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Abstract

Smoothed Particle Hydrodynamics (SPH) is a Lagrangian formula-based non-grid computational method for simulating fluid flows, solid
deformation, and fluid structured systems. SPH is a method widely applied in many fields of science and engineering, especially in the field
of materials science. It solves complex physical deformation and flow problems. This paper provides a basic overview of the application of
the SPH method in metal processing. This is a very useful simulation method for reconstructing flow patterns, solidification, and predicting
defects, limitations, or material destruction that occur during deformation. The main purpose of this review article is to give readers better
understanding of the SPH method and show its strengths and weaknesses. Studying and promoting the advantages and overcoming the
shortcomings of the SPH method will help making great strides in simulation modeling techniques. It can be effectively applied in training
as well as for industrial purposes.
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1. Introduction simulating the behavior of liquids, granular materials, or solids
undergoing large deformations and a loss of material cohesion [1,
3, 6, 8-10, 12, 13, 20-22, 27, 29, 30, 31, 66, 93,102]. In this paper,
the applicability of the SPH method in metal deformation will be
highlighted through the synthesis, analysis, and evaluation of some
previous research results.

Metal deformation includes a variety of processes for forming
finished or semi-finished products. These processes use liquid
metals such as casting, semi-solid metals such as extrusion,
thixoforming, and thixoforging, or solid metals such as rolling,
drawing, forging, extrusion, cutting, and stamping during
machining [4, 18, 19, 25, 26, 30]. On the other hand, the large
degree of strain in metallic materials will make numerical modeling
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The development of the SPH method began in the 1970s and it
is the earliest particle method in computational mechanics,
according to Monaghan [1] and Cleary et al [8]. It is a Lagrangian
continuum method for solving partial differential equations and
does not use any fixed meshes or meshes to monitor the material
structure deformation and heat transfer. Material particles are
modeled as blobs such as liquids or cohesive solids, which move
around the bulk of the material and react with other particles. So
far, this method has been widely developed and applied in many
scientific fields. It has become a typical method for modeling and
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a difficult task and a challenge for finite element methods (FEM).
The FEM method is not capable of simulating the process of large
deformation due to mesh distortion or mesh entanglement.
Therefore, the simulation problem is easy to fail and requires re-
meshing until it is suitable. However, the above problems can be
overcome by combining or replacing FEM with SPH [4, 24].

2. The SPH method

Particle-based SPH is used for modeling coherent fluid flows,
solid structure deformation, and heat transfer. In the computational
domain of the SPH method, a given particle only interacts with its
neighbors through a function multiplied by a constant radius.
Interparticle interactions stop when the particles move out of each
other's influence domains, according to Rushdie et al [24]. The
particles represent blobs of liquid or an arbitrary solid that move
around in response to liquid or solid stress generated by interaction
with other particles. In SPH, a liquid is represented by a set of freely
moving particles. Each particle has some basic physical properties
such as mass, density, position, velocity, and other related
properties. The detailed and comprehensive knowledge of SPH
methods such as continuity equation, momentum equation, energy
equation, equation of state, etc. has been fully presented in the
references [1, 2, 5, 12, 13, 19, 34, 36, 44, 45, 62, 68, 86, 89]. Some
basic theoretical knowledge related to metal deformation (heat
transfer and phase transition model) of the SPH method is briefly
presented in this section.

2.1. Heat transfer and phase transition model

Fluid flow and solid deformation of materials are often
associated with important physical phenomena such as
solidification, heat transfer, and phase change, according to Cleary
et al. [5]. An SPH particle represents a specific material. Its
properties and behavior can be altered to match the thermodynamic
states occurring in the material. Changing the reference density of
particles in SPH according to the equation of state leads to
shrinkage during solidification. When the metal cools, the grain
density increases, leading to a decrease in the mass of the grain.
The process of heat exchange between material particles is
characterized by heat conduction. The appropriate form of the heat
conduction equation has been derived from Monaghan [1], Raden
et al. [18] and is applied to many different heat conduction
problems. The heat conduction equation in SPH is presented as:

aH = ! V(kVT
ac = p V) &)
where:

= Hisenthalpy,
= ks thermal conductivity,
= Tistemperature.

The SPH formulation of this equation is approximated by using
the modified SPH approximation for the second derivative which
is developed:
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where:
= tistime;iand j are neighboring particles,
= m,r,V,andp are the mass, position, velocity, and density
of the particle; # is a small parameter to prevent
singularity,
= W isan interpolation smoothing kernel.
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This equation ensures that the automatic heat flow is
continuous across different material surfaces. The temperature in
equation (2) is calculated by considering the relationship between
enthalpy and temperature. The solidification of liquid metal occurs
within a certain temperature range and undergoes a paste state.
Therefore, the non-isothermal phase change will depend on the
relationship between enthalpy and temperature.

The relationship between enthalpy and temperature, provided
the specific heat is constant, can be written as [3]:

cT, T<Ts
csTs+ea(T=Ts, Ts<T<T
CTs+cg(T—T)+c(T-T), T>T,

o= ®)

The temperature of each particle is then calculated by:

H; .
( C_’Hi < Hy = ¢,T,(Solid),
S
Hi - Hs

l Cst

where:
- Ty and Ts are the solidus and liquidus temperatures,
respectively,
= ciand cs are the specific heats in the solid and liquid phases,
= cs = L/ (Ti— Ts) with the latent heat (L) describes the energy
released by a particle to change the phase from liquid to solid.

,Hy < H; < H; = Hg + ¢ (T, — T,) (Mushy), @)

H; —H,

T, + ,H; > H, (Liquid)

2.2. Boundary and interface conditions

The SPH particle method is very different from mesh-based
numerical methods (FEM) in dealing with boundaries, and care
must be taken in this regard. For the finite element method, the
appropriate boundary conditions can be clearly defined and
properly implemented without affecting the stability of the model.
In FEM, the implementation of boundary conditions is generally
straightforward according to the reference of Liu et al. [13]. In
contrast, this problem in SPH is not as straightforward as in mesh-
based numerical models. Although SPH has been developed for
many years, boundary processing remains one of the main
difficulties and is considered a weakness of particle methods. This
difficulty is due to two reasons: First, complex boundaries cause
technical problems (implementation). Second, for particles near the
boundary, the nucleus will be truncated by the boundary, so the
accuracy of the SPH approximation is reduced. In this case,
appropriate and accurate boundary processing methods are always
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a concern for the correct and successful implementation of the SPH
method [22]. In a finite element method (FEM) simulation, the
temperature conditions for the boundary particles are specified and
set before calculating and conducting the simulation. However, it
is not necessary when using the SPH method because the SPH
particles exchange heat and matter with neighboring particles
whether they are in the same or different phase, as referenced by
Monaghan [1] and Zhang [12]. If all boundaries were adiabatic, the
particles would interact with each other and ensure that the system
conserves thermal energy. Heat transfer from liquid or solid to
boundary particles is calculated by considering the heat conduction
process. This process takes place when the solution domain across
the boundaries is cooled [19].

2.3. Liquid-solid interaction model

The phase transition of a particle from a liquid to a solid state
occurs when the temperature of the particle is lower than the
temperature of the solid. Solid particles behave like liquid ones, but
they move under high viscosity. If a solid particle has more than
two of its neighbors in the solid phase, then they act and move
together as a solid group. The way to create solid groups has been
described very specifically by Raden et al. [18]. Each solid particle
is assigned an initial index. Then, each particle index is updated
with the maximum index of its neighbor. It is repeated until each
solid particle index converges to the maximum index in each group.
This means the number of snake groups is determined by the
number of remaining stats. Solid groups are considered incapable
of being formatted. To prevent distortion, the motion of a solid
particle must be converted into translational and rotational motion
relative to the center of mass of that group of solids. The center of
mass is calculated using the following formula [18]:

Tc Z%er (5)

j
where: N is the number of solid particles in the solid group.
The moment of inertia (I) and angular velocity (w)
characteristic to translational and rotational motions are determined
by the following formula:

Table 1. The list of articles related to the research theme
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where: gi = ri — r¢ is the relative position of particle i to the center
of mass. It is specifically identified in the references.

2.4. Historically dependent properties of
metals

Each SPH particle represents a specific mass of metal and
carries complete information about that material. This is an
important property of Lagrangian methods. Thus, all information
about the exact state of each metal can be found in the integrated
history of the grain data. This shows the ability to track properties
like [86]:

= metallic phase and microstructure,
damage leading to predicted fault,
surface oxide,
cumulative plastic deformation,
metal components and trapped gases.

3. A systematic literature reviews

As mentioned in the introduction, the SPH method is very
commonly used in the study of metal deformation. Table 1 shows
the system of metal deformation and machining processes and
articles related to the application of the SPH simulation method.
Each specific topic is identified in citations from the references.
Among them, the SPH method is mostly applied by authors in two
research topics: the casting process and the metal welding process.

Process Citations

Casting [2,5,7, 15,17, 33, 34, 61-65, 67-79, 107]
Cutting [11, 14, 28, 32, 80-84, 94, 97, 104]
Forging [16, 24, 35, 89, 90, 91, 103,105]
Extrusion [15, 36, 85-88, 90]

Welding [38, 39, 23, 37,40-60, 106]
Rolling [92, 101, 102]

Drilling [95, 96, 98, 99, 100]

3.1. Casting process

Casting is an important and very commonly used method for
low-cost production of high-volume, complex-shaped parts. It is a

method of creating cast ingots for other machining processes or
finished products. The classification of casting methods is shown
in the diagram in Figure 1. In this method, molten metal is poured
into the cavity of a casting mold of the shape and size of the casting.
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After the metal solidifies in the mold, casting with the same shape
as the mold cavity is obtained. To obtain uniform molded
components with minimal porosity, a proper and precise mold
design is required. Therefore, the numerical simulation will
effectively support the research, design, and manufacture of molds,
reduce costs and improve machining quality and productivity [4].
The SPH method has proven to be a useful and suitable method
for modeling the shape and displacement rate of complex fluid
flows during casting [2, 5, 7, 15, 17, 33, 34, 61-65, 67-79]. When
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discussing the application of the SPH method in casting simulation
research, articles often refer to specific topics such as high pressure
die casting [5, 33, 34, 62, 64, 67], ingot casting [7], continuous
casting [17], low pressure die casting [61], gravity casting [63, 74],
casting complex-shaped objects [69].

CLASSIFICATION OF CASTING TECHNOLOGY

{

1

CAST IN SAND MOLD SPECIAL CASTING
i : { ! l ] 1
Thin Flowing
Mold on shell mold
Mold in the Use mold Metal Pressure Centrifugal Continuous
the box factory wiper mold casting casting casting
floor

Fig. 1. Classification diagram of metal casting methods

3.2. Cutting process

Metalworking by cutting is a common processing method in
the mechanical engineering industry. This method produces parts
with high precision and surface smoothness. The essence of this
technology is to remove part of the metal of the workpiece in the
form of chips by cutting tools to create the part with the required
shape and size. The FEM method has been widely used to model
complex cutting processes. However, in the shearing process, a
large strain occurs, leading to an increased element strain. FEM
simulation problems encounter many difficulties. To evaluate the
use of the SPH method in the framework of metal cutting, many
researchers have built and developed an SPH model, demonstrating
its ability to model chip formation, and accurately estimate shear
force. Therefore, SPH is a method with many attractive features to
solve the problem of large deformation. It was selected, applied and
shown in the references [11, 14, 28, 32, 80-84, 94, 97].

3.3. Forging process

The basic principle of the forging method is to take advantage
of the plasticity of metal and deform it in the solid state, using the
action of external forces to create finished products and semi-
finished products of a certain size, depending on the requirements.
The large material deformation during forging makes numerical
modeling of metals by FEM difficult due to mesh distortion and
mesh entanglement. Therefore, the Lagrangian particle-based SPH

70
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meshless method is more suitable for simulating the shaping
process. The occurrence of holes, cracks, and their interactions are
modeled and simulated, becoming more intensive in terms of
arithmetic and computation [16, 24, 35, 89, 90, 91, 103].

3.4. Extrusion Process

Stress, strain, and other phenomena experienced by materials
during extrusion are predicted through numerical simulation
modeling. These factors greatly affect the quality of the extruded
product, as well as the speed of the production process. Large
plastic deformations can lead to heavy re-meshing and digital
diffusion. Here, the SPH method is used. Its meshless nature allows
the large strain to be simulated without re-meshing and historically
dependent properties such as plastic strain to be tracked, making it
suitable for defect prediction [15, 36, 85-88, 90].

3.5. Welding process

Welding is a method of permanently joining two or more metal
parts together. It is performed by heating pieces of metal to their
melting point, and then either using pressure or not, pressing the
welding parts against each other to stick together. There are many
welding methods, and they are very commonly used in mechanical
processing (Figure 2). Metal is melted, and then completely
crystallizes to form the weld joint.

Issue 3/2022, 67-80
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PRESSURE WELDING

Pressure gas

welding

Splot welding  |-—

Seam welding [—

Friction welding [~

Arc stud welding [——

Flash welding —

Fig. 2. Classification diagram of metal welding methods

Explosive welding involves processes like the detonation of
explosives, the impact of metal structures, and strong fluid-
structure interaction. The SPH method is applied to study the
typical physical phenomena in the explosive welding process
including blast wave, welding surface morphology, jet current, and
plate acceleration [37, 38, 39, 57, 58, 59]. The simulation of the
TIG welding process with the SPH method, takes into account the
melting and solidification of the anodic metal, the free surface
movement of the liquid, and the dominant current conduction force.
Compared with simulation results obtained with the FEM method,
SPH can give excellent results, especially based on the observed
deviations between the investigated FEM methods, and thus proves
the accuracy of the SPH method for industrially relevant
engineering applications [41, 47, 55]. Besides, many other welding
processes are also simulated with the SPH method, such as arc
welding, friction stir welding, impact welding, laser welding, etc,
[40, 41, 43-46, 48-56].

3.6. Rolling process

In the rolling process, metal is deformed between two rollers
rotating in opposite directions with a gap smaller than the height of
the workpiece, resulting in a decrease in the height of the workpiece
and an increase in its length and width. The shape of the gap
between the two rollers determines the shape of the product. The
workpiece moves through the rolling clearance due to the friction
between the two rollers and the workpiece. Rolling not only
changes the shape and size of the workpiece but also improves the
quality of the product. The SPH simulation approach was tested
and applied to the cold rolling process. Thereby, it is possible to
confirm the advantages of using SPH and reveal some
improvements in simulation efficiency. From the research findings,
it can be concluded that the SPH method can be a sufficient tool to

achieve quick and simple simulation for complex deformation
cases such as the metal rolling process [92, 101].

3.7. Drilling process

Drilling is one of the most common processes in metalworking.
Its essence is the technique of making circular holes in different
types of metal materials. It is widely used in many industries such
as machine-building, mechanical engineering, and construction.
The drill is fastened to the drilling machine with a chuck, and is
clamped to prevent rotation. The tip of the drill bit cuts deep into
the material, creating thin layers of chips. During the drilling
process, the cutting force has a significant effect on the accuracy
and quality of the hole. Uncompensated radial cutting forces lead
to an increase in the diameter of the hole machined, reducing its
accuracy. The SPH method has been applied to predict the cutting
force and to study the influence of the chip separation criteria and
the material model on the cutting force during the drilling process
[100]. In addition, the SPH method is also used to investigate the
mechanism of puddle removal during laser drilling of two different
materials: aluminum and 316L stainless steel [98]. A simple
numerical model was developed to predict the penetration depth of
laser drilling [96] and simulate the three-phase laser
micromachining process for manufacturing medical coronary
stents [95] and simulate the heat transfer problem in the open state
in the laser welding process [99].

4. Some applications of the SPH method
in metal processing

Large plastic deformations in metals can lead to complex
meshing requirements, which makes FEM difficult and leads to
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inaccurate results. Cleary et al. found that, when applying the SPH
method, these problems can be handled more easily due to the
meshless nature. The SPH can monitor large deformations beyond
the capabilities of FEM methods, and specifically can monitor the
deformation process of each part. Each position of the metal is
directly controlled and deformations are predicted. The defect
pattern is related to the flow and microstructure within the metal
[4]. The following are some applications of the SPH method in the
metal forming process in liquid, semi-solid and solid states, namely
simulation of metal casting, welding, cutting, and forging
processes. However, many of the problems involved are applicable
to other metal forming technologies.

4.1. Gravity die casting process

Gravity Die Casting (GDC) technology is performed by
pouring liquid metal from the cooking pot into the mold cavity
under the action of gravity. GDC molds are usually made of sand,
stone, or coal because these materials can be shaped easily. They
do not break when subjected to sudden effects of high temperature,
are not easily deformed, and are cheap. Figure 3 shows the
schematic diagram of the structure of the mold and the products of
the Gravity Die Casting process.

Fig. 3. Schematic diagram of the Gravity Die Casting process
1. Parting line; 2. Sprue; 3. Riser; 4. Casting
5. Clamps; 6. Permanent Mould; 7. Detail

The GDC process is capable of making complex and complete
products, such as wheels, cylinder heads, engine blocks, and brake
calipers, at a lower cost than most other casting methods. The cycle
time for GDC is shorter than for other casting processes, resulting
in a larger number of castings produced per time unit. Surface
quality and internal quality (especially with regard to porosity) are
also better, improving both the product quality and process
productivity. These include the development of more efficient
control of heat and mold filling performance [8].

Cleary et al. [2] have modeled the mold filling process in GDC
for a complex mold by applying SPH and MAGMAsoft simulation
methods. Both simulation methods can predict the overall structure
of the liquid metal filling process. However, when comparing the
simulation results of the above two methods, combined with the
experimental results, they confirmed that the SPH simulation can
capture the surface wave behavior very well and is close to the
behavior of free surface waves and fine details of flow inside the

72 ARCHIVES of FOUNDRY ENGINEERING Volume 22,

www.czasopisma.pan.pl P N www.journals.pan.pl

mold cavity. The technology of GDC was used by authors [107] to
analyze thermal effects during the solidification process of jet
engine blades (Figure 4).

149933
144407
1388,81
133356
1278,30
1223,04
1167,78
111252
1057,26
1002,00
946,74
891,48
836,22
780,96
725,70

Fig. 4. Temperature distribution during solidification process (jet
engine blade) [107]

4.2. High pressure die casting process

High-Pressure Die Casting (HPDC) is a process of filling the
mold with molten metal at a high speed and pressure. It is a popular
method for producing large-sized and high-yield parts. The molded
products have high precision, good surface quality, uniformity, and
high mechanical properties. For the product to achieve the above
advantages, it is necessary to design a mold with high accuracy,
ensuring technical factors in the machining process [8]. An
example of simulation with the SPH method is provided by Cleary
etal. [5,8]. Itis applied to HPDC through a detailed form such as a
servo piston to steering column components and a full engine
rocker cover. The SPH simulation results are compared with the
simulation result of the MAGMAsoft method and the water analog
test results. MAGMAsoft's predictions are mostly qualitative,
while SPH predictions show better compliance with experimental
results, especially in predicting the flow of liquid into different
parts of the mold, the relative intensity of the jets, and the time of
filling back to the trapped airflow. In effect, SPH is capable of
capturing finer details of fluid motion and splashing, especially the
relative velocity of flow around sharp bends and through thin
passages [8, 21]. Cleary et al. firmly confirmed the accuracy of
SPH in predicting mold filling in the case with or without heat
transfer and solidification. A four-part servo piston modeled to the
size of the shot sleeve leads through a converging right-angle elbow
runner into a chisel gate with a height of 3 mm. The base is 0.4 to
0.7 cm thick and has a diameter of 11 cm. The diameter of the inner
cylindrical structure is 6.4 cm, and its height is 3.2 cm. The particle
size used for the simulation is 1.4 mm. The piston head is roughly
axially symmetrical, and there are three vents on the distal side of
each piston. The simulation process of filling the mold as well as
the speed of the liquid metal flow is shown through the color
system. The results from the SPH simulation problem that Cleary
achieved provided information on the order of filling, predicting
potential locations of defects (porosity, etc....). They can be used as
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the basis for adjusting, improving, and optimizing technological
parameters, supporting the development, and manufacturing of
molds.

4.3. Ingot casting process

Some performance improvements of the new filling system for
aluminum ingot casting from a combination of the SPH model with
pilot-scale testing were performed by Prakash and Cleary [7]. They
used the SPH methodology to design and simulate a new cast
aluminum wheel, combined with testing, through several tweaks to
optimize the technological parameters. Simulation results showed
that for the flow of liquid metal from the wheel into the nozzles
with the absence of the central flat part between the nozzles, the
splashing phenomenon was significantly reduced. The fluid
followed the contours of the nozzle, reducing the creation of new
surfaces in contact with the air. There were no puddles in the new
wheel design reducing flow complexity. A vortex flow pattern
appears in the nozzles as the liquid fills the faucet. Such a vertical
flow pattern has not been seen in previous designs. Prakash and
Cleary compared the oxide content for the new optimized wheel
design, the two previous best cases from the first stage
optimization, and the original wheel design head [7]. The results of
this process confirm that the new wheel design now offers several
significant benefits: the new cast aluminum ingot wheel system can
operate at 50% higher throughput (30 t/h) compared to the industry
standard (20 t/h), with the oxide content expected to be
approximately 12% less than the previous best design and
approximately 53% lower than the original design, improving
quality surface leads to more ingots being marketed. A similar
method was used by authors [107] to simulate flow and optimize
technological parameters of critical parts of aircraft engines.

B 51356
. 47832
44309
407,86
37263
337,40
302,17
266,94
231,71
196,48
161,24
126,01
mm 9078
B 5555
DEFFEM [Post I 20,32

Fig. 5. Temperature distribution during ingot solidification
(Inconel 718) [107]

4.4. High-speed and orthogonal cutting process

High-speed cutting (HSCP) is a machining method that focuses
on ultra-fast, light, low-pressure cuts, which reduce excessive heat
loss and transfer, reduce energy consumption, and increase
machining productivity. A numerical model of the high-speed
cutting process is approached, based on the SPH method. This
process is simulated by Limido et al [11, 14] using Ls-Dyna
software. Modeling based on two-dimensional SPH was performed
to demonstrate continuous local chip formation for cutting as well
as accurate estimation of shear forces. His research group has
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studied the possibility of the SPH shear model compared with the
classical FEM approach and summarized the main features of the
SPH shear model approach compared with the classical Lagrangian
FE models. The results of the simulation study with the SPH
method in Limido's research team were compared with
experimental results. The validation criteria were defined as the
chip morphology and the cutting forces. Thereby, seeing the
appropriateness of the selected tool and the SPH model can predict
continuous and shear localized chips and all the steps of its
formation. The model also correctly estimates the shear force
components (approximately 10% and 30% errors on, respectively,
tangential and normal components). The SPH model has the
advantage of the total transparency of the assumptions and does not
use adjustment parameters such as coefficient of friction, and fault
control parameters [11]. The 2D SPH cutting model has also been
implemented as a useful tool to understand chip formation and
describing tool wear. In this part, the authors only stop at the 2D
SPH model. Therefore, it is hoped that in the future the 3D SPH
model will be focused on, researched, and applied to specifically
solve problems in HSCP (free surface, friction, heat exchange).
Besides, Afrasiabi et al. [104] also used the SPH method to
numerically simulate the orthogonal metal cutting process with an
advanced thermal model. The numerical analysis includes both
thermal and mechanical effects to solve thermal equations and
examine the elastic properties of materials. SPH simulation results
with different thermal models were used by the research team to
compare the rake face temperature. The bar graph comparing the
predicted temperature in the simulation with the experimentally
measured data is shown in Figure 6 and Figure 7. The red and blue
bars are the average temperatures of the particles inside black
frames indicated on the rake face, corresponding to 905 K and 744
K. Using the SPH method, the authors have shown that using
advanced thermal modeling reduces the over-prediction error of
Trr from 33% to 9%. In addition, they showed that the agreement
between the experimentally measured forces and those predicted
by numerical simulations was satisfactory, with the average error
between them being less than 14% and the temperature values
obtained from the SPH simulation being consistent with the
experimental results.

v/ re erm SP]

Fig. 6. Temperature distribution for the reference model (a), and
proposed thermal model (b) [104]
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Fig. 7. The average value of rake surface temperature between
SPH simulations and experiment results [104]

4.5. Forging and high-compression processes

Forging is a processing process in which metal is compressed
under a great deal of pressure to form parts with superior material
properties, uniform structure, and high strength compared to other
technologies. In this process, metal is usually heated to the
appropriate temperature, and then specialized equipment is used to
process and shape the product. The deformability of workpiece
metals and forging tools is based on ductility theory. Stress-strain
and microstructural changes in materials can be predicted using
numerical simulation methods [4, 24, 16]. Cleary and Prakash [16]
have shown that SPH is a useful simulation method for insights into
material deformation and flow patterns during forging. The
influence of process parameters and material properties on the
quality of the forging component was evaluated through SPH
simulation. To accomplish that process, they have solved several
key problems such as: determining the required forging force to fill
the mold; controlled material hardness by the degree of heat
treatment. SPH is used to predict forging defects such as under-
filling, asymmetry in forging components, etc. At the same time,
SPH can also be used to evaluate the quality of products and
optimize the forging system.

Besides, the SPH method was also used by Ba [105] to test the
axial compression of a cylindrical specimen (25.4 mm in diameter;
25.4 mm in length) at a constant velocity (2.54 mm s*) and high
temperature (400 °C) (Figure 8). This research aimed to
demonstrate the effectiveness of the proposed overall formula
Lagrangian SPH. The author compared the results of stress-strain
curves obtained from numerical simulations with experiments to
verify the accuracy and stability of the code (Figure 9). The results
of this research showed that the SPH method was accurate
compared to the experiment. Less than 5% error was noted between
curves.
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a) b) c)
Fig. 8. Example simulation results of the axial compression
process of a cylindrical sample with the 3D model (a), particle
model (b), and SPH results (c) [105]

60 Experimental _1
® Experimental 2
40 ® Experimental_3

— SPH

True stress (MPa)

0,045 0,065 0,085 0,105 0,125 0,145 0,165 0,185

True plastic strain
Fig. 9. Stress-strain curve comparison between numerical
simulation and experimental results [105]

4.6. Aluminum alloy extrusion process

The plastic deformation process of aluminum alloy in the 3D
cylindrical geometry model with extrusion ratio and mold angle is
studied and evaluated specifically by Prakash and Cleary in
reference [36]. The extrusion process was found to consist of three
distinct stages: the initial stage where the extrusion force increased
sharply, the second stage where the force was applied stably, and
the final stage when the extrusion force dropped sharply, and the
metal was fully extruded. The authors showed that the SPH method
can simulate strain for a wide range of die sections ranging from a
simple circular section to a remarkably complex industrial part with
a mold angle of 180°. The metal flow is easily modeled as it passes
through a conical die, and it is stable to different extrusion ratios
and die angles. In addition, they also showed that a complex section
simulation with the SPH method has the advantage of following
very large strains (beyond the capabilities of FEM methods) and a
good predictability of the distribution.

4.7 Welding process

Laser welding is a state-of-the-art welding process that allows
metals and their alloys to be bonded. This technology has many
outstanding features compared to previous traditional welding
methods. It creates a durable weld without additional metal. The
schematic diagram of the laser welding process is shown in Figure
10.
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Fig. 10. Schematic diagram of the laser welding process
1. Control cabinet; 2. Power supply; 3. Laser head;
4. Cooling system; 5. Laser beam; 6. Reflector;
7. Filter mirror; 8. Observation system; 9. Converging lens; 10.
Detail; 11. Workpiece placement table

The conduction mode laser welding process was simulated by
Hu et al. using the SPH method [23]. The solid phase is modeled
based on the tuning equations in thermal elasticity. For the liquid
phase, surface tension effects are taken into account to simulate the
hot flow of metal in the weld pool, using the standard formulation
system of weakly compressed SPH proposed by Monaghan [1].
The fundamental heat transfer phenomena including the solid-
liquid interface and the occurring phase transitions, melting and
freezing, are modeled [3]. Hu's research team has simulated the
process of spot welding and laser welding of aluminum materials
with dimensions of 2 x 2 x 1.15 mm, respectively (divided into 41
X 41 x 24 = 40,344 particles) and 2 x respectively, 2.6 x 1.3 mm
(divided into 21 x 27 x 14 = 7938 seeds). The simulation results
have a laser power magnitude of 3600 W. Thereby, the influence
of the Gaussian distribution of laser radiation on the temperature
field, and clearly shows the Marangoni force acting in the flow due
to laser radiation. The surface tension coefficient depends on the
temperature. The numerical results obtained with the model are
presented for laser spot welding and aluminum and iron seam
welding. The variation of process parameters such as welding
speed and laser power and their influence on weld size is studied.
Therefore, the application of SPH that simulates the welding
process can determine the optimal process parameters such as
welding speed, laser power for each welding application, and
maximum temperature during the entire process. In addition, the
authors analyzed scalability to develop an efficient, large-scale
SPH code with many cores, and a large number of particles. The
process implemented in Pasimodo is run in a shared memory
environment. Scalability analysis shows that the computation time
increases linearly with the increasing number of particles. The
simulation runs most efficiently when using as many threads as the
cores in the CPU. Fraser et al. [106] applied the Lagrangian method
without mesh (SPH) to simulate the FSW (friction stir-welding)
process. This approach allows determining the temperature
evolution, elastic and plastic deformation, defect formation,
residual stress, and material flow in the same model. By using the
SPH method, the large plastic deformation and material mixing
common to FSW are well captured and easier to calculate. The
authors calculated the simulation torque by taking the cross-
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product of the contact force and the distance vector between the
tool axis and the SPH element. Research results have shown a good
correlation of force and torque parameters between experiment and
simulation shown in Figure 10. A flash height of 4.2 mm was
measured experimentally; case 1 predicts a flash height of 4.5 mm,
3.9 mm for case 2, and less than 1 mm for case 3. On the other
hand, the change of process parameters affects the force and torque.
This can be verified by investigating the plastic strain contours in
the weld zone as shown in Figure 11. We can see that the tool
torque and forge force for case 2 are lower than those for cases 1
and 3.

Casel —

z o Case3

Fig. 11. Flash eight comparison at the end of the advancing
phase [106]

Casel Case 2 Case 3

Fig. 12. Plastic strain at the end of the advancing phase shows the
effective weld zone [106]

4.8. Cold rolling process

Regarding a series of studies on the simplicity and
computational efficiency of the SPH method, Hoseinpour et al. [92]
applied this method to the simulation of the cold rolling process, to
confirm the advantages of the SPH method and suggest some
improvements to make the simulation more efficient. Rolling tests
were performed on a strip of Al 6061 aluminum. Several simulation
results such as stress distribution patterns were compared with
results from a FEM study. The comparison shows a good
agreement between the two calculated results. Hoseinpour's
research group tested the effects of decreasing diameter, thickness,
and angular velocity on pressure. They showed that a decreasing
angular velocity had no effect on pressure, but decreasing diameter
and thickness reduced pressure. In addition, a decreasing angular
velocity and diameter cause plastic deformation after a short time,
and a decreasing thickness increases the gradient of elastic strain
and stress. The work of the authors has once again confirmed that
the SPH simulation method takes less time than the FEM mesh
method. The lamination process with SPH was not conditional and
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controlees like the mesh method. Thereby, we can see the
superiority of the SPH method, from which to research, improve
and apply it on a large scale.

4.9. Twist drilling process

FEM cutting simulation modeling methods have been
developed considerably for a long time, allowing to predict the
shape and size of the chip, machined surface, stress-strain state, and
temperature field. However, the simulation results are more
consistent with the experiment in terms of quality than quantity.
The main causes for this situation are imperfect algorithms for fault
and friction modeling, along with inaccuracies in input data
preparation. Boldyrev et al. proposed the SPH method for
calculating the shear force when drilling uniform and isotropic
6061-T6 aluminum alloy [100]. Numerical simulation results were
compared with calculations using empirical formulas and
experimental results of other authors. These results showed that the
SPH method could predict the axial shear force when drilling
aluminum alloy with 20% accuracy, for torque the results were
more satisfying. The team showed that this was a useful method for
predicting the accuracy of boreholes, as well as evaluating the
quality of the machined surface when machining composites. The
numerical simulation results are presented in Figure 13 and Figure
14. Figure 13 shows the equivalent stress distribution in the
workpiece, and Figure 14 depicts the values of thrust and moment
in the drilling process. The computation time for a 6-core processor
was 2.5 hours.

Fig. 13. Distribution of Von Mises stress in the workpiece (final
stage) [100]
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5. Summary

The SPH method has been known for a long time. We have
witnessed its great success in methodology and application. SPH
method has great potential in many technical and scientific
problems. It is a promising alternative to mesh-based techniques,
specifically involving multiphysics phenomena, in a wide range of
industrial fields. It is also recognized as a powerful tool and
superior to traditional meshing methods. However, there are still
many tasks and challenges that need to be done, researched,
improved, and developed to achieve a more reliable solution and
improve calculation accuracy, consistency, efficiency, and
stability. This paper shows that the SPH method has the advantage
of being able to perform simulations of large strain processes
(beyond the capabilities of FEM methods) and track the specific
history of each metal part to control the model. Some specific
research studies on the metal forming process using the SPH
method to simulate and verify experimental results have been
synthesized and analyzed here. Thereby, it is found that SPH is a
very useful tool for the reconstruction of the flow model and the
solidification process, prediction of possible defects in the
deformation process, finding out reasonable machining conditions,
and optimizing process parameters.
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