cross-section of
pieces such as wires, rods, bars or plates, making pass them through a die by
means of a pulling force (Rubio et al., 2005).

The wiredrawing is a plastic metal forming process, generally
performed at cold working conditions, in which a suitably clean and
lubricant coated wire is pulled through a die, which is a rigid tool with wear
resistant surface. The longitudinal section of the die reduction region is
shown in figure 1.

Fig 1: Scheme of the wiredrawing process.

87


http://en.wikipedia.org/wiki/Wire
http://en.wikipedia.org/wiki/House
http://en.wikipedia.org/wiki/Airplanes
http://www.wordiq.com/definition/Load
http://www.wordiq.com/definition/Rope
http://www.wordiq.com/definition/Textile
http://www.wordiq.com/definition/Cloth
http://www.wordiq.com/definition/Paper
http://www.wordiq.com/definition/Aluminium
http://www.wordiq.com/definition/Copper
http://www.wordiq.com/definition/Nickel
http://www.wordiq.com/definition/Steel

This process is a complex interaction of many parameters (Kabayama
and Taguchi, 2009) defined by:

1. Lubricant (friction coefficient, viscosity, surface treatment

2. Wire properties (yield stress, elastic modulus, strain rate, strain
hardening)

3. Die geometry (reduction angle, bearing region length, reduction area,

and material).

The above mentioned parameters control the material deformation
during the wiredrawing process, and consequently, the stress distribution
through the cross section of the drawn wire. With the correct parameter
control, increased productivity and die life expectancy, as well as the wire
breaking reduction will take place throughout the process. The parameter
control also defines the wire properties such as good torsion resistance,
tensile strength and rupture resistance (Shemenski, 1999).

The main variables involved in this drawing process comprise the die
angle o, the cross-section A, the friction coefficient, , the area reduction r,
and the yield tension, oy (see Fig. 2.1). It differs from other plastic forming
processes primarily in that the traction tension applied to the working
material is limited, and that the maximum tension allowed on the material
section during drawing is equal to the yield tension.

The drawing process is characterised by two factors: a limit on the
reduction that occurs during drawing; consumption of a fraction of the
process potential by the frictional forces between the die wall and the
material (Rogas 2008).
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Fig. 2 — Axisymmetric die and wire (not to scale).

Die

Several studies about wire drawing processes have been carried out.
(Rogas et al., 2008) studied a new analytical solution for prediction of
forward tension in the drawing process, in their studies results obtained from
different simulations are reported, and validated against different analytical,
numerical and experimental solutions. Specifically, the new solution (the
third approximation of the yield criterion) is compared with the classical slab
method (the first approximation), the second approximation, and the finite
element method (FEM). Lastly, the model results are compared with
experimental data reported by Wistreich (1958).
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(Vega et al., 2009) have studied the effect of the process variables
such as semi die angle and reduction in area, and the coefficient of friction
on the drawing force value. Their results clearly indicate that friction has
significant effects on the drawing force which decrease with the decrease of
area reduction. The optimum die angle for wire drawing is assumed to be
obtained when the plastic strain distribution across the diameter of the wire
becomes uniform.

In recent past, some researchers had worked in similar field;
(Leonardo et al, 2008) worked on the influence of die geometry on stress
distribution by experimental and FEM simulation on electrolytic copper
wiredrawing. In their work, annealed electrolytic copper wire (ETP), with
0.5 mm original diameter was reduced by 19% in dies with 23 = 10° and 18°
and Hc = 35 and 50%. He then studied best his experimental results by the
Finite Element Method to simulate residual stress distribution. The
experimental results show that the friction coefficient decreases as the wire
drawing speed increases, and that low 23 and Hc values bring about the most
favourable wiredrawing conditions. The simulation shows a variation in the
axial and radial tensions, both for the compression and traction stresses on all
regions during the wire drawing process. In conclusion, the influence of the
internal die geometry on the drawn wire is clarified.

Cem, (2012), worked on the influences of some process parameters
on cold working of ferrous wires. His experimental results shown that the
tensile and torsion strength increase when reduction (deformation) ratio are
increased. High reduction ratio causes maximum tensile strength and twist
number (torsion strength) because of work (strain) hardening.

Another researcher, Rubio et al, (2005) worked on Calculation of the
forward tension in drawing processes. Slab method and finite element
method were being applied to calculate the drawing force necessary to carry
out a wire and a plate drawing process. In their work, the main types of the
drawing process has been analysed by means of the slab method and the
finite element method. The obtained solutions have been tested with other
ones found in the literature about this theme. Concretely, in the wire drawing
case, with the experimental results given by (Wistreich, 1995) and, in the
plate drawing case, with the empirical ones proposed by (Green and Hill,
1959) and with the obtained applying by the UBT. The solutions comparison
confirms that FEM is a method more accurate than SM because they
obtained results with it are nearer to the real results. FEM provides very
intuitive simulations in which can be seen the forward tension not only at the
die exit but in the deformation zone as well. However, FEM needs more
calculation resources and good code knowledge by the users.
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Materials, methods and model development
Material composition
A spark test analysis was carried out on the Aluminium sample to

know its composition
Table 1: Aluminium Spectrometer analysis
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The aluminium rods were obtained as 9.50mm and were made ready
to be tested. A test run was conducted to test the operating performance
before conducting this actual test. Samples of the length required by standard
which is 200mm (20cm) were cut from already drawn aluminium wire rod.
Different diameters of sizes 1.70, 2.10, 2.50, 2.65, 3.10, 3.25, 3.40, 3.78,
4.00, and 4.40 all in mm were cut and measured with the aid of micrometer

screw gauge.
Table 2 : Properties of the aluminium used in the process

Density, p 2700kg/m’
Young’s modulus, E 7 X 10'°Pq
Poisson’s ratio, v 0.33
Yield stress in simple tension, Y 21.7 X 10°Pa
Plane strain yield stress, S= 2K 1.155Y

Mathematical modelling of tensile stress distribution
Theoretical Background

A wire of initial diameter D, is drawn (pulled) through a conical
portion of a die. While passing through the die, the wire deforms plastically
and decreases in diameter. Frictional forces act between the wire metal and
the rough die which aid the drawing process.

Model Development

Consider the drawing of wire as shown in figure 3, a slug of metal
bonded by conical surface of the die and by two transverse surfaces normal
to the axis of symmetry. One surface is at a distance x from the apex O of the
die, and the other is at an additional incremental distance dx. The Stress o,
over the transverse surface is assumed to be uniformly distributed tensile.

It is normal to the surface with no shear component. For the
incremental distance dx the stress varies by the amount do,. Over the
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surface in contact with the conical die, a pressure, p is assumed normal to the
surface and a friction drag
T parallel to the surface.

77, Friction
Die//

O Y i e P — G, + dx

dx
>l |« X >

Fig. 3: Model of the plastically deforming
zone for wire drawing

In obtaining the drawing process model, further assumptions are made

1. The friction at the die-material interface

1 obeys the Coulomb’s law of sliding friction i.e the dynamic friction
coefficient is constant

2 Cylindrical symmetry prevails

3 The die angle is small

4 The die is a rigid body and the drawing material is a rigid-plastic
material

5 The average stresses is uniformly distributed within the element
6 The plastic deformation is Plane Strain.
7 The material flows into and out of the system horizontally i.e one-

dimensional flow system prevails.
Equilibrium equations for symmetric and axisymmetric dies

To predict the drawing stress distribution, consider the free-body
diagram of the material element shown in fig. 4.
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Fig. 4: Material element

(i) The component of the normal pressure of the die in the x-
direction is

gx
Psina- 255w R(x)d = Ptana R(x)do

Ptana-R(x)d8
Fig.5: Stress state for infinitesimal triangular element

Projection of the Pressure forces on the die surface
foznPtanaR(x)dH = PnRtana = PnRdR (1)
Where (a) = die angle

(i)  The component of the frictional stress 7 in the x direction is
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Fig. 6: Frictional stress for infinitesimal triangular element

Also, taking the integral of the frictional stress in the x direction
j-OZTt udeR(x)dG — UPTRdX _ UPTRAR (2)

2 2tana

Balancing the forces, Equilibrium equation in the x direction will be

doy m[R(x)]? _ n_Rg_ dR  , puPTRdR _
(Ux + dx) 4 Ox 4 2PT[R(X) 2 2 2tana =0 (3

Collect the like terms by multiplying through by 4 tana
[O'XRZ x) + %Rz x) — O'XR%] tana — 4PR(x)tanadR — 4puPR(x)dR = 0
(4)

In this equation above, the shear stress resulting from the frictional
between the die and the material is considered to be equal to tje product of
the dynamic friction coefficient u and the pressure p.

Dividing through by R%(x)

2
[Gx + % — Oy (&) ]tanoc _ 2 [tana + u]dR =0 (5)

Ry R(x)
But
2 2

R(x) = Ry — xtana = (?) = (1 + x;‘(l:)a) Q)

_ (Ro\? _ xdR \? .

a (R_x) - (1_ R(x)dx) (“)
Substituting equation (ii) into equation (5)

Which gives
doy n dR(x) _
T @[x ax —P[tana+ ﬂ]]—O(G
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Where the Constant n allows generalization of the equations for
balancing forces

n=1 for the problem of symmetric plane deformation

n=2 for the problem of axisymmetric plane deformation
Using the dimensionless parametersX of position x

nxtana XRO(M)
EREE T e
And

For conical dies, the contact zone between the die and the material
has its slope defined by

dR
— = —tana
dx 4 4 )
0 — 1
do A
a ( 0 [—axtana — P[tana + ,u]] =0....7
dX (1 - R—tana) tana
0
Substituting equation (iii) into egn (7)
Apg— A1
dox ( Ag )

[—oxtana — P[tana + p]] =0 (8)

+
d Ag— A
* (1—%)tana

Ao
Then
doy, B
— [Gxtana + P[tana + ,u]] =0..9
ax < - 'BTX) tana

To solve equation (9), we need a function that relates the pressure P
to the drawing Stress

CASE 1A: Assuming a linear relationship between P and o,
P = A—-Bo,

dox
X —(1_ g [Gxtana + (A — Boy)[tana + ll]]

(10)
With the boundary condition X =0, o, =0
The above equation is of the form

d
2t P = QW)

dx ﬁ(l B)tana— uB]
AB(tana+ p) [1 _ (1 BX) ﬁ tana l

tana

xX=

(11)
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Therefore, equation (11) is the improved model

Case 1B:
Following Rogas et al (2008)
1) Using the classical slab method

P =2k — o,
Then A=2k, B=1
So,
o = 2kp(tana+ w) 1— (1 _ EX)Btal:ux 12
X tana n

Therefore, equation 11 and 12 are improved model and classic slab method
model respectively.

Results and discussion

Table 3 shows the experimental results obtained from the tensile
stress test for different sizes for unstranded wire drawing. The initial
diameter of the wire rod was 9.50mm (9.50x10°m). The tensile strength was
conducted for the unstranded wire drawing to determine the variation in the

tensile strength.
Table 3: Tensile Strength values for un-stranded wire drawing
Do= 9.50mm = 9.50 x 10°m,
f =8, 22a=12", a=6

SIN Di(mm) Fm (N) A (Mm% 10° F N D?
6 o=—(— 1- L

A "m? D2

1 1.70 427.90 2.27 188.50 0.9680
2 2.10 626.50 3.46 181.07 0.9511
3 2.50 864.10 4.91 176.11 0.9310
4 2.65 959.50 5.52 173.82 0.9222
5 3.10 1258.80 7.55 166.73 0.8940
6 3.25 1370.90 8.30 165.17 0.8830
7 3.40 1496.00 9.08 164.00 0.8720
8 3.78 1820.00 11.22 162.20 0.8417
9 4.00 2030.00 12.57 161.50 0.8227
10 4.40 2433.60 15.21 160.00 0.7855

Table 3 show the Tensile strength values for unstranded wire
drawing. It was observed that the tensile stress decreases as diameters
increase in size. At the same time, as the diameter increases the breaking
load (force) requires deforming it also increases. It is also evidence in the
table that, decrease in stress also lead to decrease in reduction area i.e the
higher the reduction area, the higher the stress.
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The effect of tensile strength on reduction ratio of the experimental
result is as shown in fig 7; the graph reveals that increase in reduction ratio
(deformation) leads to increase in tensile strength and vice-versa. The tensile
strength is slightly directly proportional to reduction (deformation) ratio.
This was as proposed by Cem (2012) and Narayanan, et al. (2010). High
reduction ratio causes maximum tensile strength. It is also evidence from the
graph that there is sporadic increase in tensile strength from 166.73 to
188.50MPa when the reduction ratios increase from 0.8940 to 0.9680.

190

Tensile Strength (MPa)
I
]
o

165

///

160
078 08 082 084 086 08 09 092 094 09 0.98
Reduction ratio

Fig 7: Effect of tensile strength on reduction ratio

Fig 8, shows the dimensionless drawing tension, for symmetric
geometry (n=1), a reduction r of 0.2, and a friction coefficient u equal to
0.15. Compare with the fig 9 where the coefficient of friction is 0.10 with the
maximum tensile stress of 11MPa, 0.11 with the maximum tensile stress of
12.2MPa, 0.12 with the maximum tensile stress of 13.8MPa, and in this
figd.4 , where the coefficient of friction has increased to 0.15, leads to
maximum tensile stress of 17.0MPa. It therefore shows that slight increase in
friction coefficient will invariably increase the tensile stress during
aluminium wire drawing. This also was in agreement of the report of Rubio
et al. (2005) when comparing the FEM solution with Slab method.

14 M

Tensile Strength (MPa)
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Dimensionless length

Fig 8: Dimensionless drawing tension for symmetric plane deformation
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Fig 9 shows the effect of tensile strength on dimensionless length for
symmetric plane deformation at  different Coefficient of friction, for
symmetric geometry (n=1), a reduction r of 0.2, and a friction coefficient u
equal to 0.10, 0.11 and 0.12. The graph reveals that increase in friction for
symmetric plane deformation leads to increase tensile stress of the material.
i.e the higher the friction during drawing the higher the tensile stress of the
material. It is evidence from the graph that where the coefficient of friction is
0.10 the maximum tensile stress is 11MPa, 0.11 the maximum tensile stress
is 12.2MPa, and 0.12 the maximum tensile stress is 13.8MPa.

This can be further explain that during wire drawing, friction must be
reduced to minimum because the more the fiction generated during wire
drawing the more the induced tensile stress, this was confirmed by the report
of Rogas et al. (2008) using finite element method (FEM) and work
proposed by (Rubio et al., 2005) when comparing FEM result with Slab
methods of Coulomb friction value equal to 0.10 and 0.20.
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Fig 9: Effect of tensile strength on dimensionless length for symmetric plane
Deformation at different coefficient of friction

Comparison of the Experimental result and the simulation of slab
method is as shown in the fig 10. From the graph, one can infer that
experimental result and simulated classical slab method are not so close but
they all seem to take the same pattern. Both Experimental and simulated
classical slab method took the same pattern. Both predict that the higher
the reduction ratio the higher the tensile stress; and the lower the reduction
ratio, the lower the tensile stress of the material. The graph also shows that
there is a wide margin in terms of prediction when compare experimental
result with classical slab model. This was also supported when compare the
Finite element method, Slab method by Rubio et al. (2005). In their report
FEM and Wistreich’s experimental solutions are bigger than SM ones.
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Fig 10: Comparison of the Experimental result and the simulation of slab method

Fig.11 shows the comparison of the effect of half conical angle on
the tensile strength for symmetric and axisymmetric plane deformation.
From the graph, for both symmetric and axisymmetric, as the half conical
angle reduces to minimum, the tensile stress increases to the highest. It can
be seen from the graph that, the optimal semi conical angle is 6°. At this
point, the symmetric and axisymmetric begins to part against 8° used during
the experiment. Semi conical angle must not be too small and must not be
too large. It must be moderate for both symmetric and axisymmetric plane
deformation. This prediction was also in agreement with the proposed work
of Rogas et al. (2008) and the work of (Rubio et al., 2005). Minimum
drawing tension generally occurs between 3.5° and 14° (Avitzur, 1997). Also
Rubio et al. (2005) found that the minimum drawing tension lies within the
range of 8° — 14° The former can be thus used to determine the die angle
which minimizes the drawing tension, as the prediction in said range is good
as against the one found in this report which ranges from 8° to 18°.
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Fig 11: Comparison of the effect of Half Conical angle on the tensile strength for Symmetric
and axisymmetric plane deformation
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Fig 12 reveals the comparison of the effect of Half Conical angle on
tensile strength at coefficient of friction of 0.1 and 0.2. The graph reveals
that coefficient of friction play important role in tensile strength distribution
during wire drawing as well as semi conical angle. The graph shows that
increase in friction coulomb increases the tensile strength of aluminium
during wire drawing. Similarly, decrease in semi conical angle will increase
the tensile stress distribution during wire drawing. One can infer from the
graph that coulomb friction is directly proportional to tensile strength while
semi conical angle is inversely proportional to tensile strength. This was as
reported by Rubio et al. (2005) and Rogas et al. (2008).
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Fig 12: Comparison of the effect of Half Conical angle on tensile strength at coefficient of
friction of 0.1 and 0.2

Fig 13 reveals the comparison of experimental result with simulated
model results. In the graph, experimental result is being compared with
model classical slab method and improved model result. The graph reveals
that, the experimental curve and simulated improved model are very close,
they both follow the same trend. While model of classical slab method is far
away from them. This validates the experiment to predict tensile stress
distribution during aluminium wire drawing as both the experiment and
improved model agreed. The experiment and simulated improved model are
much closer than simulated classical slab method. Thus, the prediction with
improved model is better than that made by classical slab method when
compare with the experimental result. The experimental result, improved
model and classical slab method was in agreement with the report made by
Rubio et al. (2005), Rogas et al. (2008) and the experimental result of
Wistreich. As the experimental result and improved model results are much
closer in my research work, so also the FEM of Rubio and Wistreich
experiment are much closer but far away from the Slab method solution as
predicted.
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Fig 13: Comparison of Experimental Result with Model Simulation Results

Conclusion

Drawing process has been studied by means of different methods in
recent years as a result of its great important in the industrial sector. In this
work, the tensile strength distribution during aluminium wire drawing has
been studied experimentally and theoretically. The result obtained was
validated by the improved model and classical slab method. From the results
obtained and their discussions, the following conclusions were drawn from
the research carried out

Tensile Strength increases with decrease in the ratio of final diameter
to initial diameter

The experiment and models have shown that the tensile strength
increase when reduction (deformation) ratio are increased and vice-versa.
High reduction ratio causes maximum tensile strength; this also was as
predicted by Cem (2012) and Narayanan, et al. (2010).

The higher the diameter, the higher the breaking load (Force) needed
to fracture it and vice-versa

Increase in frictional coulomb increases the tensile strength during
drawing

For both symmetric and axisymmetric plane deformation, reduction
in half conical angle will lead to increase in tensile strength. It was also
revealed that half conical angle must not be too small or too large for optimal
production.
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