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Abstract: This research aims to construct a three-dimensional numerical model for 
modeling friction stir extrusion using the completely Lagrangian method, smoothed 
particle hydrodynamics (SPH). For extrusion simulations, the Finite Element Method 
(FEM) is extensively utilized; however, it has limitations due to excessive element 
deformation. Because the particle-based method eliminates the usage of volumetric 
elements, SPH can be a viable alternative. The performance of the SPH model was 
evaluated using different particle sizes. The results showed that the smaller particle size 
improves the temperature results as well as the shape of the wire produced. Then the 
mechanical and microstructural properties of the produced wires were investigated. The 
results show that the grain size in the center of the wire is larger than its perimeter due 
to the lower strain rate in this area. Increased strain reduces grain size in the produced 
microstructure by increasing nucleation sites during recrystallization, as is well known. 
The wire microhardness in the centre is 121 HV, whereas it is 129 HV in the periphery. 
Grain size is the main reason of increased hardness near the sample's periphery. 
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1 INTRODUCTION 

Metal recycling has caught the attention of many 

governments due to limited resources, environmental 

protection, and energy savings. Due to the machining 

process and the generation of metal chips, alloys such as 

copper, brass, and aluminum, which are widely utilized 

in numerous industries, are one of the most significant 

sources of metal loss. These chips are usually melted and 

reused. As a result, some companies are required to 

collect the chips and transport them to the casting shops, 

where they will be rolled, extruded, and other operations 

to generate the final/usable metal product. With the 

introduction of novel recycling processes such as 

Friction Stir Back Extrusion (FSBE), these alloys can 

now be recycled straight into the product [1-2]. The most 

common numerical tool for machining analyses is the 

Finite Element Method (FEM). In the finite element 

modeling of the FSBE process, substantial strains are 

present, resulting in severe mesh deformation at various 

stages [3]. Due to this challenge, two approaches, the 

Arbitrary Eulerian-Lagrangian (ALE) and the CEL were 

developed to address stress concentration and avoid 

mesh distortion during computation. The ALE approach 

is a sort of finite element networking in which network 

components in the space are not fixed or attached to the 

object or material but rather move as needed.  This 

aspect of the ALE approach helps simulate processes in 

which the material undergoes substantial and severe 

local deformation and massive unconstrained flow 

across free borders [4]. Another finite element 

networking method used in processes with extensive 

plastic deformation, such as friction stir extrusion, is the 

CEL method [5]. The sample is modeled with Eulerian 

relations in this method, which prevents substantial 

network distortion.  Akbari et al. [5] used the coupled 

Eulerian-Lagrangian (CEL) technique to model the 

FSBE process. Using a numerical model, they modeled 

the temperature and flow of the material well during the 

process. The disadvantage of these advanced FEM 

methods is their very high computational time. 

Smoothed Particle Hydrodynamics (SPH) emerged in 

manufacturing to address such concerns with FEM 
[6-7].  
SPH is a mesh-free approach that was first developed for 

astrophysics and has now been expanded to the 

continuum mechanics scale. SPH, unlike FEM, does not 

require a gridded domain [8-9]. As a result, it can handle 

free surfaces, changeable boundaries, and moving 

interfaces. For machining processes, SPH appears to be 

a viable alternative to FEM. Since SPH eliminates the 

challenges associated with element distortion, it has 

been examined in a few studies for extrusion 

simulations. Lampropoulos et al. [10] used the SPH 

method to simulate extrusion processes for two different 

geometries of the die cross-section. According to their 

results, the calibrated models were able to capture the 

experimental data with a 10% accuracy for a variety of 

initial billet temperature and ram speed values. Bagheri 

et al. [11] improved 3D numerical models of Friction 

Stir Welding (FSW), and Friction Stir Vibration 

Welding (FSVW) processes at various welding speeds 

using SPH. As can be seen, this method has been used to 

model a number of manufacturing processes, although 

the capability of this method to model the FSBE process, 

which has severe plastic deformation, has not been 

investigated. 

In this study, for the first time, the capability of the SPH 

method in modeling the FSBE process was investigated. 

Also, using this method, the reasons for microstructural 

changes in the radial direction of the produced wires, 

which are shown in experimental works, will be 

investigated. To begin, The FSBE process was modeled 

using the SPH method. Then the microstructural and 

mechanical properties of the produced wires were 

obtained using experimental methods. The model is 

employed to study the strain and temperature 

distribution during the process. By acquiring these data 

from numerical results, the microstructural and 

mechanical properties of the produced wires were 

investigated. 

2 MODEL DESCRIPTION 

Large strains are present in the finite element modeling 

of the FSBE process, resulting in severe mesh distortion 

at various phases. Mesh-based numerical methods, such 

as early Lagrangian models, fail to account for mesh 

deformation during simulation [7]. As a result, the 

advanced mesh-free SPH model was employed to solve 

the problem in this work. The elements and fixed grid 

are not constrained to each other in the SPH technique, 

allowing the workpiece to maintain a high deformation 

rate during the simulation. As a result, the FSBE is 

precisely modeled using ABAQUS in EXPLICIT mode. 

Because the SPH method uses Lagrangian physics, all 

output fields may be easily traced throughout time. The 

problem is modeled using the SPH technique by 

distributing numerical nodes over the stated problem 

environment and turning the continuous model into a 

discretized model. In reaction to its effective stress or 

imposed hydrostatic pressure, each node, on the other 

hand, moved and accelerated. The effect of each node on 

its neighbors was calculated using the kernel function. 

As a result, the SPH method is particularly useful in 

determining the force, stress, and strain distribution. 

FEM codes face a big issue in simulating forming 

processes in which the material is highly distorted 

(Plastic deformation process) during the extrusion 

process. The main problem with utilizing a traditional 
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FE model with a Lagrangian mesh at high deformation 

is mesh distortion. Traditional Langrangian techniques 

have difficulty resolving large deformations [4]. 

Meshless or meshfree approaches have lately evolved 

due to these and other shortcomings in standard 

Langrangian procedures. These methods focus on 

imposing particular replicating requirements to generate 

interpolation functions at arbitrary discrete places in the 

domain, obviating the necessity for elements and a mesh. 

SPH is a cutting-edge computer simulation technique for 

continuous media mechanics.  

The SPH approach is a total lagrangian first developed 

for analyzing and simulating astrophysics problems 

[12]. Later, the method was extended to describe 

unsteady flows with massive deformations and analyze 

and simulate situations involving significant strain solid 

mechanics. The absence of a grid and the discretization 

of the continuum are the primary distinctions between 

FEM and SPH. It does not suffer from the mesh 

distortion problems that limit Lagrangian methods based 

on the structured mesh when simulating large 

deformations. Mesh-free numerical integration of partial 

differential equations is a relatively new numerical 

approach. There is no direct connection between 

particles. The particles are the foundation of an 

interpolator scheme based on the kernel function, which 

is the method's core and ultimately depends on another 

key feature: the length of the smoothing [13]. 

Using kernel interpolation algorithms, the problem 

variables, such as velocity, density, stresses, and 

deformation, are examined in the SPH technique based 

on the weighted average value of numerical nodes over 

neighboring nodes [14]. As a result, these models can 

simulate inhomogeneous node distribution tests and 

massive deformation processes. This method's 

Lagrangian structure makes it easy to track all field 

variables across time.  

There are various types of interpolation kernel 

smoothing functions for modeling massive deformation 

problems, which are chosen based on the physics of the 

problem. The effective radius of the central element for 

a finite number of neighbors is generally determined to 

be roughly 27 and 56 elements in two-dimensional and 

three-dimensional models, respectively [13]. 

Furthermore, the scaling factor (λ) can be utilized for the 

effective radius to raise or reduce the element numbers 

of neighbors, which directly impacts calculation time 

and model accuracy.  

The current study uses the cubic spline function as an 

interpolation kernel function to establish discrete points 

as physical particles. As shown in “Fig. 1”, the 

weighting function of W has a bell-shaped with kernel 

length of 𝜆ℎ. The amount of 𝜆 is determined by assuming 

the summation over all particles with a distance of h 

from r using a weighted kernel function type. Applying 

the continuous first derivative in this study, the particles 

with a range of ℎ from 𝑟 are considered for the scheme 

of SPH interpolation summation. 

 

 
Fig. 1 Interpolation in SPH approach. 

 

By translating the FEM nodes of each element (C3D8R) 

to SPH particles (PC3D), an equivalent SPH model may 

be created with this FEM model. It is worth noting that 

SPH has no physical elements; the FEM nodes are 

simply turned into SPH particles. As indicated in “Fig. 

2”, the particle spacing (L) is the same as the FEM 

element size (b). The volume of each particle is 

calculated using this spacing, which is twice the 

"characteristic length" provided in ABAQUS. Typically, 

evenly distributed particles are recommended in SPH 

modeling, so a constant L can be employed throughout 

the model. As a result, to ensure compatibility during the 

FEM-SPH conversion, all FEM elements were made 

cubic.  

 

 
Fig. 2 The schematics of the conversion of FEM to SPH 

models. 

r

λh

Kernel function 
W(r,λh)

Particles out of 
influence domain

Particle of interest
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As evident in “Fig. 1”, the spatial integration is directly 

carried out at particles. Thus, by considering the 

weighted sum for the 𝑖𝑡ℎ node over the 𝑗𝑡ℎ neighboring 

nodes and its practical domain, the value of the field 

variable can be calculated for 𝑖𝑡ℎ node. The discretized 

field variable (f) of the ith material node at the spatial 

location of 
a

i
r is approximately as follows [13]:  

 

| |i jr r r                                                                      (1) 

 

Where, 𝜌𝑗 and 𝑀𝑗 represent density and elements mass, 

respectively and 𝑊(𝑟, ℎ) is an interpolation Kernel 

function. The vector divergence and scalar gradient are 

also as follows:  
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The above equations mean summation overall j particles 

of the particle of interest (i). In addition, choosing the h 

value (smooth length) and defining the number of j 

particles (resolution) directly affects the properties of the 

i particle. As a result, the model is more efficient when 

the density of local particles determines h. In addition, 

the mass of particle i in the SPH model is constant and 

proportional to the 𝜌𝑖ℎ𝑖3. Therefore, the ℎ𝑖 can be 

calculated by [15]: 
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To solve the SPH model, a system of ordinary 

differential equations can be used to rewrite a set of 

continuum equations [16]. As a result, the material 

momentum, mass conservation, and energy conservation 

equations are as follows:  

 

1

. ( , )
i

N

ji

i ij i i j

j j

M
V W r r h

t







  


                                      (5) 

 

1

( ). ( , )
iN

i ji

ij i i j i

j i j

p pV
M W r r h F

t  


     


  (6) 

2
1

,

1

4 ( )
( , )

1

1
( , )

2

i

i

N
j i j i j

ij i i j

j i i j iji

N
i p i

j ij ij i i j i i

j

M K K T T
r W r r h

K K rT

t C
M V W r r h RT










 
  

  
   

     
 
 





   (7) 

 

Where, the 𝛱𝑖𝑗, 𝑉𝑖𝑗, 𝐹𝑖, 𝑝𝑖, 𝑅, and 𝐾 are viscous term, 

the velocity of particle 𝑖𝑡ℎ𝑒 boundary,  force, the fluid 

pressure at the position 𝑟𝑖, heat transfer coefficient, and 

heat conductivity, respectively. For particles at the 

boundary and outside the border, the 𝛿 is set to one and 

zero, respectively. 

The convective heat transfer coefficient modeled the 

natural convection heat loss at the matrix and paunch 

exterior surfaces. The materials in the process have a 

self-contact in addition to the FSBE paunch/workpiece 

contact. To account for all contact sites between the 

workpiece and the tool, a general contact interaction will 

be used. The Coulomb friction model is used to represent 

the friction between the tool and the substance. The hard 

contact pressure enclosure also simulates typical tool-to-

material contact, which reduces the penetration of 

workpiece nodes into the tool.  

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: 
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Where A, B, C, n, and m are constants related to the 

material, Tm is melting temperature (from “Table 1”); Tr 

is the ambient temperature,   represents the plastic 

strain;  is the normalizing strain rate; and   is the 

effective plastic strain rate [17-18]. Eq. (7's) 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 [17]. 

 
Table 1 The constants of JC model for the AA 5083 and 

brass alloys [17] 

Material Brass 

A [MPa] 112 

B [MPa] 505 

C 0.009 

n 0.42 

m 1.68 

Tref [°C] 25 

Tmelt [°C] 916 
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The sizes of the elements should be considered as 

essential criteria in the analysis. This is because element 

size is vital for model convergence and should be 

investigated by looking at the developed outcomes. A 

model is employed to explore the mesh size effect, 

which is discretized into several mesh sizes ranging from 

fine to rough. Different mesh sizes ranging from 0.8 to 

1.2 mm are employed, as shown in “Fig. 3”. For all 

models, elastic-plastic SPH elements (C3D8R) with an 

eight-node three-dimensional degree of freedom were 

utilized.  

 

 

Fig. 3 Different mesh sizes of: (a): 1.2 mm, (b),1 mm, and 

(c): 0.8 mm. 

 

The rotating tool and matrix are meshed with thermally 

coupled 4-node 3D bilinear rigid quadrilateral elements 

as a Lagrangian rigid body. To precisely control tool 

movement, all tool movement conditions are assigned 

with regard to the tool reference point (“Fig. 4”).  

 

 

Fig. 4 Lagrangian mesh for: (a): the matrix, and (b): the 

tool. 

3 EXPERIMENTAL PROCEDURE 

For a more effortless flow of softened material from the 

primary material toward the sizing channel for the wire, 

the tool head has a conical concave toward the central 

hole. The principal bulk material was a brass shaft with 

a diameter and height of 30 and 40 mm.  

The FSBE procedure was carried out in this study using 

a CuZn39Pb2Sn brass shaft with the chemical 

composition stated in “Table 2”. H13 steel was used to 

create the metal matrix, which was subsequently heat 

treated. After heat treatment, the metal matrix had a 

hardness of 52 HV (“Fig. 5”). The FSBE tools with an 

inner diameter of 7mm and an outer diameter of 30mm 

were made of Chrome-Nickel steel and subjected to heat 

treatment. 

 
Table 2 Chemical compositions of CuZn39Pb2Sn brass used 

in this study. 

Element % wt. 

Cu 58.9 

Zn 37.39 

Pb 2.14 

Sn 0.60 

Fe 0.51 

Ni 0.43 

Al 0.007 

Mn 0.004 

Si 0.003 

S 0.003 

P 0.003 

 
The cross-section of the wires was polished and etched, 

and their microstructure was investigated using a light 

microscope to evaluate the microstructure of the created 

wires. The metallographic samples are etched for 20 

seconds in a solution of 5 g Fe3Cl, 30 mL HCl, and 100 

mL ethanol, then washed and dried with distilled water. 

The hardness of the samples was determined at two spots 

on the wire: the center and the periphery. A weight of 

100 g was applied for 15 seconds during the hardness 

test. Cometech universal tensile/pressure test equipment 

was used to perform the standard pressure test at ambient 

temperature with a strain rate of 10-3 s-1. The pressure 

test specimens were 12 mm long.  

 

 

Fig. 5 (a) The tool, (b) The matrix, and (c) some of the 

produced 7 wires. 

(a) (b) (c)
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4 RESULTS 

The temperature distribution in samples is depicted in 

“Fig. 6”. The heat required for the FSBE process is 

provided by friction between the material and the tool, 

similar to other friction-based processes. Then, by 

deformation of the material during the process, the 

plastic deformation heat is added to the total generated 

heat. The temperature in the material is around 60 to 

90% of the melting temperature because this is a solid-

state process [19-20]. As the temperature of the 

materials rises, they soften, and when an axial force is 

applied, the softened materials deform and enter the 

tube. The maximum temperature is reached under the 

tool shoulder, where the tool has the most force and 

speed, as shown in “Fig. 6”.  

As can be seen, the temperature distributions in the 

models produced with different particle sizes are of good 

accuracy. In all models, the area where the maximum 

temperature occurs as well as the maximum temperature 

value are correctly predicted. As the particle size 

becomes smaller, the heat transfer inside the material is 

modeled better, and the area where the maximum 

temperature occurs is larger. As the particles become 

finer, the data transfer between the particles improves, 

which increases the heat transfer from the areas where 

the heat is generated, such as under the tool shoulder, to 

other parts of the material. The SPH model has much 

less computational time (about one-twentieth) than the 

CEL model [5], which is advantageous for this method.  

 

 
Fig. 6 Temperature distribution in models: (a): SPH with a 

mesh size of 1.2 mm, (b): SPH with a mesh size of 1 mm, and 

(c): SPH with a mesh size of 0.8 mm. 

 
Figure 7 shows the shape of the wires produced. It is 

clear that when using coarse mesh, the wires made show 

a lot of discontinuity, and the model can not correctly 

predict the final shape of the wire. As the mesh size 

becomes smaller, the discontinuities decrease, and the 

model improves. 

 
Fig. 7 The shape of the wires produced in the model with 

the mesh size of: (a):1.2 mm, (b): 1 mm, and (c): 0.8 mm. 

 
Figure 8 shows a cross-section macrograph of the FSBE-

produced wire. As shown in this figure, the FSBE 

method may generate defect-free brass wire by reusing 

brass chips. Figures 8 illustrate the peripheral and central 

microstructures of the cross-section of the produced 

wires by FSBE. The sample has a more refined perimeter 

microstructure than the center microstructure. This 

disparity is connected to the amount of strain 

experienced, which has an impact on microhardness 
[21]. 

The materials at the wire periphery are subjected to 

additional strain due to the tool's increased linear 

velocity at the wire perimeter rather than at the tool 

center (“Fig. 9”). Increased strain reduces grain size in 

the produced microstructure by increasing nucleation 

sites during recrystallization, as is well known. 

 

 

Fig. 8 The microstructure of the center and the perimeter 

of the wire produced. 

(a) (b) (c)
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Fig. 9 Strain distribution in: (a): the whole model, and (b): 

in the cross-section of the wire. 

 
The microhardness value in the sample perimeter should 

be higher than that in the sample core based on 

microstructural data. A sample's microhardness in the 

center is 121 HV, whereas the peripheral microhardness 

is 129 HV. Greater hardness near the sample's periphery 

is mainly caused by grain size (“Fig. 8”). The 

engineering stress-strain pressure test curves are also 

shown in “Fig. 10”.  

 

 
Fig. 10 The engineering stress-strain pressure test curves 

7 CONCLUSION 

In this study, the FSBE process was investigated using 

the SPH method, and the performance of this method 

was investigated. Then the mechanical and 

microstructural properties of the produced wires were 

investigated. In summary, the following results were 

obtained from this study. 
- The maximum temperature is reached under the tool's 

shoulder, where the tool has the most force and speed. 

- Lower temperature and higher strain on the surface of 

the wires reduce the grain size in this area compared to 

the center of the wire. 

- The SPH model predicted the temperature well in the 

process area, although heat transfer to other areas was 

not properly modeled. 

- Particle size in the SPH model has a considerable 

impact on the accuracy of the final model. 
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