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Abstract: This paper investigates the extrusion process to manufacture bimetallic cylinders combining
a magnesium alloy core (AZ31B) and a titanium alloy sleeve (Ti6Al4V) of interest in aeronautical
applications. A robust finite element model has been developed to determine the most influential
parameters and to study the effect of them on the extrusion force and damage induced by means
of Design of Experiments (DOE) and Taguchi method. The results show that the most influential
parameters in the extrusion forces are the friction between sleeve and container/die and the height
of the cylinder; and the less influential ones are the process temperature and ram speed. Moreover,
minimum values of forces along with low damage can be reached by favorable interface contact
conditions, minimizing the friction at the core-container/die interface, as the main influencing factor;
followed by the geometrical dimensions of the billet, being the billet height more important when
paying attention to the minimum forces, and being the core diameter when considering the minimum
damage as the most important criterion. The results can potentially be used to improve the efficiency
of this kind of extrusion process and the quality of the extruded part that, along with the use of
lightweight materials, can contribute to sustainable production approaches.

Keywords: metal forming; extrusion; multi-material; bimetallic; AZ31B; Ti6Al4V; finite element
method; DOE; force; damage

1. Introduction

Development of multi-material parts has gained relevance during recent years due to the
possibilities of adapting the mechanical properties of each material to the specific in-service requirements
of the component. Thus, by combining different materials, it is possible to achieve a weight reduction
and improve stiffness and strength among other properties; formability can also be improved thanks
to the combination of properties. Because of this, the industrial technologies for advanced joining and
assembly processes of multi-material have been identified as a critical research and development area
of the European Union (EU) Horizon 2020 work program 2018–2020 [1].

In the aerospace industry, the reduction of the weight in the components is a key factor to
increase the payload in aircrafts and satellites, saving fuel and reducing the environmental impact.
For these reasons, the use of composite materials, such as thermoplastic or thermosetting resins
combined with carbon fiber is very well implemented. Currently, additive manufacturing is acquiring
more and more importance to reduce tooling costs and manufacture parts with impossible shapes
using conventional methods, among other advantages related to the sustainability [2] and design
optimization [3]. Additive manufacturing techniques can also be an alternative to conventional
processes when design specifications of obsolete parts are difficult to obtain due to a lack of information,
such as component drawings or bill of materials, as explained by Rodríguez-Prieto et al. [4].
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The problem with these kinds of multi-material components is the limitation in their in-service
behavior, as composite materials cannot be used for high temperature requirements. Although additive
manufacturing techniques are experiencing very quick improvements, still have poorer surface finishing
and lower mechanical properties than parts made by conventional methods due to the layer by layer
structure [5], the dimensions of the components to be manufactured are also limited. Furthermore,
in the manufacturing of multi-material components by additive manufacturing, other factors, such as
materials compatibility, formation of brittle inter-metallic metallurgical structures, residual stresses,
and microstructure thermal effects become decisive.

The co-extrusion process is typically used to obtain multi-material cylinders to be used as billets
to manufacture components with complex shapes. This is a complex thermo-mechanical process due
to the combination of plastic deformation and diffusion in the interface of both materials because
of the pressure and temperatures generated. There are several studies about the combination of
Mg and Al alloys, such as the one by Negendanka et al. [6], where the influence of the die angle
and different combining techniques of Mg–core and Al–sleeve on the diffusion layer formation are
investigated. Another example is the work by Thirumurugan et al. [7], where a ZM21 magnesium
alloy/CP aluminum was fabricated through direct hot co-extrusion with three different extrusion ratios
and constant temperature and ram speed. Gall et al. [8] also studied the co-extrusion of bimetallic
Al–Mg billets into hollow profiles by means of experiments and Finite Element Method (FEM)
simulation. Lehmann et al. [9] analyzed the mechanical strength and fracture properties of hydrostatic
coextruded Al–Mg compounds. Other studies regarding multi-material co-extrusion have been
performed using Cu–Al, for example, Lapovok et al. [10] studied the inter-diffusion improvement in the
manufacturing of Cu–Al bimetallic tubes using severe plastic deformation methods. Berski et al. [11]
analyzed the strain–stress state in bimetallic rods composed by Cu–Al using two different extrusion
ratios in conical die and in double reduction die. A study about the deformation behavior of an
Al/Cu clad composite by the method of twist channel angular pressing (TCAP) was conducted by
Kocich et al. [12]; whereas Rong et al. [13] studied the effects on microstructure and mechanical
properties of a Mg-Gd-Zn-Zr alloy manufactured by differential-thermal extrusion. Alcaraz and
Sevillano [14] used Finite Element (FE) calculations to study the influence of the different extrusion
variables in the bimetallic tubes composed by two different Al alloys. The work of Camacho et al. [15]
is another example of a multi-material forming process used in other kind of applications, such as
minting. However, only a few studies have explored the behavior of such different metallic alloys in
terms of density, tensile strength, yield strength, and elastic modules, such as by Behrens et al. [16],
who performed a lateral angular co-extrusion (LACE) to product semi-finished products consisting
of aluminum and steel. More information about the LACE process for the production of coaxially
reinforced hollow profiles can be found in Thürer et al. [17].

In this study, the direct extrusion of a bimetallic cylinder with a magnesium alloy AZ31B core
and a titanium alloy Ti6Al4V sleeve has been analyzed by means of finite element simulation and
the design of experiments (DOE) technique; special attention has been paid to the forces required
and damage induced in order to determine the most relevant parameters to choose the most efficient
operating conditions.

2. Materials and Methods

2.1. Materials, Geometrical Dimensions, and Process Parameters

The bimetallic cylinders used in the simulations have a magnesium alloy UNS M11311 core and
a titanium alloy UNS R56400 as sleeve (Figure 1); due to their excellent properties, these alloys are
well known in the industry by the nomenclature AZ31B and Ti6Al4V, respectively, so this will be the
designation used in the paper from now on.
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Figure 2. Extrusion process schema.

The chemical composition of both materials are listed in Table 1 [18] and Table 2 [19].

Table 1. Chemical composition of magnesium alloy AZ31B.

Material Mg
(wt.%)

Al
(wt.%)

Zn
(wt.%)

Mn
(wt.%)

Si
(wt.%)

Cu
(wt.%)

Ca
(wt.%)

Fe
(wt.%)

Ni
(wt.%)

AZ31B 97 2.5–3.5 0.6–1.4 0.20 0.1 0.05 0.04 0.005 0.005
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Table 2. Chemical composition of titanium alloy Ti6Al4V.

Material Ti
(wt.%)

Al
(wt.%)

V
(wt.%)

Fe
(wt.%)

C
(wt.%)

O
(wt.%)

N
(wt.%)

H
(wt.%)

Ti6Al4V Bal. 5.5–6.5 3.5–4.5 0.25 0.08 0.13 0.040 0.012

The physical and mechanical properties of both materials are included in Table 3 [18,19]
for comparison.

Table 3. Physical and mechanical properties of the magnesium alloy AZ31B and titanium alloy Ti6Al4V.

Property AZ31B Ti6Al4V

Density (g/cm3) 1.74 4.46
Tensile strength (MPa) 260 ≥895
Yield strength (MPa) 200 ≥828

Elastic modulus (GPa) 44.80 105–120
Poisson’s ratio 0.35 0.31

2.2. Finite Element Modeling

Finite element simulations were performed by the commercial finite element program DEFORM
3D. Taking advantage of the axial symmetry of the problem, only a quarter of the process has been
modeled in order to reduce the computation time and other computational resources, such as storage
needs. The ram and the container were modeled as rigid objects and the bimetallic cylinders were
modeled as an assembly between two plastic objects (sleeve and core).

The plastic parts have been meshed using tetrahedral elements. A mesh study has been realized
in order to determine the best mesh configuration. Meshes with 5000, 7000, and 13,000 elements have
been considered. In Figure 3, the extrusion force results versus the die stroke are shown for different
mesh sizes.
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Figure 3. Extrusion force for different mesh sizes.

Taking into account that the results for the extrusion force using several mesh sizes are quite
similar, 7000 elements mesh size is considered the optimum one due to the compromise between the
precision reached and the computational time to perform each simulation.

The contact conditions among the different objects have to be defined as well. Rigid objects are
considered “master” (the ones who deform) and the plastic objects are considered “slave” (the ones who
are deformed). In the case of sleeve and core interaction, where both objects are plastic, titanium alloy
is defined as “master” and magnesium alloy as “slave”, according to the properties presented in Table 3.
The friction model used in all the simulations is the Coulomb model that, along with the shear friction
model, is one of the classical friction models in metal forming analysis [20].
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Materials AZ31B and Ti6Al4V were assumed to be isotropic during all the process. The flow
curves used for Ti6Al4V are from DEFORM library.

In the case of AZ31B, as there was no reference in DEFORM, an exponential model defined by
Wen-Juan [21] was used to define the flow curves, obtaining the results shown in Table 4.

Table 4. AZ31B flow curves values based on Wen-Juan exponential model.

Strain
Stress (MPa)

T = 150 ◦C T = 200 ◦C T = 250 ◦C T = 300 ◦C

Strain rate = 0.001

0.02 112.69 91.54 74.35 60.40
0.05 133.12 107.86 87.40 70.82
0.10 168.45 136.07 109.91 88.78
0.15 202.14 163.00 131.44 105.99
0.20 230.06 185.44 149.47 120.49
0.25 248.31 200.35 161.65 130.42
0.30 254.18 205.56 166.23 134.43

Strain rate = 0.01

0.02 127.46 105.42 87.19 72.11
0.05 149.13 122.70 100.95 83.06
0.10 186.21 152.12 124.27 101.52
0.15 221.25 179.81 146.14 118.77
0.20 250.18 202.67 164.18 133.01
0.25 269.21 217.81 176.23 142.58
0.30 275.67 223.20 180.72 146.32

Strain rate = 0.1

0.02 144.17 121.41 102.25 86.11
0.05 167.06 139.58 116.61 97.43
0.10 205.84 170.06 140.50 116.08
0.15 242.17 198.36 162.48 133.08
0.20 272.07 221.51 180.34 146.83
0.25 291.87 236.80 192.13 155.88
0.30 298.99 242.36 196.46 159.25

Damage factor has been also used in this work as a parameter to evaluate the quality of
the extrudate. Damage factor is evaluated in DEFORM using normalized Cockcroft and Latham
criterion [22], typically used for predicting damage in metal forming operations [23], due to its
simplicity and the accessibility of material data required for its calculation. This criterion considers
that the fracture is mainly governed by the maximum principal stress, as it is shown in Equation (1):∫ ε f

0
(σmax/σH)dε = C (1)

where ε is the equivalent plastic strain, εf is the equivalent strain to fracture, σmax is the maximum
principal stress, σH is the stress according to the Huber–Mises hypothesis and C is a constant depending
on the material and experimental determined.

2.3. Finite Element Model Validation

The FE model validation has been performed theoretically comparing the simulations results for
the extrusion force with the results using Johnson semi-empirical model [24–26], typically used in this
kind of analysis. In this model the deformation is defined in Equation (2):

εx = a + b·ln(rx) (2)

where rx is the extrusion ratio (A0/A) and a and b are constants obtained by semi-empirical methods
whose values are 0.8 and 1.2, respectively.
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The extrusion force is defined in Equation (3):

F = A0·σ f ·

(
εx +

2L
D0

)
(3)

where A0 is the initial area, L is the contact length of the container, D0 is the initial diameter of the billet
and σf is the average flow stress.

Three simulations have been performed to validate the model. In all the simulations the cylinder
had 12 mm of external diameter and 20 mm of height and the final external diameter was 9 mm,
therefore the extrusion ratio (rx) is 1.77. The first simulation is performed using a Ti6Al4V cylinder,
the second one using a AZ31B cylinder and the last one using a bimetallic billet with a core of
6 mm diameter.

The extrusion parameters were a die semi-angle of 45◦, a friction coefficient of 0.1, a ram speed of
2 mm/s and a temperature of 200 ◦C.

Equation (4) [27] was used to obtain the flow stress for the multi-material cylinder:

σm = σc·
Vc

Vc + Vs
+ σs·

Vs

Vc + Vs
(4)

where σm is the yield stress for the multi-material part, σc is the yield stress for the core, σs is the yield
stress for the sleeve, Vc is the volume of the core and Vs is the volume of the sleeve.

The comparison results are shown in Figures 4–6.
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After comparing the analytical results with the simulation ones, it can be concluded that the FE
model is robust enough to be validated.
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2.4. Design of Experiments (DOE)

Once the FE model has been validated, the next step is to define the design of experiment (DOE)
methodology [28] to identify and quantify the parameters with a higher influence in the extrusion
force and the damage induced in the multi-material extrudate.

In Figure 7, an Ishikawa chart is shown in order to list the possible causes that may affect the
extrusion force; where H0 is the initial height of the billet, D0 is the initial external diameter of the
sleeve and d0 is the initial diameter of the core.
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The values range for each cause/parameter is shown in Table 5:

Table 5. Cause/parameter values distributed by levels.

Variable Cause/Factor Units Level 1 Level 2 Level 3 Level 4 Level 5

X1 Core diameter mm 4 5 6 7 8
X2 Billet height mm 12 15 20 25 30
X3 Ram speed mm/s 1 1.5 2 2.5 3
X4 Temperature ◦C 100 150 200 250 300
X5 Friction coefficient N/A 0.030 0.065 0.100 0.135 0.170
X6 Die semi-angle ◦ 15 30 45 60 75

The DOE technique consists on the combination of these independent variables by fixing all the values
in the center one (level 3), except the variable whose behavior wants to be known. Thus, for each of these
combinations, a value for the dependent variables (extrusion force and damage factor) will be obtained.

In Tables 6–11, the combinations of these variables and their influence in the extrusion force are
shown. The same procedure has been followed with the independent variable damage factor.
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Table 6. Variables combination by varying X1 (core diameter).

Simulation X1
(mm)

X2
(mm)

X3
(mm/s)

X4
(◦C) X5

X6
(◦)

Extrusion Force
(kN)

1 4 20 2 200 0.1 45 249.60
2 5 20 2 200 0.1 45 221.25
3 6 20 2 200 0.1 45 207.46
4 7 20 2 200 0.1 45 183.65
5 8 20 2 200 0.1 45 165.92

Table 7. Variables combination by varying X2 (billet height).

Simulation X1
(mm)

X2
(mm)

X3
(mm/s)

X4
(◦C) X5

X6
(◦)

Extrusion Force
(kN)

1 6 12 2 200 0.1 45 180.29
2 6 16 2 200 0.1 45 186.55
3 6 20 2 200 0.1 45 207.46
4 6 24 2 200 0.1 45 233.23
5 6 28 2 200 0.1 45 278.63

Table 8. Variables combination by varying X3 (ram speed).

Simulation X1
(mm)

X2
(mm)

X3
(mm/s)

X4
(◦C) X5

X6
(◦)

Extrusion Force
(kN)

1 6 20 1 200 0.1 45 221.66
2 6 20 1.5 200 0.1 45 215.94
3 6 20 2 200 0.1 45 207.46
4 6 20 2.5 200 0.1 45 211.10
5 6 20 3 200 0.1 45 208.14

Table 9. Variables combination by varying X4 (temperature).

Simulation X1
(mm)

X2
(mm)

X3
(mm/s)

X4
(◦C) X5

X6
(◦)

Extrusion Force
(kN)

1 6 20 2 100 0.1 45 241.82
2 6 20 2 150 0.1 45 222.75
3 6 20 2 200 0.1 45 207.46
4 6 20 2 250 0.1 45 185.97
5 6 20 2 300 0.1 45 170.37

Table 10. Variables combination by varying X5 (friction coefficient).

Simulation X1
(mm)

X2
(mm)

X3
(mm/s)

X4
(◦C) X5

X6
(◦)

Extrusion Force
(kN)

1 6 20 2 200 0.030 45 136.63
2 6 20 2 200 0.065 45 198.06
3 6 20 2 200 0.100 45 207.46
4 6 20 2 200 0.135 45 243.50
5 6 20 2 200 0.170 45 276.28

3. Results

3.1. Determination of Most Influential Parameters in the Extrusion Force

After performing the simulations according to the DOE defined in the previous section, the values
obtained for the extrusion force are placed in a perturbation chart (Figure 8) in order to check which
parameters produce a bigger deviation between the lowest and the highest extrusion force values.
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Table 11. Variables combination by varying X6 (die semi-angle).

Simulation X1
(mm)

X2
(mm)

X3
(mm/s)

X4
(◦C) X5

X6
(◦)

Extrusion Force
(kN)

1 6 20 2 200 0.1 15 164.64
2 6 20 2 200 0.1 30 151.71
3 6 20 2 200 0.1 45 207.46
4 6 20 2 200 0.1 60 216.34
5 6 20 2 200 0.1 75 226.21
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Figure 8. Perturbation chart of the bimetallic extrusion process.

In the perturbation chart shown in Figure 8, it can be verified that the most influential parameters
in the extrusion force are billet height, friction, and die semi-angle. However, in the case of the
temperature and the core diameter, the difference is not so clear. Therefore, in Figure 9, a percentage
variation respect the reference value (level 3) of the extrusion force is shown.

The conclusion is that ram speed and temperature are the less relevant factors in the extrusion
force compared to the most influential factors.

In order to classify the rest of the factors, a Taguchi’s analysis of variance (ANOVA) [27] is
performed. Table 12 shows the Taguchi’s ortogonal array for four variables with three levels and
Table 13 shows the results for the average values taking into account the criteria “the lower the best” to
indicate that the best results occur when the extrusion force is the minimum.

The most relevant factor to obtain a low extrusion force during the process is the die semi-angle
followed very close by the friction.

3.2. Analysis of the Influence of the Process Parameters in the Extrusion Force

Once it is clarified in which magnitude the extrusion force is affected by the process parameters,
it is time to analyze in which way each parameter affects to the extrusion force. Figure 10 presents the
results of the analysis, and they will be discussed below.
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Figure 9. Percentage variation respect the reference value (level 3) of the extrusion force.

Table 12. Taguchi’s orthogonal array for extrusion force.

Simulation Core Diameter
(mm) Friction Billet Height

(mm)
Die

Semi-Angle (◦)

Extrusion
Force
(kN)

1 6 0.07 15 30 119.20
2 6 0.10 20 45 207.46
3 6 0.15 25 60 380.79
4 7 0.07 20 60 191.42
5 7 0.10 25 30 161.97
6 7 0.15 15 45 182.98
7 8 0.07 25 45 161.00
8 8 0.10 15 60 157.51
9 8 0.15 20 30 177.18

Table 13. Taguchi’s results for the average values for extrusion force (kN).

Level Core Diameter Friction Billet Height Die Semi-Angle

1 235.80 157.20 153.20 152.80
2 178.80 175.60 192.00 183.80
3 165.20 247.00 234.60 243.20

Delta 70.60 89,80 81.40 90.50
Classification 4 2 3 1

3.2.1. Core Diameter

The influence of the core diameter is inversely proportional to the necessary extrusion force.
As the diameter increases, the necessary force decreases as it is shown in Figure 10a.

This result is expected since as we increase the diameter of the core, the internal diameter of
the ring decreases, so the volume of Ti6Al4V in the cylinder is smaller. As more force is needed to
extrude the Ti6Al4V than for the AZ31B, it is logical to expect that the force necessary to extrude the
multi-material cylinder will be less.
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Figure 10. Influence of the parameters on the extrusion force. (a) *Core diameter; (b) *Billet height;
(c) *Ram speed; (d) Temperature; (e) *Friction; (f) *Die semi-angle. *Temperature of the process is
200 ◦C.

3.2.2. Billet Height

Unlike the diameter of the core, as the height increases, the force required to extrude the part
increases, as it can be seen in Figure 10b.

This result can be explained because as the height increases, the contact area of the billet with
the container increases too; as a consequence, this causes an increase of the energy component due to
friction and, therefore, of the total force required.

3.2.3. Ram Speed

The ram speed is linked to the deformation speed that will be imposed to the part during the
process and it is the factor that has the least relevance in the extrusion force, resulting in a decrease
with the ram speed increase as can be seen in Figure 10c.
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This effect can be explained because as the ram speed increases the temperature increases due to
the friction in the container/billet interface. This increase of temperature reduces the stress necessary to
deform the billet and, thus, the extrusion force is lower and remains practically constant at highest speed.

Another important effect observed is that, as the speed of the die is increased, the maximum
effective stress on the core decreases, until it reaches a minimum for v = 2.5 mm/s, as shown in Figure 11.
This will be of interest in industrial application of extrusion processes because this has a direct influence
in the quality of the extrudate.
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Figure 11. Influence of the ram speed on the core maximum effective stress (T = 200 ◦C).

3.2.4. Temperature

The process temperature has an effect inversely proportional to the extrusion force as shown in
the Figure 10d. This relationship was expected by observing the flow curves of AZ31B and Ti6Al4V,
because the temperature decreases the flow stress of metallic materials, and it is typically used to
increase the formability of these materials. Temperature is the second parameter with the least influence
on the extrusion force of the process.

For the entire temperature range, the maximum extrusion force is achieved for a die displacement
of 2.88 mm. Furthermore, it is observed in Figure 12 that increasing the temperature decreases the
maximum stress on the core.
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Figure 12. Influence of the temperature on the core maximum effective stress.

Temperature affects the sleeve maximum effective stress in a practically linear way, as shown in
Figure 13.

3.2.5. Friction

The friction at the interface between the container and the sleeve is the second most influential
factor considered on the extrusion force of the process. In this work, it has been considered that the
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ring and core have been assembled with an interference fit, and due to the compression forces that
they will suffer during the whole process, the friction between them would be maximum. Even so,
in all of the simulations, it can be seen that there is a slip between the two at the beginning of the
extrusion, being the part that always slides the AZ31B magnesium alloy. As can be seen in the graph of
Figure 10e, as friction increases, the extrusion force necessary to carry out the process increases.
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Figure 13. Influence of the temperature on the sleeve maximum effective stress.

Another effect observed on the extruded part is that as friction increases, the maximum effective
stress on the core decreases, as shown in Figure 14.Appl. Sci. 2020, 10, x FOR PEER REVIEW 14 of 18 
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3.2.6. Die Semi-Angle

Die semi-angle is the most relevant factor to obtain a small extrusion force. The conclusion that
can be obtained from the graph in Figure 10f is that there is an optimal value where the extrusion force
is minimal; this value has been set at 30◦. From this optimal value, the extrusion force increases as the
extrusion semi-angle increases or decreases and allows identifying a situation of minimum energy.

3.3. Other Factors Related to the Quality of the Extrudate: Damage Factor

The entire DOE has been done considering the extrusion force as a dependent variable, since this
technological parameter is directly related to the power of the extruder to be used and, therefore,
will have a direct impact on the investment to be made for the purchase of the equipment; but also,
the required forces are close related to the efficiency of the process and, consequently, to the
environmental impact of the extrusion process itself. There are other aspects concerning the quality of
the final part obtained that can also be analyzed by Finite Element analysis. It is the case of the residual
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stresses and the damage induced in the workpiece as a consequence of the forming process. High values
of damage could lead to fracture of the part during the component service, so the maximum damage at
the core (where inner defects such as chevron cracks can appear in extrusion under specific forming
conditions) has been studied in all the configurations.

During the simulations carried out, it was found that the damage induced in the core of the part
follows the distribution shown in Figure 15.Appl. Sci. 2020, 10, x FOR PEER REVIEW 15 of 18 
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It can be observed that once the damage peak (corresponding to the transient period) is reached,
the maximum damage decreases sharply to a value that remains constant throughout the extrusion
process, as it reaches a permanent regime.

Taking into account the most influencing factors analyzed, another Taguchi’s ANOVA is performed
to check their influence in the damage induced in the part. Tables 14 and 15 show the ortogonal array
and the results for the average values.

Table 14. Taguchi’s orthogonal array for damage factor.

Simulation Core Diameter (mm) Friction Billet Height (mm) Die Semi-Angle (◦) Damage Factor

1 6 0.07 15 30 0.97
2 6 0.10 20 45 0.76
3 6 0.15 25 60 0.69
4 7 0.07 20 60 1.85
5 7 0.10 25 30 0.53
6 7 0.15 15 45 2.18
7 8 0.07 25 45 2.31
8 8 0.10 15 60 1.62
9 8 0.15 20 30 1.25

Table 15. Taguchi’s results for the average values for damage factor.

Level Core Diameter Friction Billet Height Die Semi-Angle

1 0.81 1.71 1.59 0.92
2 1.52 0.97 1.29 1.75
3 1.73 1.37 1.18 1.39

Delta 0.92 0.74 0.41 0.84
Classification 1 3 4 2

In this case, the order of influence of the factors changes, the core diameter appearing as the most
relevant one to obtain a minimum damage value during the process.
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3.4. Summary of Most Influential Parameters

According to the results in forces and maximum damage induced in the bimetallic billets,
a summary of the most influential parameters in extrusion of these bimetallic components is presented
in Table 16.

Table 16. Classification 1 of most influential parameters in extrusion of bimetallic parts (AZ31B core
and Ti6Al4V sleeve).

Output Variable Core Diameter Friction at Sleeve-Container/Die Interface Billet Height Die Semi-Angle

Extrusion force 4 2 3 1
Damage in the core 1 3 4 2

1 Note: 1—most influential; 4—least influential.

The most influential parameters, considering both criteria (minimum values of forces and damage),
are the die semi-angle and friction at the sleeve-container/die interface, so special attention should be
paid to obtain favorable interface contact conditions; followed by the geometrical dimensions of the
billet, being the billet height more important when paying attention to the minimum forces, and being
the core diameter when considering the minimum damage as the most important criterion. These kind
of tables are very useful from a practical point of view, as they can be used as guidelines in process
design for engineering applications.

As an example of the simulations preformed, Figure 16 shows the effective stress and temperature
distribution respectively in the FE model, in different stages of the simulation.
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4. Conclusions

According to the results presented in this paper, a robust FE model for bimetallic co-extrusion
process has been developed. This model represents very accurately the theoretical behavior of a
bimetallic cylinder during extrusion process according to Johnson’s model.

Using this FE model combined with Taguchi’s ANOVA has allowed identifying the most relevant
factors in the extrusion force, and in which way this force is affected for each of the factors, as shown in
Table 13.
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Temperature and ram speed have been revealed as the less influence factors in the extrusion force.
Regarding ram speed, it has been seen that the higher it is, the lower is the extrusion force needed until
it reaches a minimum value from which the extrusion force remains practically constant.

Die semi-angle has been identified as the most critical factor to reduce the extrusion force while
the core diameter is the most relevant one to reduce the damage factor in the core component during
the process.

During this study die semi-angle of 30◦ has been proved as the optimum one to reduce the
extrusion force during the process.

Friction is found as one of the most relevant factors for both extrusion force and damage factor;
however, a balance in the shape factor (ratio between sleeve external diameter and billet height) is also
found as key to obtain an extruded part using the minimum extrusion force and with the minimum
damage factor.

Finally, this paper describes how the maximum damage in the core component of the
billet is influenced by the parameters process and also the damage factor evolution during the
co-extrusion process.

The methodology employed in this paper can also be extended to analyze other technological
factors; the results of this paper can potentially be used to improve the efficiency of this kind of
extrusion processes and the quality of the extrudates that, along with the use of lightweight materials,
can contribute to sustainable production approaches.
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