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Abstract

Friction stir back extrusion (FSBE) is used to produce brass wires and then, Numerical
modeling is developed to simulate the FSBE of brass based on the Coupled Eulerian-
Lagrangian technique (CEL) and verified by experiments. Next, the effects of FSBE
parameters such as tool rotational and plunging speed on the strain and temperature
distributions, microstructure, and patterns of material flow are studied. The results show that,
the highest temperature and strain occurs near the tool/workpiece interface, but in a further
distance from the tool axis. Additionally, in the cross section of a FSBE wire, the
microstructure is finer in the periphery of the sample. A higher rotational speed or a lower
plunging speed results in a coarser microstructure. The material flow pattern during the process
is conical helix, and does not change meaningfully by the process parameters. The points at the
further distance from the tool axis, along with an upward movement, experience an inward
spiral movement which is amplified by higher rotational speed. However, the materials very

near the tool axis almost take an upward movement and endure a very lower strain.
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1. Introduction

The brasses (Cu—Zn alloys) contain 5 to 45% of zinc to donate a higher hardness and
mechanical resistance to the brass, while the rest is copper giving a higher corrosion resistance
for many mediums [1], [2]. Therefore, these alloys have various mechanical and physical
properties based on their Zn content. Also, they may have a small amount of iron, lead and
other trace elements. Furthermore, brasses have high thermal and electrical conductivities, high
malleability, good combination of strength and ductility, high corrosion resistance, good
castability and formability and excellent machinability [2], [3]. These excellent and special
properties have widespread the applications of brasses in different fields such as low pressure
valves, plumbing fittings and fixtures, counters and taps, bearings, gears, architectural frames

and decorative hardware, musical instruments, germicidal and anti-microbial devices [4], [5].

Due to the limited resources, high energy consumption and environmental contamination, the
metals recycling has become an essential topic these days. The copper, aluminum, iron, etc.
based metals and alloys are broadly utilized in production to manufacture almost all kinds of
industrial products. Therefore, the metal chips produced during machining are the majority of
waste materials in the industrial firms [6]. Additionally, every year, a large amount of metal
scrap pieces is produced in the shops which then are chopped up with shredders into chips.
Although these wastes are mostly polluted with the oils and cutting fluids, the washing costs
are very lower than mining them. Generally, for recycling, the metal chips are re-casted [6],
[7]. In this way some companies are needed for collecting the chips and transferring them into
the casting shops and again rolling, extrusion and other processes are required to produce the
final/usable metal product. However, by the technology advancement, new recycling
techniques have been emerged such as the Friction Stir Back Extrusion (FSBE) enabling the

shops to directly recycle the metal chips into extruded products.

Previously, the friction based processes such friction welding methods have demonstrated their
capability in joining and forming the materials in solid state and have introduced products with
desired mechanical properties [8], [9]. Recently a new friction stirring concept was developed,
which targets the recycling and processing of chips to generate a bulk material. The FSBE as a
solid state recycling technic, produces frictional heat to soften the recycling chips and then, by
applying adequate pressure as a forging force, the chips are merged and pushed to a channel to

produce an integrated product like a wire or tube.



Abu-Farha [10] applied FSBE process to produce aluminum tubes and observed fine-grained
microstructure along the tube wall. Dinaharan et al. [11] explained how the FSBE can be
applied to deform the solid cylindrical pure copper ingots to defect-free tubes. Their
microstructural observations showed that the produced copper tubes belong homogenous
microstructure along the tube, but the trapped frictional heat made the grains coarse. So, they
concluded that an adequate heat dissipation during FSBE is required to control the evolution
of microstructure. Similarly, Mathew et al. [12] produced aluminum seamless tubes by
deforming the solid cylindrical bars utilizing the FSBE. They indicated this process is capable
to produce defect-free aluminum seamless tubes. Zhang et al. [13] deformed hollow cylindrical
billets of 6063-T6 aluminum alloy to tubes by FSBE and found equiaxed refined grain structure
as a result of dynamic recrystallization. They reported that the grain size is reduced from ~58
um in the base metal to 20.6 um at the inner wall of tube. However, the microhardness is

declined from 100 to 6075 HV due to the process thermal cycle.

In terms of finite element modeling (FEM) of FSBE some endeavors are reported in the
literature in recent years. Behnagh et al. [14] presented a 2D thermo-mechanically coupled
Eulerian—Lagrangian model using Abaqus software to simulate the FSBE process for
production of pure magnesium alloy wires, while the work hardening and strain softening
effects were taken into consideration in the model. Additionally, they modeled grain size
evolution based on the dynamic recrystallization (DRX) kinetics laws. Baffari et al. [15]
proposed a 3D Lagrangian thermo-mechanically coupled numerical model using DEFORM3D
software for FSBE of AZ31 magnesium wire and approved the model by temperature
measurements. They also investigated the process mechanics to attain information on the
material flow over the process as well as on the final product surface quality as a function of
the tool plunging force and rotational speed. Additionally, in another work [16], they
investigated the effect of process parameters and extrusion rate on the temperature and strain

distribution.

In the present research, a brass shaft is formed using FSBE to produce integrated solid wires
and the effects of rotational and plunging speeds on the microstructure and mechanical
properties of produced brass wires are investigated. Additionally, Coupled Eulerian Lagrangian
(CEL) model is proposed to numerically simulate the FSBE process for brass wire production.
The model is validated based on the acquired experimental temperature data and then, the
effects of process parameters on the temperature and strain distributions as well as the material

flow patterns are investigated.



2. Experimental procedure

In the present work, a CuZn39Pb2Sn brass shaft, with the chemical composition listed in
Table 1, was inserted in the mold cavity (matrix) prior to applying the FSBE process. The
matrix was made from H13 hot working steel and then heat treated to attain 52 RC hardness
(Fig. 1a). The FSBE tool, with the outer and inner diameters of 30 and 7 mm, was made of
Chrome-Nickel steels and heat treated to achieve 58 RC hardness. The FBE tool picture are
shown in Fig. 1b. In the present work the tool and matrix dimensions were constant but the
main process parameters of tool rotational and plunging speeds were varied to observe their
effects on the mechanical and microstructural properties of produced brass wires. The
rotational and plunging speeds were varied between 315-800 rpm, and 25-40 mm/min,
respectively. Some of the produced brass wires by FSBE process are shown in Fig. 1c.

To acquire the temperature history during the process, a four-channel thermometer was used
and the thermocouples were inserted in the radial 4-mm holes on the matrix body with different
spaces from the top edge.

For microstructural observations on the optical microscope (OM), the wires are cut in
perpendicular to wire axis and then, polished using a standard procedure. The prepared
metallographic samples are etched with a solution of 5 g Fe3Cl, 30 mL HCI and 100 mL ethanol

in 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. 589 3739 214 0.60 0.1 043 0.007 0.004 0.003 0.003 0.003
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Fig. 1. (a) The matrix with its dimensions, (b) the tool with its dimensions, and (c) some of the

produced 7-mm-diameter wires produced by FSBE.



3. Model description

The ABAQUS software was utilized to simulate the material flow and temperature history
during the FSBE of brass. A CEL method is utilized in this study to simulate various aspects
of process. In this method the finite elements are fixed in space, while the material could flow

through these elements.

As a result, there is no mesh distortion that usually existed in the Lagrangian methods. The
workpiece is defined as an Eulerian part with EC3D8RT elements and the tool was modeled as
a rigid Lagrangian body. The Eulerian part has been considered as a cylindrical shape that
includes two sub-regions: “full” and “void”. The lower region “full” is predefined with the
brass, and no material is assigned in the upper region “void” to identify the movement of the
material during the process. The material layout used in the present model to produce the brass

wires is shown in Fig. 2.
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Fig. 2. The material layout used in the present model for FSBE to produce the brass wires.

3.1. Governing equations

In the CEL method developed in this investigation, Eulerian formulation, where mass,
energy, and momentum are conserved, is utilized to model the workpiece domain.

The mass conservation equation (Eq. 1) represents the rate of outflow mass and mass

changes inside the control volume.
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ot
where p and v is 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.
ov
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t

where, ¢ and g is 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 generation of the volumetric heat from the element.
oT _
pC, (- +vVT) =V.(KVT)+ V(1) + & 3)

where K, Cp, T and Q" represent the thermal conductivity; the material specific heat, the
temperature in Kelvin scale; and the rate of volumetric heat generation. The Eulerian based

equations (Egs. 1-3) have a general conservation form as below:

% +V.O=S 4)
where, § and @ are the source term and the flux function, respectively. Operator splitting
algorithm splits the governing equation (Eq. 4) into Eulerian step containing the flux function
term ® and Lagrangian step containing the source term S, as shown in Egs. 5 and 6. The CEL
method solved these two equations sequentially. Fig. 3 schematically illustrates the split

operator for each step of CEL method.
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Fig. 3. Schematic illustration of the split operator in CEL method.

3.2. Material model
The material flow stress in FSBE is a function of strain, strain-rate and temperature. Therefore,

Johnson-Cook’s model (JC) is used as the material flow model of brass as following:

_ ) & (a-1)) .
o=(A+Be )(1+Cln(§zj)[l ((Tm—Tr)J (7

where A, B, C, n, and m are constants related to the material, 7, is melting temperature (from
Table 2); T, is the ambient temperature, £ represents the plastic strain; &, the normalizing
strain rate; and & is the effective plastic strain rate. The first term of Eq. 7 is the power law
that defines the influences of plastic train on the flow stress. The second and third terms of the
equation considered the effect of the strain rate and temperature, respectively. Table 2

illustrates the Johnson-Cook’s parameters for brass alloys [17]-[19].

Table 2. The constants of JC model for the AA 5083 and brass alloys [17]-[19].

Material A [MPa] BI[MPa] C n m Tret [°C]  Tmert [°C]

Brass 112 505 0.009 0.42 1.68 25 916

3.3. Contact interactions and boundary conditions

The main sources of heat generation during FSBE are the plastic deformation and friction as

shown in Eq. 8:



F=g + & ®)

where, Qr and Q is friction and plastic deformation heat generation respectively. The friction
heat generation is the product of tangential stress and slip-rate at the interface, as expressed by
Eq. 9. Moreover, the amount of material deformation determines the heat generation because

of plastic deformation as shown in Eq. 10.

& =gz x & )

K =nox& (10)

where, o is flow stress, ¢ is frictional heat factor, ¢ represents strain-rate, # is inelastic heat
fraction and y " is slip-rate, respectively. For thermal analysis, the Fourier law is used as the
governing equation. Thus, heat generation and conduction equations can be utilized to

determine the temperature distribution.

kvV°T +q§2=pcaa—7; (11)

where k, t and ¢, are thermal conductivity of the material, time and material specific heat
capacity, respectively. Moreover, heat dissipation because of convection occurred from the
workpiece surfaces to the air:

K %Tsmncr -7,) (12)
where T, and yco represents the peripheral temperature and the coefficients of heat convection.
At matrix and paunch outer surfaces, a convective heat transfer coefficient is used for modeling
heat natural convection heat loss. Besides the FSBE paunch /workpiece contact, there is a self-
contact inside the materials under process. To consider all contacts between the workpiece and
tools, General contact interaction was utilized. Moreover, the tangential and normal contact is
modelled by the penalty equation and the hard contact pressure enclosure to minimize the
penetration of workpiece nodes into the tool. As a result, the compressive stress at the interface

can be determined. General contact formulation was utilized to define the tool/workpiece

contact.



3.4. Meshing

Thermally coupled eight-node linear Eulerian brick elements (EC3D8RT) with reduced
integration is utilized to mesh Eulerian domain. Fine mesh is crucial parameter to achieve
accurate model of FSBE. Moreover, coarse model in CEL method leads to Eulerian material
flowing through Lagrangian mesh and decrease accuracy. As different mesh size was

investigated and a fine mesh with mesh size of 0.8 mm is selected (Fig. 4).

The rotating tool and the matrix are modeled as the Lagrangian rigid body and meshed with

the thermally coupled 4-node 3D bilinear rigid quadrilateral elements.

All tool movement conditions are assigned with respect to the tool reference point in order to

control the tool movement precisely.

(a)

(b) (©)
Fig. 4. Mesh in the CEL model: (a) Eulerian mesh for the workpiece, and (b) and (c) Lagrangian
mesh for the tool.

4. Results

First the model is verified by the thermal history curves and then, the experimental
investigations such as microstructures along with the numerical results such as temperature and

strain distributions and material flow are discussed in the following subsections.

4.1. Numerical model validation

To verify the model accuracy, the simulation and experimental thermal history curves are
compared (Fig. 5). The temperatures are acquired on the matrix body with 3 mm distance from
the inside cylindrical surface and 10 mm distance from the top surface. Fig. 5a shows the
temperature distribution on the matrix body when the tool is penetrated almost 10 mm on the

matrix hole (5 mm into the workpiece) with the rotational and plunging speeds of 800 rpm and



25 mm/min. As can be seen a severe thermal gradient occurs on the matrix body and thus, its

substance, not as much as rotating tool but, is important to withstand over this thermal gradient.

Fig. 5b shows the experimental and numerical temperature history curves over the process. As
can be seen a good agreement is achieved between experimental and numerical results.
Although the maximum temperature in the matrix body is reached almost 600 °C, it would be

much higher in the tool/workpiece interface.
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Fig. 5 (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. The rotational and plunging speeds: 800 rpm and 25 mm/min.

4.2. Temperature distribution

Fig. 6 shows the temperature distribution acquired for the workpieces under extrusion by
different tool rotational and plunging speeds. In the FSBE, similar to other friction-stir based
processes, the required heat for material softening is mostly generated by the friction in the
tool/workpiece interface. Then, by flowing the material, the plastic deformation heat is added
to the total generated heat. By this generated heat, which rises the workpiece temperature up to
60-95% of substance melting point, the material is softened [20]-[22]. Then the axial
movement is applied to the tool to deform the workpiece and reduce its diameter from extrusion

chamber diameter (matrix cavity of 30 mm) to the wire diameter (7 mm).

It should be noticed that, the plastic deformation, similar to the friction, mostly occurs near the
interface. Therefore, as can be seen in Figs. 6a-6f, the maximum temperature appears in the
interface. Additionally, along the interface there is a bit temperature difference between the

outer edge of the tool (diameter of 30 mm) and inner one (diameter of 7 mm). Because the



linear velocity is higher at the outer diameter both the frictional heat and the plastic deformation

heat is expected to be more severe going from the center to the outer diameter.

The effects of tool rotational and plunging speeds on the temperature distribution are clearly
shown in Fig. 6. By increasing the plunging speed from 25 to 40 mm/min while the rotational
speed is constant on 800 rpm, the maximum temperature drops down from 860 to 780 °C (Figs.

6a-6¢).

On the other hand, the rotational speed is changed from 800 to 315 rpm at the constant plunging
speed of 25 mm/min and the results are demonstrated in Figs. 6a and 6d-6f. By reducing the
rotational speed, generation of both the frictional and plastic deformation heat diminishes. It is
shown that the maximum temperature is declined from 860 to 650 °C by decreasing the

rotational speed from 800 to 315 rpm.
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(d) 630 rpm - 25 mm/min (e) 500 rpm - 25 mm/min (f) 315 rpm - 25 mm/min

Fig. 6 Temperature distribution in the samples produced with different rotational and plunging
speeds.



The temperature variation curves along the horizontal straight line which crosses over from the
tool edges are shown in Fig. 7. As can be seen in the figure, in each individual curve the highest
temperature emerges in the workpiece/tool contact point, and going toward the sample center
the temperature declines. By comparing the maximum temperature achieved in different
process parameters, it can be deduced that the samples with higher rotational speed to plunging
speed ratio (w/v) shows a higher maximum temperature. Additionally, it is clear that the
difference between maximum temperature at the outer point of the workpiece and minimum
temperature at the center of workpiece becomes deeper at higher plunging speeds. On the other
words, the depth of bowl-shape curve is deeper at the higher plunging speeds and thus, it

generates higher temperature gradient inside the workpiece.
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Fig. 7. Temperature variation curves along the horizontal straight line which crosses over from the
tool edges (the image on the right up corner).

4.3. Strain distribution

Along with the thermal cycle and maximum temperature, an under process substance
experiences, the plastic deformation aspects such as effective strain and strain rate, are affecting
the microstructure and therefore the mechanical properties of the product. Furthermore, the
amount of strain applied to the material during the friction-stir-based processes is very much
higher in compare to the other severe plastic deformation (SPD) processes [23]. For instance,
the maximum amount of strain can be applied by the different types of the extrusion, equal
channel angular process (ECAP), and incremental forming (IF) processes is 1-5 [24]. While, it
is varying between 50-200 in the FSW process, based on the tool geometry and process

parameters [25]—[27]. Therefore, study on the strain is one of the key roles on considering and



determining the microstructural properties of the produced materials by FSBE. Fig. 8 describes
the effects of the rotational and plunging speeds on the strain distribution. As it was expected,
in all of the samples the maximum strain occurs in the tool/workpiece interface and is the
highest near the outer edge of tool. Indeed, going far from the tool center increases the sweeping
capability of tool which boosts both the frictional heat and plastic deformation, and these two
results invigorate each other. Because, the higher the temperature, the softer the material and

thus, the easier the material movement and the higher the strain.

Comparing Figs. 8a-8c, one can be concluded that an increase in the plunging speed leads to a
decrease in the amount of strain which the material under process experiences. Although by
increasing the plunging speed the process force increases, the process time declines and a
distinct point inside the material experiences the deformation in lower amount and lower time.
At the constant rotational speed of 800 rpm, when the plunging speed goes up from 25 to 40

mm/min, the strain decreases from 55 to 38 mm/mm.

In terms of the rotational speed, it is clear that a decrease in rotational speed results in a lower
strain. As the strain amount from 55 mm/mm at the rotational speed of 800 rpm drops down to
35 mm/mm at the rotational speed of 315 rpm. Consequently, a lower w/v results in a lower
strain, because, a distinct point inside the material experiences lower plastic deformation over

the process.
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(a) 800 rpm - 25 mm/min  (b) 800 rpm - 31.5 mm/min  (c) 800 rpm - 40 mm/min



(d) 630 rpm - 25 mm/min (e) 500 rpm - 25 mm/min (f) 315 rpm - 25 mm/min

Fig. 8 Strain distribution in the samples produced with different rotational and plunging speeds.

4.4. Microstructures

Fig. 9 shows the microstructure of base metal and the produced samples at different rotational
and plunging speeds. Fig. 9a illustrates the microstructure of base metal used in this study with
the grain size of almost 18.5 pm. Regarding the produced wires by FSBE, since the center and
periphery of the produced wires experience different amounts of strain and temperature, the
microstructure images are shown at the center and periphery of wires. Fig. 9b shows the
locations on the cross section of a wire from which the microstructure images are taken.
Different affecting factors can determine the grain size at the resulted microstructure. The
amount of strain and the temperature history are the most affecting factors on the
microstructure of FSBE samples. The higher strain will result in a higher dislocation density
and more preferential sites for grain nucleation and consequently will produce a microstructure
with finer grains [28]-[30]. As cited before, the amount of produced strain in the FSBE process
is very high and therefore, it is expected to generate a microstructure with ultrafine grains.
However, as can be seen in Fig. 9 there is no big difference between grain size of base metal
and those of the produced FSBE samples. While the grain size in the base metal is almost 18.5

um, it is varying between 10-30 um in the produced samples by FSBE.

Besides the strain value, the temperature, that the materials are undergone during the FSBE, is
more higher comparing with the other SPD processes. While the cold extrusion, ECAP and IF
processes are normally applied at the ambient temperature (or a bit higher), in the FSBE process
the temperature sometimes rises up to 95% of material melting point. These very high
temperatures could severely diminish the effects of strain on the microstructure by growing the

grains, even if several continuous dynamic recrystallizations are occurred.



Fig. 9c shows the microstructures of the produced brass wire, using FSBE by the rotational and
plunging speeds of 800 rpm and 25 mm/min, at the sample center and periphery. As can be
seen the grain size at the center is 28.3 um, while it is 27 pm at the sample periphery. The
materials at the periphery of wire are mostly come from the outer layers of initial stock (will
be discussed later) and in compare to the materials at the center experience higher strain.
Therefore, from the strain point of view, the grains at the periphery of sample should be finer
than the center. In terms of temperature, although the material at the periphery has experienced
a bit higher temperature, it is almost uniform when the materials are crossing from the sizing
channel (the central hole of 7 mm dia.). Additionally, when the wire passed this channel, the
periphery temperature could be lower due to the thermal conduction. Consequently, it seems
that the strain is the dominant factor for the microstructural deviation in the sample cross

section rather than the temperature.

The effect of plunging speed on the microstructure and grain size is shown in Figs. 9c-9e and
10a. By increasing the plunging speed from 25 to 40 mm/min, although the strain amount
applied to the materials is decreased (Fig. 8), it seems that 90 °C temperature drop is more
effective than the strain decrease as the grain size is reduced almost 8 and 10 um at the center
and periphery of the samples, respectively. Also, along with the temperature reduction, by
increasing the plunging speed the time that the material endures the higher temperatures

reduces, which helps to grain growth prevention.

Figs. 9c, 9f-9h and 10b shows the effect of rotational speed on the microstructure and grain
size at the center and periphery of FSBE samples. It can be seen that the grain size is reduced
from 28.3 to 12.21 um (for the samples center) by decreasing the rotational speed from 800 to
315 rpm. Similar to the plunging speed, the temperature is the dominant factor rather than the

strain that the material experiences over the FSBE process.
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Fig. 9 Microstructures in the samples produced with different rotational and plunging speeds. For
each sample the upper and lower images show the microstructure of produced wire at the center and
periphery, respectively. AGS is average grain size.

Generally, it can be concluded that:

(1) when the process parameters are constant (means in a sample) the microstructural deviation
at the sample cross section is mostly affected by the strain. However,

(2) when the processes parameters are changed (means from one sample to the other) the
temperature is the dominant factor in grain size determining.

Furthermore, paying attention to Figs. 10a and 10b, it can be deduced that at the lower w/v

ratios the difference between the center and periphery grain size becomes more tangible. It



seems that at the higher w/v ratios, along with the rising the peak temperature, the effect of

strain on the cross-section microstructural deviation becomes weaken.
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Fig. 10 Grain size variation at the center and periphery of the samples produced by FSBE. (a)
Effect of plunging speed, and (b) Effect of rotational speed.

4.5. Material Flow
The developed numerical model is capable to consider the material flow during the FSBE
process of brass. The point tracking technic of the ABAQUS software is used to study the

material movement as well as the effects of process parameters on this movement.
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C
Fifg.)ll The moving path during the FSBE of brass for the points at (a)1 mm, (b) 3 mm, and (c) 5
mm distance from the central axis.

To study the material flow pattern over the FSBE process, the moving paths of 3 different
points located at different distances from tool axis are taken into consideration. In Figs. 11a-c
the points are located at 1, 3 and 5 mm from the central axis in the initial stock. Then, their
paths over the process from initial stock to final wire sample are observed from 3D, front, and
top views. As can be seen all points rotate around the axis and go up in an almost helical path
from the initial stock into the sizing channel to produce the wire. However, the path for the
point at 1 mm distance from the center is almost pure helical and moves almost upward with a
lower speed. While, for the point at 5 mm distance from center, the path is conical helix and
besides the upward movement, takes an inward spiral movement and thus, it has to take longer
path with higher speed. Therefore, as discussed before, a higher strain is applied to the points

at higher distance from tool axis.

To consider the total material flow pattern accompanied with the effects of process parameters,
different points in consecutive distances of 1.15 mm are located along the diameter of initial
stock. The initial position of the points is shown in Fig. 12 from the top and front views. Then,

the position of these points during the process is observed at different time intervals.



Fig. 12 Initial positions of the located points along the diameter of initial stock for material flow

pattern consideration.

The effects of process parameters on the material flow pattern are shown in Figs. 13 and 14
from the top and front views. The general shape of material flow patterns in all samples are
similar to each other and includes a conical helix pattern, but the speed of flowing points
changes with changing the process parameters. As can be seen by increasing the plunging speed
from 25 to 40 mm/min (Figs. 13a and 13b) the speed of material penetration from initial stock
into the final wire increases. Furthermore, comparing the top views for two samples, one can
be deduced that by increasing the plunging speed the flowing points are rotated faster. Although
a reverse result was expected, it seems that when the plunging speed is increased, the points
are gone faster toward the wire channel and consequently are entered faster to the deforming

zone.

| I | l




Fig. 13. The material flow pattern from top and front views at different time intervals. (a)
800 rpm and 25 mm/min, and (b) 800 rpm and 40 mm/min.
Similar effect can be observed when the rotational speed is reduced from 800 to 500 rpm
(comparing Figs. 14a, and 14b). Actually in this case, the number of rotations for a point lowers
before entering to the sizing channel. Therefore, although the speed of entering the points from
initial channel into the sizing channel is the same (comparing the front views for 2 samples in
Fig. 14), the number of rotations before entering to the channel is reduced by decreasing the

rotational speed from 800 to 500 rpm. This will lead the materials to experience lower strain

(b) I

over the FSBE process.

(a)




Fig. 14. The material flow pattern from top and front views at different time intervals. (a)
800 rpm and 40 mm/min, and (b) 500 rpm and 40 mm/min.




5. Conclusions

In the present work, a primary 30-mm diameter brass shaft (as the initial stock) is formed to
the 7-mm brass wire using friction stir back extrusion process. Additionally, a 3D Coupled
Eulerian Lagrangian model developed using the ABAQUS software to simulate the FSBE
process of brass and verified by experiments. Then, the effects of process parameters of tool
rotational and plunging speed on the temperature and strain distributions, microstructure, and

material flow patterns are considered. The results show that:

e The highest temperature and strain occurs near the tool/workpiece interface but in a
further distance from the tool axis. The higher rotational speed or lower plunging speed
cause to an increase in the temperature and strain that the material experiences during
the process.

e In the cross-section of a produced FSBE sample (wire) the microstructure is finer in the
periphery rather than the center. This microstructural deviation is mostly affected by
the strain rather than the temperature.

e However, when the process parameters are changed the dominant factor in determining
the product microstructure is the temperature rather than the strain. Therefore, a higher
rotational to plunging speed ratio will result in a coarser microstructure.

e The pattern of material flow during the FSBE process is conical helix (since the tool
head is conical), and does not change significantly by the process parameters. The
points at the further distance from the tool axis, along with an upward movement,
experience an inward spiral movement which is amplified by higher rotational speed.
However, the material very near the tool axis almost take an upward movement and
endure a very lower strain.

e The plunging speed is responsible for the wire production speed while the rotational

speed is responsible for the frictional heat and strain generation.
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Figure 1

(@) The matrix with its dimensions, (b) the tool with its dimensions, and (c) some of the produced 7-mm-
diameter wires produced by FSBE.
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Figure 2

The material layout used in the present model for FSBE to produce the brass wires.
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Figure 3

Schematic illustration of the split operator in CEL method.



(a)

Figure 4

Mesh in the CEL model: (a) Eulerian mesh for the workpiece, and (b) and (c) Lagrangian mesh for the
tool.
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Figure 5

(@) 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. The rotational and
plunging speeds: 800 rpm and 25 mm/min.



(a) 800 mpm - 25 mm/min (b) 800 rpm - 31.5 mm/min (c) 800 rpm - 40 mm/min

(d) 630 rpm - 25 mm/min (e) 500 tpm - 25 mm/min (f) 315 rpm - 25 mm/min

Figure 6

Temperature distribution in the samples produced with different rotational and plunging speeds.



Temperature (*C)

= i =315x25

=20 -15 10 -5 o 5 10 15 20
Distance from rotating axis (mm)

Figure 7

Temperature variation curves along the horizontal straight line which crosses over from the tool edges
(the image on the right up corner).



(2) 800 1pm - 25 mm/min  (b) 800 rpm - 31.5 mm/min  (c) 800 tpm - 40 mm/min

(d) 630 rpm - 25 mm/min (e) 500 rpm - 25 mm/min (f) 315 rpm - 25 mm/min

Figure 8

Strain distribution in the samples produced with different rotational and plunging speeds.
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Figure 9

Microstructures in the samples produced with different rotational and plunging speeds. For each sample
the upper and lower images show the microstructure of produced wire at the center and periphery,
respectively. AGS is average grain size.
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Figure 10

Grain size variation at the center and periphery of the samples produced by FSBE. (a) Effect of plunging
speed, and (b) Effect of rotational speed.



Figure 11

The moving path during the FSBE of brass for the points at (a)1 mm, (b) 3 mm, and (c) 5 mm distance
from the central axis.



Figure 12

Initial positions of the located points along the diameter of initial stock for material flow pattern
consideration.
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Figure 13

The material flow pattern from top and front views at different time intervals. (a) 800 rpm and 25
mm/min, and (b) 800 rpm and 40 mm/min.



Figure 14

The material flow pattern from top and front views at different time intervals. (a) 800 rpm and 40
mm/min, and (b) 500 rpm and 40 mm/min.



