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ABSTRACT

This research studied different tools with different cone angles to
produce brass wires using the friction stir back extrusion (FSBE)
method. The cone angle of the tool is one of the most influential
parameters in the production of brass wires. First, to determine the
appropriate cone angle, the FSBE process is modeled using the
Coupled Eulerian-Lagrangian (CEL) method. The simulation results
showed that increasing the cone angle increases the heat generated and
reduces the force on the tool. Also, to be more precise, the mechanism
of heat production during the process was numerically modeled to
verify the simulation results. The cross-sectional images of the wires
produced showed that only tools with a cone angle of 35 ° could
produce flawless wires. The microstructural results showed that the
grain size in the center of the wire was 20.24 microns, which is larger
than the size in the wire periphery, which was 16.88 microns. This
microstructural deviation is mainly affected by the strain and the
temperature. © 2023 IAU, Arak Branch.All rights reserved.
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1 INTRODUCTION

RASS is generally composed of 5 to 45% zinc, which increases the hardness of this alloy, and the rest is

composed of copper, which improves the corrosion resistance of this alloy [1,2]. Therefore, the mechanical
properties of these alloys are entirely dependent on the amount of zinc and copper in them. Furthermore, brasses
have high thermal and electrical conductivities, high malleability, a good combination of strength and ductility, high
corrosion resistance, good castability and formability, and excellent machinability [3,4]. These alloys' amazing and
unique properties have led to widespread use in various fields, such as counters and taps, bearings, plumbing fittings
and fixtures, and low-pressure valves. Due to limited resources, environmental protection, and energy-saving, metal
recycling has attracted the attention of many countries. Alloys such as copper, brass, and aluminum, which are
widely used in various industries, are one of the largest sources of metal loss due to the machining process and the
production of metal chips. Traditionally, these chips are melted and reused. In this way, some companies are needed
to collect the chips and transfer them to the casting shops, and rolling, extrusion, and other processes are required to
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produce the final/usable metal product. The advent of new recycling methods such as Friction Stir Back Extrusion
(FSBE) has led to the recycling of these alloys directly to the product[5,6]. Many researchers have already
demonstrated the capabilities of friction-based processes such as the friction stir welding (FSW) process in metal
joining [7-9]. Recently, a friction-based process has been developed to recycle metal chips called FSBE. The FSBE
as a solid-state recycling technique produces frictional heat to soften the recycled chips, and then, by applying
adequate pressure as a forging force, the chips are merged and pushed into a channel to produce an integrated
product like a wire or tube [10]. So far, research has been done to evaluate the performance of this process. Li et al.
[11] fabricated Mg-RE alloys with high strength and ductility using FSE. Baffari et al. [12] examined various
process parameters, including tool rotation, rate extrusion ratio, and force, during the FSB process. They concluded
that extrusion rate directly influences the product's surface quality. Asadi et al. [13] studied the behavior of the
material flow during the process. They stated that the material flow pattern is a conical helix, and changing process
parameters has no effect on the material flow pattern. In another study, Akbari et al. [14] studied the process
parameters, including linear velocity and tool rotational speed, and then obtained the optimal values of these
parameters using the Taguchi method.

Although studies on the production of wire from chips by the FSBE method have been done so far, tool design in
this process, which plays a vital role in the quality of products produced, has not been studied. In this research, the
tool cone angle, which is one of the most critical parameters of the tool, has been studied. In order to explore more
precisely the effect of the tool cone angle on the process, the FSBE process was simulated using the CEL method.
The model is validated based on the acquired experimental temperature data. After selecting the optimal tool, the
mechanical and microstructural properties of the produced wires were studied.

2 EXPERIMENTAL PROCEDURE

The experimental setup is made up of three essential components: a rotational tool, a matrix that serves as a chip
storage area, and some raw material in the form of chips or bulk. The matrix is firmly attached to the milling
machine table. The tool surface in touch with the material is sloped to guide the material into the central hole better.
The chips are put inside the matrix during this procedure. After then, the rotating tool enters the matrix with a set
traversal speed. The rotation and translation along the feed direction generate a large quantity of friction-induced
heat, which softens and thoroughly consolidates the chips. The softened chips are fed into the instrument and emerge
as wires.

The tool head contains a conical concave toward the central hole for a more effortless flow of softened material
from the primary material toward the sizing channel for the wire. A brass shaft with a diameter and height of 30 and
40 mm, was used as the primary bulk material.

In this research, a CuZn39Pb2Sn brass shaft with the chemical composition listed in Table 1 was used to perform
the FSBE process. The metal matrix was made of H13 steel and then subjected to heat treatment. The hardness of
the metal matrix was 52 HV after heat treatment. The FSBE tools with an inner diameter of 7 mm and an outer
diameter of 30 mm were made of Chrome-Nickel steel and subjected to heat treatment. The tool heads contain three
different cone angles of 15 °, 25 °, and 35° toward the central hole for a more effortless flow of softened material
from primary material toward the sizing channel for the wire (Fig. 1). In order to produce wires, a rotational speed of
800 rpm and a linear speed of 40 mm/min were used. The process setup is shown in Fig. 2(a).

Cone Angle Fig.1
Ve A The cone angle in the FSBE tool.
In order to validate the numerical model, a four-channel thermometer was used to acquire the temperature
history during the process, and the thermocouples were embedded in the matrix body.
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In order to study the microstructure of the produced wires, the cross-section of the wires was polished and
etched, and their microstructure was analyzed using a light microscope. The prepared metallographic samples are
etched with a solution of 5 g Fe;Cl, 30 mL HCI and 100 mL ethanol for 20 seconds and then washed with distilled
water and dried.

Table 1
Chemical compositions of CuZn39Pb2Sn brass used in this study.
Element Cu Zn Pb Sn Fe Ni Al Mn Si S P
% wt. 58.9 37.39 2.14 0.60 0.51 0.43 0.007 0.004 0.003 0.003 0.003

The hardness of the samples was measured at two points, the center and the periphery of the wire. The hardness
test was measured with a load of 100 g for 15 seconds. The standard pressure test was performed at ambient
temperature with a strain rate of 10-3 s-1 using Cometech universal tensile/pressure test equipment. The length of
pressure test specimens was 12 mm. Fig. 2(b) shows the pressure test setup.

Fig.2
(a) The FSBE process setup; used in this investigation, (b) The pressure test.

3 MODEL DESCRIPTION

The ABAQUS software was used to simulate the temperature and force history during the FSBE. The Coupled
Eulerian-Lagrangian (CEL) method was employed in this investigation to simulate the FSBE process. In this
method, the finite elements are fixed, and materials can pass through these elements. For this reason, there are no
problems such as excessive distortion of the elements, which occurs in other methods such as ALE during severe
plastic deformation. The FSBE tool is defined as a rigid Lagrangian body, and the material was described as an
Eulerian part with EC3D8RT elements. The Eulerian part was modeled as a cylinder consisting of two sub-regions,
"void" and "full". A brass alloy was assigned to the "full" region while the "void" area was left empty to allow
material to move during the process. The material layout used in the present model to produce the brass wires is
shown in Fig. 3.

Void

Brass

Eulerian domain

Rotation

Rotating
[+ Tool

— Matrix Fig.3
The material layout used in the present model for FSBE to
produce the brass wires.
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3.1 Governing equations

The workpiece domain is modeled using the CEL approach proposed in this paper, which uses an Eulerian
formulation in which energy, mass, and momentum are conserved.

The mass conservation equation represents the rate of outflow mass and mass variations inside the control
volume (Eq. (1)).

P _
V() =0 )

where p and v are the density and velocity of the material, respectively, the conservation equation for momentum
(Eq. (2)) equals the change of momentum of the domain to the sum of the spatial time derivative of the gravitational
force and the Cauchy stress tensor.

p(E;—: +V.v ®v))=V.o+pg 2

where o and g are the Cauchy stress tensor and the gravity constant, the energy conservation equation incorporates
the rate of plastic work done on any element, the heat flux into elements as a result of conduction, and the generation
of the volumetric heat from the element.

oC, (%—f +v VT)=V(KVT)+V.(ov)+0 (3)

where K, Cp, T, and Q denote thermal conductivity, material-specific heat, Kelvin temperature, and volumetric heat
generation rate, respectively. The following is the general conservation form of the Eulerian-based equations (Egs.

(1-3)):

99 _
V=5 “4)

where S and @ are the source term and the flux function, respectively. The Operator splitting algorithm splits the
governing equation (Eq. (4)) into Eulerian steps containing the flux function term @ and a Lagrangian step
containing the source term S, as shown in Egs. (5) and (6). These two equations were solved consecutively using the
CEL method. The split operator is shown schematically in Fig. 4 for each step of the CEL method.

Op
-9 5
Py (5)
% va=0 (©)
ot

Fig.4
Lagrangian step Eulerian step The split operator used in the CEL method.
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3.2 Material model

Temperature, strain rate, and strain are all factors that influence the material flow stress in the process. Therefore,
Johnson-Cook’s model (JC) is utilized to model the flow of material:

(7

oc=A+Be)1+C h{éj)[l_(ﬂj
&

T, -T,)

where 4, B, C, n, and m are constants related to the material, 7, is melting temperature (from Table 2); 7, is the
ambient temperature, & represents the plastic strain; & the normalizing strain rate; and ¢ is the effective plastic
strain rate [15, 16]. Eq. (7) first term is the power law, which describes how plastic training affects flow stress. The
effects of strain rate and temperature were examined in the second and third terms of the equation. Table 2 illustrates
Johnson-Cook’s parameters for brass alloys [15].

Table 2
The constants of JC model for the AA 5083 and brass alloys[15].
Material A [MPa] B [MPa] C n m T,/ [°C] Tt [°C1
Brass 112 505 0.009 0.42 1.68 25 916

3.3 Contact interactions and boundary conditions

Plastic deformation and friction are the principal sources of heat creation during FSBE, with Or and Qp representing
friction and plastic heat generation, respectively. Eq. (9) expresses friction heat generation as the tangential stress
and slip-rate product at the interface. Furthermore, as indicated in Eq. (10), the degree of material deformation
impacts the quantity of heat generated by plastic deformation.

QF = ¢(Ts X7/) (8)

QP =n(oxé) ©)

where o is flow stress, ¢ is frictional heat factor, ¢ represents strain-rate, # is inelastic heat fraction, and y " is slip-
rate, respectively. Moreover, heat dissipation because of convection occurred from the workpiece surfaces to the air:

or
-K—=y_ (T -T
36, Y =T,) (10)

where 7, and y,,, represent the peripheral temperature and the coefficients of heat convection. A convective heat
transfer coefficient is used to model the natural convection heat loss at the matrix and paunch outer surfaces. In
addition to the FSBE paunch/workpiece contact, the materials in the process have a self-contact. A general contact
interaction can be utilized to account for all contact points between the workpiece and the tool. The friction between
the tool and the substance is represented using the Coulomb friction model. The hard contact pressure enclosure also
simulates typical tool-to-material contact, reducing workpiece node penetration into the tool.

3.4 Meshing

Thermally coupled eight-node linear Eulerian brick elements (EC3D8RT) with reduced integration are used to mesh
the Eulerian domain. A fine mesh is an important parameter to consider while creating an accurate FSBE model.
Furthermore, a coarse mesh causes Eulerian material to flow through the Lagrangian mesh [10]. A fine mesh with a
mesh size of 0.8 mm was chosen after testing several mesh sizes (Fig. 5). The matrix and FSBE tool are meshed
using thermally coupled 4-node 3D bilinear rigid quadrilateral elements and treated as a Lagrangian rigid body. The
mesh size of 2 mm and 1.5 mm were utilized to mesh matrix and tool, respectively [8]. By specifying the tool
reference point, all tool movements were assigned to this point to precisely control the tool.
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(a) (b)
Fig.5
Mesh in the CEL model: (a) Eulerian mesh for the workpiece, (b) Lagrangian mesh for the matrix, and (c) Lagrangian mesh
for the tool.

4 RESULTS

First, the effects of cone angle were investigated using numerical methods, and after selecting the optimal tool, the
wires were produced, and their microstructural and mechanical properties were investigated.

4.1 Numerical model validation

In order to validate the numerical model, the temperature obtained experimentally was compared with the numerical
results. (Fig. 6). Temperatures are taken on the matrix body at a distance of 3 mm from the inside cylindrical surface
and 10 mm from the top surface. The temperature distribution on the matrix body is shown in Fig. 6(a) when the tool
is penetrated almost 10 mm on the matrix hole (5 mm into the workpiece) at 800 rpm and 25 mm/min.

As it turns out, there is an excellent agreement between the numerical and experimental results, which indicates
the model's capacity in process simulation. Although the highest temperature in the matrix body reaches over 600
°C, the temperature in the tool/workpiece interface is substantially higher.

700

600
TEMP
(Avg: 75%) O 500
<
<
S 400
2
E
2 300
2
& 200
100
(o]
o} 5 10 15 20 25
Time (s)
(a) (b)

Fig.6
(a) The temperature distribution in the matrix body over the FSBE process; the tool is penetrated 5 mm into the workpiece. (b)
The experimental and numerical temperature history curves.

4.2 Select the optimal FSBE tool

Fig. 7 shows the temperature distribution in samples produced with different tools. In the FSBE process, similar to
other friction-based processes, the heat required during the process is provided by the friction between the material
and the tool. Then by deformation of the material during the process, the plastic deformation heat is added to the
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total generated heat. Since this process is a solid-state process, the temperature in the material is about 60 to 90% of
the melting temperature [17, 18]. Rising material temperatures cause the materials to soften, and by applying axial
force, the softened materials deform and enter the tube. As shown in Fig. 7, the maximum temperature is reached
under the tool shoulder, where the tool has the most force and speed. As it turns out, as the cone angle increases, the
temperature of the wires increases during the process. Increasing the temperature makes the material soft during the
process and will significantly impact the quality of the wires produced.

TEMP_ASSEMBLY

(Avg: 75%)
+9.000¢+02
+8.250e+02
+7.500e+02
+6.750e+02
+6.000e+02
+5.250e+02
+4.500e+02
+3.750e+02
+3.000e+02
+2.250e+02
+1.500e+02
+7.500¢+01
+0.000e+00

(a) (b) (©
Fig.7
The material temperature during the process using a tool with a cone angle of a)15°, b)25°, c¢) 35°.

To more accurately investigate the effects of tool cone angle on the heat generated during the process and the
resulting temperature, a numerical model was developed. As shown in Fig. 8, the tool consists of a conical and a
horizontal surface.

Conical Surface B
\ Horizental Surface

a
dz
dr
—
% Fig.8
Schematic drawing of surface orientations and infinitesimal
segment areas.
rdf

The heat generation expression varies depending on the surface orientation, but it is based on the basic heat
generation equation [19]:

Conical Surface Horizental Surface

dQ =wdM =orz,,, ,d4A (11

ontact
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where r is the distance from the investigated area to the center of rotation, w is the angular velocity. The formula
above approximates the heat created at the contact interface between the rotating tool and the material. The effects
of tool linear velocity on temperature are not studied because the main factor in creating heat is the rotational motion
of the tool. A specific tool surface in contact with the matrix is defined by its position and orientation in relation to
the tool's rotation axis (Fig. 9).

If the tool rotation axis is in the direction of the Z-axis, then a flat surface of the tool would be horizontal or in
the Or-plane. The following subscripts are used to indicate the orientation of the surface in the equations.

— =Horizontal (Perpendicular to the axis of rotation).

| =Vertical (Parallel to the axis of the tool rotation).

\ = Conical (the conical surface that tilted with respect to the rotation axis).

First, by selecting an infinitesimal segment on the tool surface, the heat created in the horizontal component of
the tool is estimated. The area of this infinitesimal segment (dA- = rdfdr) is subject to a uniform contact shear stress
Teontace- LNis segment contributes with an infinitesimal force of dF- = 7., dA- and torque of dM_ = rdF_. The heat
generated from this segment is as follows:

dQ_=wrdF =or’t, dOdr (12)

contact

where rdf and dr are the segment dimensions. By integrating this equation, the heat generated by the horizontal
plane of the tool will be:

27 erl 2
dQ J I contactd Gd}" - 3 wntau‘ a)(RTaol R;lap ) ( 1 3)

Rstope

After calculating the heat generated in the horizontal plane, the heat generated in the conical surface of the tool
will be calculated. In fact, because the tilted segment area is projected onto the major planes relative to the tool
rotation axis, the force/torque contribution from the tilted segment is split into vertical and horizontal components.
The tilted orientation is characterized by the cone angle a, which is the angle between the horizontal (#8) plane and
the segment orientation in the rz-plane.

dF, =dF_+dF, (14)

The projection of the tilted segment area is given by:

dz =tan adr (15)
dA, =rd 0dz = rd 0tan adr (16)
dA =rdBdr 17

where o represents the cone angle. Inserting these equations into Eq.(14) gives:

dF. =z, dA_+1,, dd =

contact | con tact

rd Odr (1+ tan @) (18)

contact

This can be interpreted as the fraction of tan o enlarging the segment area when compared to a horizontal
segment. The modification of the heat generated at the tilted segment is:

dQ, = wrdF, = wr’z,,, d0dr(1+tana) (19)

contact

By integrating from this equation, the heat generated on the conical surface will be as follows:

J-zn J‘RTODI dOdr(1+tana) = a)(RTDD, Hole )(1+tan @) (20)

R z‘am‘act contact
Hole
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The total heat generated is the sum of the heat generated in the horizontal and conical surfaces:
2 3 3 2 3 3
thal = Ql + QZ = 5 ﬂ.Tcantact a)(RTool - RSlop ) + 5 ﬂTcontact a)(RTanl - RHole )(1 +tan a) (2 1)

As it is known, the cone angle affects the heat generated by the tool, so that with increasing the amount of the
cone angle, the heat produced increases. This increase in heat generated increases the temperature of the samples
during the process, which justifies the simulation results.

Fig. 9 shows the force applied to the tool during the process. As can be seen, the force first increases rapidly to
reach its maximum value and then is gradually reduced. Initially, the force increases due to the penetration of the
tool into the material. After that, due to the heat generated in the material, the material softens and reduces the force
on the tool. This reduction in force continues due to the increase in material temperature during the process [20].
Also, as can be seen, increasing the tool cone angle reduces the force on the tool. This reduction in force occurs for
two reasons. On the one hand, by increasing the cone angle, the material enters more efficiently, and less surface is
involved with the material at the beginning of the process. On the other hand, by increasing the cone angle of the
tool, as seen, it increases the heat produced in the material, and thus the material becomes more soften [21]. This
reduction in force has a significant impact on the life of the tool as well as the life of the milling machine and thus
reduces costs.

120 >
—15 — 25 —35
100
80

60

Force (kN)

40

20

0 5 10 15 20 25 Fig.9 . .
Time (s) Force on the tool with different cone angles.

Fig. 10 illustrates the cross-section macrograph of the produced wire by FSBE. As it turns out, only tools with a
cone angle of 35° were able to produce flawless wires. In the produced wire with a cone angle of 15°, many
discontinuities can be seen on the outer surface of the wire. Also, in the wire produced with a cone angle of 25°, a
hole is seen in the center of the wire, and the material does not appropriately fill this area. These defects reveal that
inadequate heat generation leads to the poor formability of materials under process and then results in the generation
of discontinuity in the sample core. As shown in the previous sections, the heat generated increases with increasing
cone angle, which results in better flow of the material and thus eliminates defects such as cavities and
discontinuities.

L

(@) (b)
Fig.10
The cross-section macrograph of the produced by the tool with a cone angle of a)15°, b)25°, ¢) 35°.
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After examining different tools, a tool with a cone angle of 35° was selected as a suitable tool for the production
of brass wires. This tool produced flawless wires due to the production of more heat as well as the production of
better material flow. Also, the force on the tool and consequently on the device, which is one of the limiting
parameters in the process, is reduced when using this tool.

4.3 Microstructural and mechanical properties

The peripheral and central microstructures of the cross-section of the FSBE-produced wires are shown in Figs. 11(a)
and 11(b). The periphery microstructure is more refined than the center microstructure, as indicated. This
differential, which affects microhardness, is linked to the amount of strain and temperature encountered. [21].

In terms of strain, the materials at the wire periphery experience a higher amount of strain due to the higher
linear velocity of the tool at the periphery rather than the tool center (Fig. 12(a)). It is well-known that increasing the
strain increases the nucleation sites over the recrystallization and thus reduces the grain size in the produced
microstructure.

Regarding the experienced temperature over the processing time, it could be declared that the surface of the
FSBE tool acts as a heat well and cools the outer surface of the wires that are in contact with the tool, and as a result,
the temperature at the surface of the wires is lower than the center of the wire (Fig. 12(b)). As a result, the lower
experienced temperature at the wire periphery reduces the grain growth during the process. Higher strain and lower
temperature of the outer surface of the wires is the main reason for the smaller grain size in this area.

(b)

Fig.11
Cross-section macro image of the produced brass wire by FSBE. (a) central and (b) peripheral microstructures of the sample.
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Fig.12

a ) Strain distribution and b) Temperature distribution on the cross-section of the wires.

According to the microstructural results, it is expected that the microhardness value at the sample periphery is
higher than that of the sample center. The central microhardness for the sample is 119 HV, respectively, while its
peripheral microhardness is 123 HV. The main reason for higher hardness at the sample peripheral is the grain size
(Fig. 10). The engineering stress-strain pressure test curve for the sample is shown in Fig. 13.
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Fig.13
The engineering stress-strain pressure test curves for
samples.
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5 CONCLUSIONS

This research investigates the effect of tool cone angles on the wires produced during the FSBE process. For this
purpose, first, the FSBE process was modeled using the CEL method, and the numerical results were validated with
experimental results. Then, using macro images, defects in the wires were examined. In summary, the following
results were obtained in this study:

With increasing tool cone angle, the temperature of the material increased during the process due to the
increase in the effective surface in heat production.

The highest temperature and strain occur near the tool/workpiece interface but further from the tool axis.
Increasing the tool cone angle reduces the force on the milling machine and machine and thus increases
their life.

For the manufacturing of brass wires, a tool with a cone angle of 35 degrees was chosen. Because of the
increased heat generation and improved material flow, this instrument generated perfect wires.

The microstructure of a generated FSBE sample (wire) is more refined in the periphery than in the centre of the
cross-section. This microstructural deviation is mainly affected by the strain and the temperature.
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