
INTRODUCTION

Durability of tools is one of the most difficult 
parameters to control in technological processes. 
Manufacturing items by means of plastic forming 
methods requires the use of reliable tools. Plastic 
working tools should ensure high quality of fin-
ished products with a sufficiently large production 
volume and low production costs. The most com-
mon assumption is that tool life is expressed in the 
number of operations that can be performed with 
this tool to obtain products of the required qual-
ity. Extrusion and drawing are among the manu-
facturing processes in which the tool geometry 
has a particular impact on the quality of products. 
The extrusion process is considered to be one of 
the most important metal forming processes. This 
is due to its high efficiency, as well as low cost. 
Currently, the extrusion process is considered the 
most widely applied manufacturing process in the 
production of components used mainly in aviation 
and other areas of mechanical production [1]. Dur-
ing extrusion, most metals have very high plastic 

deformability as a result of triaxial compression 
with high stress values. Any restrictions on the ex-
trusion application are introduced due to the du-
rability and strength of the tools. Dies are the ele-
ments most exposed to wear, which – at the same 
time – have the greatest impact on the dimensional 
accuracy and surface quality of the product. Ac-
cording to the research conducted by Stahlbergh 
and Hallstorm [2], more than 70% of die substitutes 
result from their wear during extrusion. Therefore, 
it is important to determine the influence of tech-
nological parameters, including geometric dies, on 
their wear, and thus help extend their service life. 
In order to investigate and predict the behavior of 
the tool during the extrusion of various materials, 
both numerical and experimental studies were car-
ried out [3÷13]. In order to obtain the information 
on the influence of metal flow, temperature, strain 
and stress on the die durability, Altan and Knoerr 
[3] performed a finite element analysis using the 
commercial program DEFORM. It turned out that 
the stress concentration in the dies was directly re-
lated to their service life and it was found that by 
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inducing stress relief through the changes in the die 
geometry, the die service life could be improved. 
[4] describes a simulation wear test of forming 
tools, which was developed to evaluate the com-
parative performance of a series of established and 
newly developed hot work dies. On the other hand, 
in [5] the wear profiles and local stress concentra-
tions for two cold extrusion processes were inves-
tigated. Kang et al. [6, 7] proposed a new wear 
model considering thermal softening and used it to 
calculate the wear of the profile of a rotor pole for 
automobile produced in the hot forging process. 
In [8], the author analyzed the nature of friction 
and wear, as well as some theoretical relationships 
linking the characteristics of processes and proper-
ties of bodies in contact, necessary for the practical 
application of the theory to calculate friction forces 
and wear values. The work [9] concerns the study 
of wear in the metal forming process. In turn, the 
purpose of the work [10] was a statistical analysis 
of the control of the tool wear evolution process 
during the metal extrusion process in order to better 
understand the main reasons generating the vari-
ability of such a complex phenomenon. The study 
was based on the application of central composite 
designs and allowed the analysis of the sensitivity 
(to wear) of the tool. Painter et al. [11] analyzed 
the die wear during hot extrusion using the finite 
element method by means of the DEFORM pro-
gram and the WEAR program for predicting the 
wear conditions. In the work [12], selected techno-
logical problems occurring during the process of 
extrusion of elements were discussed; in particular, 
the wear of tools was discussed. The evaluation of 
the process was performed on the basis of the maps 
of the deformation intensity distribution and the 
tool wear index, determined using the QForm3D 
program and based on the determined equation of 
the expected tool life. Sobis et al. [13] studied the 
actual contact areas for predicting wear, which is 
within the limits specified in the Archard model. 
For instance, Hild et al. [14] focused on the sub-
stitution of lubricants during forward extrusion by 
surface textures on workpieces and self-lubricating 
coatings on tools. The tool wear during the extru-
sion of aluminum alloys was also investigated [15, 
16]. Zhang investigated the die wear behavior dur-
ing the extrusion of 7075 aluminum alloy tubes. In 
his study, based on a modified Archards wear mod-
el, the numerical results were generated by means 
of Deform-3D showing the process variables that 
have multiple effects on the die behavior [15]. 
Bjork investigated the effect of wear on surface 

treated dies for aluminum extrusion by coating the 
surface by physical gaseous phase deposition [16].

Drawing, like the extrusion process, belongs 
to the processes of plastic processing of metals. 
The drawing process consists in reducing the 
cross section of the material in a tool called a 
drawing die. The shape of the crushing zone for a 
monolithic die, depending on its purpose, can be 
conical, curved, concave and sigmoidal. 

As a result of the using of dies in the working 
part of the tools, the wear elements are in the form 
of matting of the surface, drawing rings, scratches 
and cracks. There are three wear zones. The first 
wear zone is located in the area of the entry plane. 
The second one is the pulling cone and the third 
is at the die exit. The wear processes of dies were 
the subject of many studies [17÷22]. Kim et al. 
[21] used the Archard’s wear model for a wire-
drawing process to calculate the die-wear depth by 
considering the hardness of the die as a function 
of the die temperature. On the other hand, in [23] 
an advanced simulation was proposed which took 
into account the influence of wire vibrations to ac-
curately predict the wear profiles of the die used in 
the wire drawing process. This simulation investi-
gated the effects of wire vibration, changes in wear 
profiles and ring formation when approaching the 
die. In [24] the authors suggested that a mechani-
cal approach was insufficient to explain the wear 
phenomena observed during wet wire drawing. In 
addition, precision wire products are affected by 
the heat generated in the contact zone [25]. Deng 
et al. [26] performed wire-drawing tests with a ce-
ramic composite die and 65-Mn steel wire. The 
results of these tests indicated that the most com-
mon reason for the failure of the ceramic drawing 
die was the wear in the approach zone owing to 
high compressive stress. The subject of wear was 
also discussed in the works [27÷28].

The durability of tools in the mentioned pro-
cesses is associated with the occurrence of various 
destructive phenomena. Abrasive wear is the most 
common type of wear in plastic forming processes 
caused by the friction between the working sur-
face of the tool and the extruded or drawn mate-
rial. The research on the die wear mechanisms re-
sulted in the proposition of mathematical models 
that takes into account the parameters influencing 
the wear process. The earliest attempt to link wear 
with the mechanical properties of materials was 
made by Tonn [8], who determined the empirical 
equation of abrasive wear. Then Archard [29] de-
veloped the adhesive wear theory and proposed an 
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adhesive wear model based on the work of Holm 
[30]. This model assumes that the amount of wear 
is a function of normal load and frictional path. 
Moreover, a lot of work, for example [13, 23] was 
devoted to the use of this wear model to study the 
wear characteristics of dies during metal forming.

Forecasting the durability of the tools for 
plastic working and determining the dominant de-
structive mechanisms, or their impact on the “life” 
of the tool are very important and still not fully 
resolved problems. Development of the methods 
that allow determining the wear (damage) of tools 
and forecast their durability is justified, among 
others, by reducing the costs associated with the 
manufacturing of the tools themselves, the unit 
costs of the product, as well as environmental as-
pects [31]. Modern information technologies are 
constantly providing new methods and tools that 
make it possible to partially replace expensive 
and time-consuming material experiments with a 
virtual experiment. They allow one to optimize 
the die design process by effectively predicting 
die wear and fatigue.

As shown in the introduction, many research 
works are carried out in order to improve the operat-
ing conditions and increase the durability of plastic 
working tools. A large part of the work concerns the 
influence of various processed materials and techno-
logical parameters on the durability of tools. There 
are also studies on the influence of various coatings 
on tool life. A large amount of research work proves 
that the problem is still difficult to solve.

The study on the influence of the geometric 
parameters of the tool on its durability in the tech-
nological process is particularly important from 
the point of view of their durability and quality 
of the product manufactured. There may be times 
when the tool geometry becomes the main fac-
tor in the changeability. The research carried out 
in the work may not only facilitate the outlin-
ing of activities aimed at reducing the intensity 
of tool wear and extending their service life by, 
for example, modifying their geometry, but also 
indicate the need to introduce corrections to the 
models used to describe tool wear.

The aim of the paper is to determine the influ-
ence of geometric parameters of a tool on its durabil-
ity in the process of extrusion and drawing by means 
of the Archard model. The analysis of the research 
results carried out in the paper may facilitate the out-
lining of activities aimed at reducing the intensity of 
tool wear and extending the time of their operation 
by, for instance, modifying their geometry. 

NUMERICAL MODELING 

The adhesive wear of the tool in both process-
es was determined from the relationship proposed 
by Archard [29]:

(1)

where: k – wear coefficient, dV – volumetric con-
sumption, dF – normal force, dL – friction 
path, H – hardness. 

In the research, the wear profile of the dies 
was calculated by implementing the Archard wear 
model into the MARC program in the form of:

reln

o
v

H
kw σ= (2)

where: 
o
w – wear speed, σn – normal stress on 
contact, νrel – relative sliding speed

The amount of wear determined by the depth 
of wear in the extrusion process was calculated 
from the dependence:

o

nn twww ∆+=+1
(3)

where: wn+1 – current value of the depth of wear, 
wn – consumption value in the previous 
calculation step, 

o
w – wear speed, Δt – 

time in the calculation step
For the analysis of the influence of the die angle 

on the wear rate in the tests of the extrusion process, 
the value of the k coefficient was assumed to be 10-4 
[5]. In order to estimate the quantitative consump-
tion for the modeled cases in the drawing process, 
the relationship (2) was modified to the form:

rel
FEM

o
v

m
m

H
kw σ= (4)

where: m – actual mass of the wire drawn through 
the die, mFEM – wire mass drawn through 
the die during FEM modeling.

In the tests of the drawing process, the values 
of individual quantities were adopted based on 
the literature data [32]: k = 3 ∙ 10-10, H = 17,000 
MPa, m = 6.35 Mg, mFEM = 4.45 ∙ 10-6 Mg.

Extrusion process 

Numerical modeling of the extrusion process 
was carried out with the use of the MARC/Mentat 
program by MSC Software. Numerical modeling 
of the extrusion process was carried out for two 
geometric variants: a flat die (α = 90°) and for 
three die hole diameter, Do == (20.78 mm; 13.61 
mm; 10.85 mm) as well as for a flat die (α = 90°) 
and convex dies with working cone angles α = 
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95° and α = 105° and Do = 20.78 mm (Fig. 1). 
The adopted model is a two-dimensional model 
that was analyzed assuming an axisymmetric 
stress condition. An exemplary geometry of the 
model made with a mesh of deformable body ele-
ments is shown in in Figure 2.

It was assumed that the surfaces of the punch 
and the container were perfectly rigid. The me-
chanical properties of the deformable die were 
described assuming E = 210 000 MPa and ν = 0.3. 
On the other hand, the properties of the extruded 
material were described by adopting a model of

a rigidly plastic body with nonlinear hardening. 
The course of the strengthening curve for the ex-
truded material was described by the Hollomon 
equation in the form:

σpl = Kφi
n (5)

The extruded material was lead of the OT3 
grade. The values of the material constants for 
hard lead were K = 40 MPa, n = 0.23. The fric-
tion model was described by Coulomb’s law. The 
friction coeffi  cients between the extruded mate-
rial and the tools and the container were assumed 
as μ = 0.25, and between the deformable die and 
the container – as μ = 0.1. In order to create FEM 
grid of extrusion material Class 4 Type 10 ele-
ments were used —is a four-node, isoparametric, 
arbitrary quadrilateral written for axisymmetric 
applications. In order to create FEM grid of de-
formable die Class 3 Type 2 elements were used 
– three-node, isoparametric, triangular element. It 
is written for axisymmetric applications and uses 
bilinear interpolation functions [33].

The drawing process 

Numerical modeling of the drawing process 
was also carried out using the MARC/Mentat 
software. The shape and geometrical dimensions 
of the tools used during modeling are shown in 
the Figure 3.

A copper wire with an initial diameter of 3.6 
mm was pulled through the die nib with a diam-
eter of 3 mm. Hence, the value of the draft was 
equal to about 30% of the relative loss of the 
cross-section. The drawing die was made of ce-
mented carbide. Its properties were described 

Fig. 1. Tool diagram – a) and its geometry with 
fi nite element mesh – b), α = 90°, 95°, 105°, 

DM = 36 mm, HM = 20 mm, lk = 2 mm, 
Do = (20.78 mm; 13.61 mm; 10.85 mm)

Fig. 2. Axisymmetric geometrical model of 
the FEM simulation of extrusion process: 
1 – punch, 2 – container, 3 – billet, 4 – die

Fig. 3. Dimensions of test tools: a) conical drawing die, b) arc die - ϕd = 3 mm, ϕD = 20.45 mm, R = 10 mm, 
2β = 2γ = 60°, 2α = 18°, L = 17 mm, L2 = 5.2 mm, L3 = 1.5 mm, L4 = 3.2 mm, Rarc =14.5 mm

a) b)

b)a)
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with the assumption of an ideally elastic material 
model, assuming E = 620 000 MPa and ν = 0.22 
[34]. Copper wire (M1E) was a deformable mate-
rial. In order to describe its properties, an elastic-
plastic material model with a nonlinear harden-
ing was used. The stress-strain relationship in the 
range of plastic strains is described by the Hol-
lomon power equation. The mechanical param-
eters of the wire material used for modeling were 
as follows: E = 127 000 MPa, ν = 0.35, Re = 57 
MPa, Rm = 227 MPa, K = 368 MPa and n = 0.3. 
The friction between deformable materials was 
described by the Coulomb model. The coeffi  cient 
of friction between the drawn bar and the draw-
ing die was to be equal to μ = 0.07 [34]. It was 
also assumed that the trench drawing speed was 
constant v = 0.7 m/s. The tool model in the case of 
the drawing process had two meshes of elements 
connected to each other by the glue contact con-
dition. The average mesh size in the compacted 
area was 0.05 mm, while the non-compacted area 
was approximately 0.35 mm. The initial size of 
the drawn wire mesh was 0.05 mm. In total, the 
numerical model consisted of approximately 24 
000 fi nite elements [33].

VALIDATION OF NUMERICAL MODELS

In order to determine the correctness of the 
numerical tests concerning the extrusion process, 
experimental tests were carried out on a vertical 
press equipped with a system that enables the 
registration of the extrusion force and the dis-
placement of the stamp (Fig. 4). A fl at die made 
of NC10 steel was selected for the experimental 
tests. The values of the geometric parameters of 
the die used for the experimental tests were the 
same as in the modeling. The chemical composi-
tion of the extruded material (OT3) used in the 
tests is presented in Table 1 [35]. However, the 
yield stress Re (Re = 10 MPa) and Brinell hard-
ness (HB = 8.7) were determined experimentally. 
In Table 1, the data on the chemical composition 
were taken from the literature, while the yield 
strength Re and Brinell hardness were determined 
experimentally by the author.

After the conducted experimental tests, the 
force characteristics were prepared and then 
compared with those obtained in the simulations. 
Figure 5 shows the course of the extrusion force 
change depending on the displacement of the 
punch obtained in the experimental way and in 

the numerical simulation. The large convergence 
of both waveforms proves the correctness of the 
parameters adopted in the numerical simulation.

On the other hand, the validation of the nu-
merical model concerning the drawing process 
was carried out by comparing the average value 
of the drawing force obtained in the numerical 
simulation with the value of the force, which 
was calculated from the formula for the drawing 
force contained in [36]. The authors conducted 
experimental tests, obtained the values of the 
drawing force for various angles, and compared 
them with the values of the forces calculated 
on the basis of the mathematical formula. They 
noted that the average value of the diff erence 

Fig. 4. Scheme of a test setup for extrusion

Fig. 5. Experimental and numerical force 
characteristic of extrusion process

Table 1. Chemical composition of material used in 
investigations

Material Chemical composition [%]
Hard lead 

OT3
2.5-3.5Sb; 0.01As; 0.02Cu; 

0.005Fe; 0.04Bi
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between the force calculated from the depen-
dence and the experimental force was about 
2.5%. Hence, for the case under consideration, 
the average value of the drawing force calculat-
ed by FEM was 1085 N, while the value of the 
drawing force calculated using the formula was 
1064 N. Therefore, the force calculated in the 
numerical simulation is only 2% higher than the 
force calculated from the mathematical depen-
dence, which proves the correctness of the ap-
plied FEM model for analyzing the drawing pro-
cess. The course of the drawing force calculated 
in the FEM simulation is shown in Figure 6.

RESULTS AND THEIR ANALYSIS

In order to determine the infl uence of the die 
geometry on the tool wear, 22 measuring points 
were selected for each of the tested dies in extru-
sion process (Fig. 7).

In order to determine the depth of wear caused 
by the movement of the material on the surface 

of the die, the relationship (3) was used. After 
analyzing the results from numerical modeling, it 
was found that the highest wear values occurred 
in the area of the tool radius (Fig. 8). Such a lo-
cation of wear may have negative consequences 
in the form of failure to meet the predetermined 
dimensions and deterioration of the quality of the 
surface of the extruded product.

Figure 9 shows the maximum calculated val-
ues of the depth of wear for individual dies in 
critical areas. The highest value was recorded 
for a convex die with an angle α = 95° and the 
smallest for a convex die with an angle α = 105°. 
Figure 10 shows the increase in the depth of wear 
at individual measuring points depending on the 
displacement of the punch for selected dies.

The determined wear depths for the tool ge-
ometries are shown in Figure 11. The visible re-
sults indicate that the greatest local wear of the 
die took place when the working cone angle was 
95° and amounted to 0.0007 mm. The calcula-
tion results indicate that the die geometry in this 
case expressed by the angle of the working cone 
has a signifi cant impact on the amount of the tool 
wear. The area at the entrance to the die opening

Fig. 6. Drawing force diagram

Fig. 7. Locations of measurement points of 
depth consumption in the tested dies

Fig. 8. Distribution of w, mm values in dies for the case: α = 90°, α = 95°, α = 105°, Do = 20.78 mm
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is where the wear is accumulated and reaches its 
greatest value. It should be noted that the greatest 
wear values are achieved by the dies depending 
on the angle of the working cone. For a fl at die (α
= 90°), the maximum wear value was recorded at 
the 11th measuring point, while for a convex die 
(α = 105°) at the 13th measurement point. It fol-
lows that the earliest maximum wear is in the case 
of a die with a 90° cone angle, which is the result 
of a greater surface load on this die in this area 
compared to the others. In the case of the variant 
where diff erent die diameters are considered at 
the same cone angle (α = 90°), the wear analysis

was carried out in the area of the die corner ra-
dius, because the wear is greatest there (Fig. 12). 

The distributions and values of the wear depth 
presented show that the largest wear depth occurs 
in the middle part of the die corner radius and for 
extrusion with Do  = 10.85 mm (Fig. 12a) which is 
almost 4.5 times greater than for Do = 20.78 mm 
(Fig. 12b). Figure 14 shows the dependence of the 
depth of wear on the displacement of the punch for 
die with diameter. There are signifi cant diff erences 
in the amounts of wear depending on the adopted di-
ameter of the die Do. Figure 13 shows the increase in 
the depth of wear on the displacement of the punch 
for dies with diff erent diameters Do. In the draw-
ing process, in order to identify the size and places 
of wear on the numerical model, the area of the die 
length from 8 mm to 13 mm was analyzed (Fig. 14) 
in successive nodes separated by 0.05 mm.

After testing the drawing process, it was ob-
served that the most loaded area with the use of a 
conical die was the one near the calibrating part 
of the tool (Fig. 15). This heavy load observed 
in such a small area can be a source of rapid tool 
wear. In addition, there is a large gradient in the 
magnitude of the stress intensity at the point of 

Fig. 9. Maximum calculated values of the wear 
depth for individual dies in critical areas

Fig. 10. Dependence of the depth of wear at in-
dividual measuring points on the displacement of 
the punch for die angle: a) α = 95°, b) α = 105°

Fig. 11. Depth of wear in the tested places of dies

Fig. 12. Die areas with the highest wear inten-
sity for the case: a) α = 90°, Do = 20.78 mm, 

b) α = 90°, Do = 10.85 mm

a) b)

b)

a)
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transition of the crushing cone to the calibrating 
part, which may also cause micro-cracks. In the 
case of the analysis of the stress distribution in 
the process of drawing the wire by the curved 
die (Fig. 15b), the stresses are distributed over a 
larger area of the working part of the tool without 
creating dangerous clusters. Such stress distribu-
tion seems to be more favorable from the point 
of view of the quality of the products obtained 
with the use of this process. This is justifi ed in 
the industrial practices where such tools are often 
used to pull profi les of small diameters, and cre-
ate appropriate conditions to obtain small prod-
ucts of good-quality. Moreover, such a favorable 
stress distribution signifi cantly extends the life 
of the tools, reduces the costs resulting from, for 
example, by the need to regenerate them. Figure 
16 shows the calculated depth of wear in the w 
measuring zone for the conical and curved dies.

After the drawing process was carried out 
by the tested dies, two areas with increased wear 

values were observed. When using a curved die, 
the fi rst area of intense wear begins earlier com-
pared to the cone. When analyzing the wear value 
of the tested dies, the second area of increased wear 
was observed at the same measuring length, while 
the recorded depth of the die wear w for the conical 
drawing die is 2.3 times greater than for the curved 
die and amounts to 15 µm. The calculated depths 
of wear indicate that the “arcuate” geometry of the 
drawing die promotes lower and more even wear 
compared to the conical drawing die.

CONCLUSIONS

Abrasive wear is the most common type of 
wear in plastic forming processes. It results from 
the friction between the working surface of the 
tool and the extruded or drawn material. In order 

Fig. 13. Dependence of the depth of 
wear on the displacement of the punch 

for dies with diff erent diameters

Fig. 14. The wear measurement area of the tested dies

Fig. 15. Stress intensity distribution in the 
drawing process by conical and arc dies

Fig. 16. The amount of wear along the 
length for the conical die and arc die
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to determine the amount of die wear, the adhe-
sive Archard wear model was applied. It was 
implemented into the FEM-based program. As a 
result of the research, the areas on the surface of 
the tool particularly exposed to significant wear 
were determined, depending on its geometry. The 
analysis of the extrusion process showed that the 
highest wear of the die with a working cone angle 
equaled 95°. The greatest depth of the wear oc-
curs in the central part of the die corner radius and 
for extrusion with Do = 10.85 mm it is almost 4.5 
times greater than for Do = 20.78 mm.

Considering both drawing dies, the greatest 
wear occurred at the point of the first contact of 
the wire with the tool and at the transition of the 
crushing zone to the calibrating one. In the case 
of the arc drawing die, the depth of wear in both 
places is similar and oscillates around the value of 
6 micrometers. However, in the case of the conical 
die, the wear depth at the point of the first contact 
of the wire with the tool was similar and amount-
ed to approximately 5 micrometers. On the other 
hand, at the point where the crumple zone passed 
in the calibrating part, it was three times larger 
and amounted to about 15 micrometers.
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