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Strain Hardening of Carbon Steel During Wire Drawing
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The Avitzur's limit analysis for the calculation of the drawing force in a wire drawing process is 
used to study the real behaviour of a carbon steel in an industrial case. The linear hardening assumption, 
used by Avitzur only for the first step, is extended to the whole process and tested against experimental 
data. The result shows that the predictions resulting from this extension are in good agreement with 
the experimental results and are, as rule, conservative.
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1. Introduction

Drawing is a cold metal forming technique widely used to 
obtain rods, pipes, and wires. It is used to manufacture parts 
with a fine microstructure which improves the mechanical 
properties of the product, such as its tensile strength. It is 
very useful to obtain products with small section.

The drawing force is a fundamental parameter for the 
optimization of the process and of the production costs. Various 
analytical models have been proposed for the foreseeing of 
the drawing force, but the one proposed by Avitzur, based 
on the limit analysis, is very effective because it accounts 
for the strain hardening effects on the material. In this paper 
the hypothesis of strain hardening used by Avitzur for the 
calculation of force in wire drawing is compared with the 
real behaviour of a carbon steel subjected to an industrial 
drawing process.

Fig.1 show a sketch of the die and of the workpiece. 
In regard to the model adopted in this paper, the factors 
involved during the process are:

1.	 reduction area; it can be evaluated with the Ri/Rf 
ratio between entrance and exit radius, or using the 
ratios (Ri/Rf)2 and (Ai-Af )/Ai;

2.	 semiconical angle of the die, α;
3.	 shear factor, m;
4.	 coefficient of friction, µ;
5.	 yield limit at uniaxial load, σ0;
6.	 wire stress at the exit of the die, σxf;
7.	 wire stress at the entrance of the die, σxb;
8.	 length of the land of the die, L;
9.	 initial and final radius of the wire, RiandRf ;
10.	 entrance and exit velocity of the wire, vi and vf, 

respectively.
Plastic work and friction at the workpiece-die interface 

generate the heat in cold wire drawing. The heat generated 
induces a temperature gradient, in both the workpiece and 
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Figure 1. Geometry of the rod and the die

the die, which influences thermal expansion, deformation 
pattern, and elastic recovery. The determination of the two 
shares of the drawing force, the one due to the plastic work 
and the one due to the friction, is very important to build 
predictive models of the drawing process. In particular, 
the forecast of the plastic work plays a fundamental role in 
consideration of the fact that the drawn material experiences 
work hardening along the various steps of the wire drawing, 
so that its yield strength is not constant.

The most interesting results, with regard to the calculation 
of drawing force, were obtained by Avitzur1,2, even if Siebel 
and Sach3 offered solutions still used in practice and in some 
theoretical formulation due to their easy implementation. On 
the other hand, the problem of the friction in wire drawing 
was addressed, among the others researchers, by Moon 
and Kim4 who, using procedures of inverse engineering, 
determined the friction and thermal conditions by comparing 
easy-to-measure variables with the computational results 
of the drawing power and the temperature distribution of 
the die. Dixit et al.5 studied the effect of the coefficient of 
friction at the interface on the quality of the drawn product 
and observed that a decrease in the coefficient of friction tends 
to make the product more homogeneous and consequently 
of higher quality. By measuring the temperature in the 
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deformation zone and the drawing force by changing the 
drawing velocity, Vega et al.6 confirmed from their experiment 
that the temperature and the drawing force were a function of 
the interface conditions. To calculate the friction coefficient 
many method had been proposed: for example, Leu7 used 
a model of plastic hemispherical contact against a rigid flat 
and described the deformed shape as the fractional profile 
of an ellipsoid, while Ajiboyeet al.8 performed an ANOVA 
analysis comparing two regression models to predict the 
shear friction factor at the punch interface. Similar models 
and experimental analyses are presented by Parida et al.17,18, 
Souza et al.13 and Andrade et al.14.

The principal aim of this paper is to compare the hypothesis 
of strain hardening used by Avitzur in the model proposed in1 
for the calculation of the force in wire drawing with the real 
behaviour of a carbon steel subjected to an industrial drawing 
process. In particular, the feasibility of the extension of the 
linear hardening hypothesis, used by Avitzur only in the first 
step of the wire drawing, to the whole process is analysed 
and tested against experimental data. This study can provide 
a simple and useful model to predict the drawing force and 
power in a multi-pass wire drawing process.

1.1 Calculation procedures

Avitzur used an approach that produced two solutions: 
the upper-bound solution gives, in regard of the predicted 
drawing power, a value greater or at least equal to the real 
one; the lower bound solution gives a value lower or at least 
equal to the real one.

Fig. 2 shows the cinematic field used in Avitzur's theory. 
He defined the cinematic field as spherical and considered the 
die as a rigid body. By choosing a kinematic field congruent 
with the boundary conditions, he was able to calculate the 
force needed for the drawing process. Two different models 
are adopted for the study of the friction9,10. The first one 
uses a constant shear factor; the second one is the classical 
Coulomb law. The present work makes reference only to the 
first model. Strain hardening modelling is fundamentalin the 
precise calculation of the drawing force. Avitzur's method 
assumes that the linear strain hardening follow the function:

					            (1)

Where S is Avitzur initial flow stress, β is the strain 
hardening coefficient and φ is the instantaneous effective 
strain expressed by:

					            (2)

where θ is the angle of the deforming fibre, see Fig. 2.
The solution of the integral yields the expression:

					            (3)

Under the hypothesis of linear strain hardening, the 
upper bound solution has the expression:

					            (4)

where A is given by:
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In the expression (5) F(a) is represented by:

					            (6)

while E(a) is given by:

					            (7)

Eq. (1) states that the central fibre (characterized by the 
angle θ equal to 0) has the following material characteristic 
curve:

					            (8)

Eq. (8) can also be written as :

					            (9)

The die semi-angle commonly employed in industrial 
practice are rather small, thus the strain-hardening effects 
in peripheral zone can be considered equal of those present 
in the core.

1.2 Experiments

A series of tensile tests for a 0.8 carbon steel wire in 
various steps of a complete drawing process were carried 
out, according to the industrial practise13,14,15. From the 
results of the tests it was possible to evaluate deformation 
and strain hardening effects on the mechanical characteristics 
of materials11,12,16. The drawing bench, where the wire was 
drawn, consists of ten steps. The initial diameter of the rod 
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Figure 2. Admissible cinematic field

is 7.00 mm and the final one is 2.26 mm, each die having 
at their end a cylindrical zone 1/3 of final diameter long.

The die semi-angle is 5°. Table 1 reports the entrance and 
the exit diameter for each of the ten steps. Table 2 reports 
the yield strength after each step.

Table 1. Entrance and exit diameter at each of the ten drawing steps.

  Entrance Diameter (mm) Exit diameter (mm)

Step I 7.00 6.04

Step II 6.04 5.25

Step III 5.25 4.58

Step IV 4.58 4.01

Step V 4.01 3.54

Step VI 3.54 3.13

Step VII 3.13 2.79

Step VIII 2.79 2.50

Step IX 2.50 2.36

Step X 2.36 2.26

Table 2. Yield strength after each step.

Ln(A0/A) 0.0 0.148 0.424 0.557 1.030 1.087 1.131

Yield 
strength 
(MPa)

630 900 1150 1250 1590 1630 1680

The rod material is a carbon steel (0.8% C), its raw tensile 
stress is 630 Mpa. After the drawing to the final diameter of 
2.26 mm, its measured tensile stress is 1600 MPa.

The preliminary operations, to which the rods are subject 
before the drawing process, are:

a.	 pickling in hydrochloric acid;
b.	 treatment using Bonder salt in hot water;
c.	 phosphatization at 80ºC;
d.	 dipping in a borax solution.
A zinc triphosphate layer is applied to guarantee a 

high lubricant adhesion. The first two dies of the process 
use calcium stearate as dry lubricant while the other eight 

use sodium stearate. The solid lubricants ensure boundary 
lubrication. The calcium stearate guarantees a good protection 
in spite of the oxide layer always present on the rod; the 
sodium stearate is more resistant at the high temperatures 
found during the later stages of the process.

2. Results and Discussion

Fig. 3 shows the σ-ε diagram for the starting (7.00 mm 
diameter) and the final (2.26 final diameter) geometry. It 
is evident that the strain-hardening caused by the drawing 
double the yield limit of the wire.

Figure 3. σ-ε diagram for 7 mm and 2.26 mm wire diameter

Fig. 4 reports the correlation, after six steps, between 
the yield limit at the end of each drawing step and the ratio 
between the actual and the starting area of the wire. Each point 
is the average over ten measures taken for each single step. 
When plotted on a semi-logarithmical scale the experimental 
points can be approximated with a straight line.

Using a linear fitting,it is possible to obtain the equation 
that best fits the experimental results:

					            (10)

The correlation coefficient of the adopted regression 
model (a measure of the capacity of the regression to fit 
the phenomenon, it has a limit value equal to 1) is 0.978. 
This result permits to state that the linear strain hardening 
hypothesis, adopted by Avitzur for a single step, is extensible 
to a multi-step drawing.

Further, the linear strain hardening parameters, S and β, 
are constant within all the steps of the examined drawing 
process, and they are equal to those found for the first step.

( . ) ln A
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Starting from this assumption,it is possible to evaluate 
the material characteristic parameters S and β needed to 
calculate the drawing force for each step. The knowledge 
of the drawing force and of the strain hardening properties 
allows the calculation of the friction coefficient. In this way, 
all process parameters can be calculated; in our condition, 
for example, the computed shear factor calculated using the 
Avitzur model is m= 0.1112,19.

In Fig. 5 the predicted drawing stress for a 0.8 carbon steel 
with a reduction area of 25% in function of the semiangleα 
is shown (friction factor m= 0.11 and length of the die equal 
to 1/3 of the final diameter) Fig. 6 show the drawing stress 
for the same material with m= 0.11 and α= 5° in function 
of the reduction area. In both casesAvitzur's formulation for 
strain hardening materials was used together with a second 
formulation that utilizes as yield limit an average value 
obtained using for each step the entrance and final tensile 
strength. The difference between the two is no more than 3%.

3. Conclusions

The experimental tests carried out were focused on 
evaluating if the model adopted by Avitzur for the strain 
hardening effects is useful in the industrial practice of wire 
drawing. The experimental data obtained are in good agreement 
with the theoretical model. It is proven that the characteristic 
parameters of the raw material can be utilized not only for a 
single step but also for the entire multi-step process. Indeed, 
the values of yield strength after each step vs. the logarithm 
of ratio between actual area and the starting area of wire 
converge to a straight line. As consequence of these tests it is 
shown the feasibility to predict the behaviour of an industrial 
multi-step process by testing the same process parameters 
in an experimental single-step setup and then extending 
the obtained results to the whole multi-step process. This 
should allow to reduce both the amount of test trials on the 
production line and to avoid teething troubles when some 
changes in the process are introduced.
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