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Abstract
The cold wiredrawing process constitutes a classical-tribological system in which a stationary tribe-element (die) is in con-
tact with a tribe-element in relative motion (wire) and both interacting with the interfacial tribe-element (lubricant). This 
condition is reflected in the effect of friction as a function of the drawing speed and temperature, and directly affects the 
wearing of the surface into the die and the final quality on the drawn wire. The aim of this work has been to determine the 
best conditions to process ETP-copper using two different types of oil/water emulsion lubricants. For this purpose, six differ-
ent die geometries have been proposed and a set of tests have been carried out at different speeds (between 1 and 21 m/s) to 
determine those combinations that give a lower value in the required drawing force (Fd). The experiments allowed to know 
the friction coefficient (µ), the temperature profile inside the drawing die and in the lubricant and also the mean roughness 
(Ra) in the drawn product. The results have shown that drawing speeds above 10 m/s significantly decrease the drawing 
force and, as a consequence, the friction effect on the interface. The best results have been achieved in the combinations of 
the lower die angle (2β = 14°) with drawing speeds between 17 and 18 m/s with both types of lubricants used, obtaining the 
lower values of the friction coefficient between µ = 0.10–0.15 with the lubricant type D (Agip S234-60 oil at 7% concentra-
tion). It has been found that those tests carried out with dies with a smaller approach angle have generally made it possible 
to obtain better qualities in the final product. Additionally, FEM simulations have been done to analyse those cases with the 
lower values of µ, throwing values of Fd that are consistent with those measured in the experimental setting and allowing to 
better understand the behavior of the material as it passes through the die.
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1 Introduction

In the production of metal wire by cold wiredrawing process 
the die angle (2β), the cross-sectional area reduction (r), 
the process speed (v), and the friction coefficient (µ) have 
a major influence over the required drawing force (Fd), and 
thus the lubrication regime is a key factor in the process. 
The process condition, mainly defined by these geometric 
and technological parameters, directly affects the wear of 
the drawing die, the mechanical properties of the drawn wire 
and its final quality depends on them.

In order to improve the wiredrawing process, the tribo-
logical system must be adequate to minimize the negative 
effects caused by the inherent wire/die metallic contact, and 
conditions for low friction must be achieved at the wire/die 
interface. For this purpose, lubricant coatings based on phos-
phates or stearates (dry wiredrawing) or soluble oil emul-
sions (wet drawing) are commonly used [1]. The internal 
die geometry, the wire material, and the drawing speed will 
determine which should be the characteristics of the most 
appropriate lubricant to be used for the process.

In the internal drawing die design, the approach angle 
(2β) characterizes the reduction zone as the most impor-
tant region in which the total reduction of the wire area 
occurs. The bearing length zone (Hc) into the die performs 
the final diameter size of the drawn wire and guarantees 
the final roundness, straightness and surface smoothness 
of the product [2]. The condition of the tribological system 
inside the die largely compromises all these characteristics 
in the final processed product but also depends directly 
on the geometric and technological parameters mentioned 
above.

The Fig. 1 describes a simple graphical representation of 
the main geometric variables in the wiredrawing process and 
the wiredrawing force (Fd) can be calculated as the product 
of drawing stress and the cross-sectional area of the drawn 
wire, Fd = �d ⋅ A.

Another widely studied aspect, concerning the geometric 
characterization and its influence on the tribological condi-
tion of the process, is delta form factor or relationship (Δ). 
This parameter characterizes the deformation of metal in the 
operating cone of the die (Eq. (1)) as a function of the reduc-
tion ratio and defines the relationship between the reduction 
(r) and the die semi-angle (β), consequently affecting the 
drawing force (Fd) and friction condition in the interface. 
The area of the cross section of the initial wire is noted as 
Ai while Af is the area of the cross section of the drawn wire 
(Eq. (2)). Also, the total contact length (L) is defined on the 
Eq. (3).

1.1  The role of friction in the wiredrawing process

In the wiredrawing process, the total work in a single pass 
can be decomposed in three components: the work required 
to homogeneously reduce the cross section of the wire (i), 
the inhomogeneous work consumed in changes of direction 
of the flow of deformed material the work to overcome (ii), 
and the friction effect at the interface (iii). These three com-
ponents constitute the total work that the drawing stress (σd) 
must save for the wire to pass through the die. The inhomo-
geneous additional work component is closely related with 
the die geometry, diminishing when the approach angle is 
lower. For a low area reduction, most of the energy is spent 
as friction work, and the redundant work is relatively low 
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Fig. 1  Geometric variables and 
the main zones in the wiredraw-
ing process
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when 2 < ∆ < 3 [3]. Under normal conditions, friction effect 
constitutes nearly 20% of loses while 12% is due to the addi-
tional-redundant work. Typically, a redundant work factor 
(ϕ) is defined as a function of the die geometry. However, 
the additional component of the drawing stress caused by 
redundant work is not only a function of the die geometry 
but also of the ductility of the drawn metal [4]. Although 
this component has been yet defined and included in the 
analytical model based on the slab method [5, 6], it must 
be noted that it is a complex factor that is determined as a 
consequence of the flow and internal dislocations that occur 
in the deformed material and that this model does not allow 
analysis. This lack can be covered by the finite element 
method (FEM), which allows modeling and simulating the 
wiredrawing process, constituting a perfect complement to 
experimentation since it eases to understand the material 
flow during the process.

The friction effect in the process increases the 
temperature in the interface. This heating effect usually 
leads to the deterioration of the lubrication conditions 
conducting to cause premature wear of the die, worsening 
the quality of the drawn product and even causing the wire 
to break. Thus, the role of the lubricant and the optimization 
of the tribo-system is a key for a successful process. In this 
sense, previous works studied the effect of hydrodynamic 
conditions in wiredrawing. Muskalski’s previous work [7] 
described and simulated this effect as a phenomenon in 
which the molecules of lubricant adhere to the wire surface 
going into the pressure chamber as a thin gap layer between 
wire and die surfaces. In another recent work, Suliga [8] 
empirically determined that hydrodynamic lubrication 
allows to get the optimum tribological conditions at the wire/
die interface leading to obtain better results in the multi-
stage wiredrawing process of medium carbon zinc-coated 
steel wires.

In this sense, Avitzur [9] defined the value of the friction 
coefficient (µ), that essentially constitutes the tribological 
condition in the process, as a function of the approach semi-
angle (β), the wire reduction, the yield limit of the metal 
to be drawn (σ0y) and the drawing stress (σd). Equation (4) 
shows the dependence of µ on both the geometry of the die 
and the plastic condition of the metal to be drawn and allows 
the calculation of this coefficient for certain process and 
material conditions.
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On the other hand, it is important to consider that the 
central breaks or chevron-shaped inner defects are one of the 
most common break cause in wiredrawing process and it has 
been analyzed in the work developed by Bitkov [10]. In this 
line, both works of Godfrey [11] and Nakagiri [12] numeri-
cally and experimentally demonstrated the great influence 
of the contact length (l) and initial wire diameter (di) in the 
apparition of inner defects causing break of the wire. When 
the ratio l/di is in the range of 0.5–0.7, it prevents central 
vacuum growth thus avoiding breaks of the wire due to this 
phenomenon.

1.2  Background

Many previous works consulted demonstrated the great 
importance of knowing reliably the value of the friction 
coefficient µ to be able to study analytically or numerically 
the wiredrawing process. It is so that, by the use of numeri-
cal models and methods, Chen and Huang [3] and Majzoobi 
et al. [4] determined that 2β, Hc and the temperature profile 
into the die have a significant effect on the drawing process, 
but it is very important to consider the effect of the wire-die 
contact length (l) which determines the contact surface at the 
interface and has a direct effect on the lubrication conditions 
and, as a consequence, on the value of the friction coefficient 
µ, involved in the process. Another consulted works dem-
onstrated the feasibility of the use of FEM applied to model 
the wiredrawing process and focused on the improvement 
of the geometry of the die [13], on the analysis of the strain 
distribution in the wire during the process [14] or even to 
analyze the distribution of residual stresses accumulated in 
the product once it has been shaped [15], among other output 
variables. On the other hand, considering all the input fac-
tors previously exposed, the effect of drawing speed (v) on 
the tribological system must be considered since previous 
works demonstrated that, at high drawing speeds, a local-
ized and intense heating effect is implied in the contact zone 
which can be detrimental to maintain the properties of the 
lubricant, worsening the tribological conditions [16, 17].

It should be noted that many of the previous works con-
sulted are mainly focused on the study of the influence of 
the geometrical parameters involved in the process [18–21] 
and some of them on the objective directed to the optimiza-
tion of the multi-stage drawing processes in terms of the 
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die geometry and the number of passes to be carried out in 
the in-line wiredrawing process [22–24]. Although some of 
these works describe the use of emulsions based on soluble 
oils as a common solution in the wiredrawing process of 
non-ferrous metals and alloys and implement the friction 
coefficient (µ) for the process analysis, none of them have 
defined and experimentally studied their own tribological 
system in order to determine the best conditions for the best 
optimization of this key parameter. Also, very few works 
[25] were found on the study and consideration of the inter-
dependence between the used lubricant, the die geometry, 
and the drawing speed to determine the best tribological 
condition in the process under study.

Summarizing, the cold wiredrawing process constitutes 
a classical-tribological system in which is crucial to under-
stand the role of all: (i) the stationary tribe-element (die), 
(ii) the interfacial tribe-element (lubricant), and (iii) the wire 
tribe-element in relative motion. Interfacial tribe-element 
affects the effect of friction, influencing the wearing of tool 
surface and the quality on the drawn wire surface, even 
affecting the mechanical properties of the final product.

The present work initially focusses on the empirical study 
to determine the best tribological conditions in the wire-
drawing process of the commercial annealed electrolytic 
tough pitch 99.94% copper (Cu-ETP). In this first part of 
the work, the influence of drawing speed and internal die 
geometry on the performance of two commercial soluble 
oil emulsions was considered to determine the best condi-
tion from the point of view of friction effect in the process. 
Values of a minimum friction coefficient between µ = 0.103 
and µ = 0.145 have been obtained from the experiments with 
two different lubricants. To complement the experimental 
results, the lowest values of µ, obtained with each one of the 
two different lubricants used, were implemented on a numer-
ical model of the process implemented by FEM. The FEM 
simulations have allowed understanding the behavior of the 
material during its deformation, in addition to checking the 

coherence of the values of the drawing force observed in the 
simulations with respect to those measured in the experi-
ments. Finally, the results have shown that the die 1420 has 
thrown best results with the two lubricants used since the 
values of friction coefficient, obtained as a function of the 
measured drawing force (Fd), are generally lower than those 
obtained with the other different die geometries. Into the bar-
gain, it has been found that the effectiveness of the lubricant 
LUB C is generally higher, offering better friction condi-
tions than the other lubricant for all the combinations of die 
geometry and speed studied. Complementarily, a detailed 
study of the evolution of axial and radial stresses inside the 
drawing die made by numerical simulation has been added, 
corresponding to the best friction conditions determined for 
each of the two lubricants object of study.

2  Materials and methods

2.1  The experimental setting and geometrical data

For the understanding of the water-soluble oil lubricant per-
formance, experimental tests and FEM simulations have been 
conducted. In the experimental work, a horizontal single die 
wiredrawing machine (bull block wiredrawing machine) with 
variable speed from 1 to 23 m/s was instrumented to record 
the drawing speed (v), drawing force (Fd), and the temper-
ature of the die (Tdie) and lubricant chamber (Tlub). In the 
experiments, the drawing force (Fd) was measured by a load 
cell system disposed on the die as is shown in Fig. 2. The 
nominal capacity of the load cell was equal to 4 kN and its 
sensitivity to 10 mV/VDC. Also, two TP-K1 thermocouples 
of 0.5-mm diameter were used to measure the temperature 
inside the die during the drawing tests. The main thermo-
couple (sensor 1) was inserted into the dies near the end of 
the deformation zone and at the beginning of the bearing. 
Their radial distance from the die axis was equal to 3.75 mm, 

Fig. 2  The wiredrawing machine (own construction) and sensor setup used in the experiments
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approximately located at 1.5 mm from the wire-die interface. 
The second thermocouple (sensor 2) was inserted into the 
lubrication chamber, near the die. This setting is shown in 
Fig. 2. All measurements were done in a steady-state condi-
tion reached after about 1–2 min from the beginning of each 
test as the average values taken for 30 s at a sampling rate 
of 10 Hz.

Two different commercial soluble oil (water-miscible) 
were studied. The manufacturers of both, LUB C (Agena, 
Agefil E505/N, Nova Iguaçú, Brazil) and LUB D (Agip, 
S234-60, Abuja, Nigeria), recommend a concentration of 
7% of oil concentration in the emulsion for its use in the 
wiredrawing process.

To estimate the influence of the tool geometry on the 
performance of each one of the lubricants objects of the 
present study, six polycrystalline diamond (PCD) dies 
have been used with internal geometry composed by a 
reduction zone with an approach angle 2β of 14° and 18°. 
The bearing region length (Hc) has been established as a 
20% (short Hc), 35% (medium Hc), and 50% (long Hc) of 
the final wire diameter (df) in the different dies used in 
the experiments. The PCD dies have as common dimen-
sions that are summarized in the Table 1: the input diam-
eter (di), the conical entrance zone with 60°, the exit zone 
equal to 40° and the final diameter (di). The dimensional 
accuracy of the internal geometry of the PCD die was 
checked with a Taylor-Hobson profilographic equipment 
(Form Talysurf Laser, Taylor-Hobson, Leicester, UK).

The wire/die contact length ratio (l/di), internal total 
contact length (L), delta parameter (Δ), and redundant 
work factor (ϕ) of PCD dies resulting from geometrical 
parameters have been determined by the Eqs. (1), (2), 
(3), (4), (5), and (6). The contact length explains which 
is the area of contact between wire/die that the lubricant 
needs maintain separated, and ϕ resumes the die drag 
capability that maintains lubricant in the interface.

(5)l

di
=

(
di − df

)
2 ⋅ di ⋅ sin �

(6)� = 0.88 + 0.12 ⋅
d

l
were d =

di−df

2

2.2  The mechanical properties of the Cu‑ETP 
commercial wire

In the experiments, a 0.5-mm diameter wire of commercial 
electrolytic tough pitch copper (Cu-ETP of 99.94% purity), 
not pickled and totally exempts of any superficial oxide, has 
been processed by drawing up to a diameter of 0.45 mm in 
one single pass. The mechanical properties of the initial wire 
have been determined from the tests using an AG-250kN 
Xplus Shimadzu equipment (Shimadzu Europa GmbH, 
Duisburg, Germany) mounting an extensometer directly 
attached to the specimen. The tests have thrown values for 
the elastic modulus E = 140,001.92 MPa, yield strength 
σy,0.2% = 143 MPa and break limit σr = 349.04 MPa. The 
stress/strain curves obtained from the tests are shown in 
Fig. 3 and have been implemented to define the material 
behavior in the FEM simulations.

2.3  The FEM simulations

Once the experimental study has been carried out and 
the lowest values of the friction coefficient (µ) have 
been determined, the best conditions obtained for each 
type of lubricant have been modeled in the Deform2D 
software preprocessor [26]. For this FEM models, an 
axisymmetric condition has been considered. The wire 
was modeled as an isotropic-deformable and elasto-
plastic body while the drawing die was considered as 
perfectly rigid body. Thus, a finite portion of 25-mm 
length initial wire has been modeled near the die 
entrance and aligned with the die axis and it has been 
meshed in a system of isoparametric elements with 
four nodes (quadrilateral). The model was completed 
by defining the mechanical properties of the starting 
material and its behavior model against cold deforma-
tion. The preprocessor allowed to implement the effect 
of those values of the friction coefficient obtained in 
the experiments. Finally, the movement condition has 
been defined by the direction of the displacement of the 
wire in the nodes of its end and the speed at which they 
travel (speed of the process implemented in each of the 
experiments under analysis).

Table 1  Geometry of the dies 
used in the experiments

Die di (mm) I 2β (°) Hc (% df) IV df (mm) l/di L (mm) Δ Φ

1420 0.5 60° 14 20 40° 0.45 0.41 0.29 2.32 1.62
1435 14 35 0.36
1450 14 50 0.43
1820 18 20 0.31 0.25 2.98 1.8
1835 18 35 0.32
1850 18 50 0.38
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For the better die/lubricant combinations, FEM simula-
tions have been solved in the FEM software processor. Once 
the numerical solution was obtained, each of both cases has 
been analyzed in the post-processor to better understand the 
behavior of the material during its processing. So, the evolu-
tion of the radial and axial stresses in the wire as it passes 
through the different zones of the die has been graphically 
determined. The drawing force has been graphically simu-
lated, thus being possible to compare this numerical result 
with the values that have been obtained experimentally in 
the tests.

3  Results

3.1  Experimental results: temperature profile, 
friction coefficient and wire surface quality

The experimental work has been focused on the measure-
ments of drawing force (Fd) and temperature (T) variations 
on the die and into the lubricant chamber. The best results 
were obtained with the use of the lubricant type LUB C 
and are shown in Fig. 4, where the temperature on the 
die (Tdie), the temperature of the lubricant into the flood 
chamber (Tlub), and the drawing force (Fd) are graphically 

Fig. 3  Experimentally determined stress/strain curve for a specimen of Ø0.5 mm of commercial Cu-ETP copper wire, with 200-mm length at 
25 °C. Bilinear model was implemented in FEM simulations

Fig. 4  Temperature profiles and drawing force vs. drawing speed, measured using lubricant type LUB C in the case of dies with 2β = 14° with 
different bearing length: (a) Hc = 20% of di and (b) Hc = 50% of di
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represented vs. drawing speed (v), since these output 
parameters have been monitored in both types of different 
lubricating emulsion mixtures object of study.

It can be seen that, the higher the drawing speed (v), the 
lower the magnitude of the drawing force (Fd) necessary in 
the process. An increase in drawing speed of between 10 
and 15 m/s implies an ascent of between 2 and 3 °C at the 
temperature of the drawing die. In both cases, the lubricant 
temperature remains fairly stable throughout the range of 
drawing speeds tested.

The full set of six experiments has made it possible to 
collect drawing force (Fd) measurements and these data have 
been used to calculate the value of the friction coefficient 
in each experiment. Figure 5 shows all the results about the 
experimental variation in the friction coefficient as function 
of die geometry, lubricant type, and drawing speed. It must 
to be noted that, as indicated in the consulted bibliography, 
values of µ among 0.1 to 0.4 define a mixed lubrication con-
dition and values below 0.1 define the hydrodynamic thin 
film lubrication regime [27, 28].

As the minimum friction coefficient values have been 
determined by polynomial fitting (Table 2), the correspond-
ing fitting curves show the evolution of the friction coeffi-
cient value as a function of the die geometry, drawing speed 
and lubricant capability to maintain wire/die separated.

The results have shown that both the drawing force 
(Fd) and the friction coefficient values obtained are lower 

Fig. 5  The experimental variation of the wiredrawing friction coefficient as a function of drawing speed, with six different die geometries and 
using lubricant types C and D

Table 2  Results of the minimum value for the friction coefficient 
obtained from the experiments

Die LUB C LUB D

v (m/s) µ v (m/s) µ

1420 16.96 0.145 17.01 0.106
1435 18.14 0.187 18.28 0.133
1450 21.00 0.155 18.32 0.103
1820 19.46 0.247 20.87 0.201
1835 18.30 0.224 18.21 0.164
1850 15.60 0.172 17.03 0.138
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with the lubricant type D than those obtained with type 
C. This difference has been more accentuated with dies of 
2β = 14°, showing drawing force (Fd) values below 14 N at 
drawing speeds starting from 7.5 m/s. In other words, with 
practically the same amount of lubricant carted (pulled 
into the die by the wire) into the interface, the lubricant 
type D has been more effective in the separation of the 
wire/die surfaces. It has been possible to see that the die 
1420 is the best with both types of lubricant emulsions. 
It can be deduced that the frictional heat is transmitted 
through the die going to the lubricant in a great proportion. 
The capacity to evacuate this heat depends on the type 
of lubricant emulsion (93% in volume of water) and the 
geometry of the drawing die. The results have shown that 
the emulsion reduces the power required in the process by 
reducing surface friction, dissipating the heat generated 
while the die accumulates it in a lower proportion. Fur-
thermore, in this first experimental phase in which tests 
were carried out with 6 different geometries, at 6 different 
drawing speeds from 1 to 21 m/s and using both lubricants 
under study, results have been obtained that are near to 
reach the boundary and mixed regime of lubrication in the 
wire/die interface.

Additionally, the surface quality of the wires processed 
by drawing has been verified. In Table 3 are shown the 
results of the minimum surface roughness measured on 
the drawn wires.

In terms of the effect of lubricity, the results obtained 
from the measurements about the mean roughness (Ra) 
on the surface of the drawn wire have shown better qual-
ity level in the experiments performed with the lubricant 
type LUB D. It is important to note that the surface rough-
ness conditions in the initial wire and the correct perfor-
mance of the lubricant used in the process could have 
a significant influence on the quality of end-products 
produced by drawing (Ra). The experiment has shown 
that, with the use of lubricant type LUB C, the higher 
values of Ra have been obtained when the die angle 2β is 
equal to 14°, while with 2β = 18° and lubricant type LUB 

D allowed to get a better improvement in terms of Ra. 
If the results obtained are analyzed, it can be concluded 
that the surface roughness Ra is directly related with the 
lubricating capacity of the lubricant used: the lower the 
coefficient of friction at the interface, the better the sur-
face quality obtained in the drawn wire, as can be seen 
by comparing the data reflected in Tables 2 and 3. The 
results have shown that, as a general rule, an increase in 
speed damages the surface of the wire. The lower rough-
ness values were obtained when the bearing length (Hc) 
was greater and 2β = 14°, except for die 1420 combined 
with the lubricant LUB C, while for 2β = 18° the opposite 
effect seems to occur.

3.2  Results obtained by FEM simulations

Analyzing the evolution of the stresses that are generated 
in the deformation zone during the wiredrawing process, 
Yoshida confirmed in his work that the distribution of 
axial and radial stresses in the deformation zone into the 
die affects the final dimension and straightness in the wire 
processed by drawing [29]. There are various factors that 
influence the axial and radial (die pressure) stresses, and 
the geometric profile of the die and tribological condi-
tions are the most decisive. To better understand this fact, 
FEM simulations have been analyzed to understand how 
the distribution of the radial and axial stresses on the 
surface and at the center is different as a function of the 
use of each of the lubricants object of this study.

Figures 6 and 7 enable a better understanding of the 
behavior of lubricants in the two best conditions determined 
from the experiments.

Figure 6 shows that the surface (a) and center (b) axial 
stress are lower with the use of lubricant emulsion LUB D. 
Its lubricant capacity is explained by the best results in terms 
of lower values of axial stresses, although the contact length 
L is 48.27% larger in the die used.

In terms of radial stress distribution into the deforma-
tion zone (Fig. 7), the lubricant emulsion LUB D demon-
strated the best results. The influence of the contact length 
L explains the marked increase of the radial stresses caused 
by the calibration effect into the cylindrical zone Hc. The 
maximum value of the radial stress is given at the final of 
region (II), and it reaches a value around 275 MPa (compres-
sion) in both surface and center of the die. The behavior of 
the two better combinations of die/lubricant type compared 
is quite similar in terms of generated radial stresses, as can 
be seen in the graphs of Fig. 7.

Table 4 shows the output results that concerned the 
maximum values of the axial and radial stresses obtained 
from the FEM simulations and performed for the better 
combinations die/lubricant (die 1420/LUB C and die 1450/
LUB D).

Table 3  Results of the minimum value for the surface roughness 
measured on the drawn wires

Die LUB C LUB D

Ra (µm) Ra (µm)

Ø0.5 (mm) Ø0.45 (mm) Ø0.5 (mm) Ø0.45 (mm)

1420 1.03 0.47 0.55 1.80
1435 1.48 0.86 0.29 0.25
1450 1.19 0.95 1.36 0.26
1820 0.31 0.42 2.04 0.66
1835 0.50 0.55 0.60 0.96
1850 0.98 0.97 0.55 1.90
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Besides, reading the outputs of the drawing force (Fd) in 
the FEM simulations, it has been possible to compare them 
with those values empirically measured to validate the study. 

The numerical results of the drawing force (Fd) have been 
read directly from the tracking graphics as a process output 
in the Deform2D FEM software, as is shown in Fig. 8.

Fig. 6  Axial stress vs distance. Nodes in the surface (a) and center (b) of wire. Comparison between dies 1420 (2β = 14°; Hc = 20% df; 
µ = 0.145—LUB C) and 1450 (2β = 14°; Hc = 50% df; µ = 0.103—LUB D)

Fig. 7  Radial stress vs distance. Nodes in the surface (a) and center (b) of wire. Comparison between dies 1420 (2β = 14°; Hc = 20% df; 
µ = 0.145—LUB C) and 1450 (2β = 14°; Hc = 50% df; µ = 0.103—LUB D)

Table 4  Maximum values of the 
axial and radial stresses from 
the FEM simulations

Die/Lubricant μ σaxial max.surface 
[MPa]

σaxial max.center 
[MPa]

σradial max.surface 
[MPa]

σradial max.center 
[MPa]

1420/LUB C 0.146 192.3 177.4  − 167.2  − 181.5
1450/LUB D 0.103 178.5 174.8  − 185.3  − 175.2
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Table 5 shows the output results that concerned the val-
ues of the drawing force (Fd) that have been obtained from 
the FEM simulations (Deform2D) compared with those 
obtained from the experiments (load cell).

Although the solution obtained from the FEM numeri-
cal model considers most of the effects produced by the 
main factors involved in the wiredrawing process, the results 
observed in the simulations for the drawing force (Fd) and 
drawing stress (σd) are very close to the experimental values 
but slightly lower than those obtained in the experiments, just 
as expected. Nevertheless, the FEM results of Fd have shown 
good agreement with those values measured experimentally.

4  Conclusions

In the present work, the wiredrawing process of fine cop-
per wire has been experimentally approached with the 
aim of determining the conditions to achieve a maximum 
reduction of the effect of friction considering the die angle 
(2β), calibration length (Hc), drawing speed (v), and two 
different lubricants generally applicable in copper process-
ing. The main questions concluded from the results of this 
study are summarized below:

• The lubricant type C, in combination with a die with 
2β = 14° and Hc = 0.20·di, favors the evacuation of the 

heat generated through the lubricant/coolant emulsion 
(Tlub between 26 and 30 °C), allowing a lower tempera-
ture in the die (Tdie between 10 and 16 °C).

• The Avitzur equations allowed to calculate the values of 
the friction coefficient (µ) from the experimental meas-
urements of the drawing force (Fd).

• The polynomial fitting models of the experimental results 
of µ vs. drawing speed (v) allowed to determine the better 
conditions to achieve the optimum lubrication regime of 
the process (the lowest value of µ between die and wire).

• The use of lubricant type LUB C, in combination with 2β = 14° 
and Hc = 0.20·di and working at v = 16.96 m/s, resulted in a 
minimum value of the coefficient of friction µ = 0.145.

• The use of lubricant type LUB B, in combination with 
2β = 14° and Hc = 0.50·di and working at v = 18.32 m/s, 
resulted in a minimum value of the coefficient of friction 
µ = 0.103 which is the lowest obtained in the experiments.

• In general terms, the lower value of friction coefficient 
(µ) has been achieved with the lubricant type LUB D, 
throwing values in the order of µ = 0.10 to µ = 0.13 with 
dies with an angle of 2β = 14°.

• The lower Ra (Ra < 0.3 µm) in the drawn wire have 
been obtained with the use of dies with 2β = 14° and 
with the greater calibration lengths (Hc = 35 ÷ 50% of 
the df), using the lubricant type LUB D.

• For the best combinations (2β = 14°; Hc = 20% df; 
µ = 0.145 with LUB C and 2β = 14°; Hc = 50% df; 
µ = 0.103 with LUB D), FEM simulations have been 
implemented to better understand the process condi-
tions and the role of all the stresses and forces involved 
when this process is in its stationary state.

• The axial and radial stresses profiles have shown a slight 
dependence on the type of lubricant used, but their values 
and distribution are mainly affected by the geometry of 
the die, although it has been observed that the influence of 
the calibration length on this stress profile is very small.

Fig. 8  Drawing force (Fd) as a function of the stroke displacement for a 6-mm length wire: a die 1420 (2β = 14°; Hc = 20% df; µ = 0.145—LUB 
C) and b die 1450 (2β = 14°; Hc = 50% df; µ = 0.103—LUB D)

Table 5  Experimental and numerical values of drawing stress (σd) 
and drawing force (Fd)

Experimental FEM

Die/Lubricant µ Fd [N] σd [MPa] Fd [N] σd [MPa]

1420/LUB C 0.145 13.27 83.46 12.92 81.26
1450/LUB D 0.103 12.74 80.12 11.74 73.83
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• The values of the drawing force (Fd) and the conse-
quent drawing stress (σd) obtained from the numerical 
simulations agree with those measured in the experi-
ments, validating the FEM simulations.
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