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e The multi-particle finite element
method (MPFEM) was used to simulate
ultrasonic-assisted cold compaction of
CP-Ti and Ti-6Al-4V.

* Acoustic softening was studied for each

material.

e Friction reduction due to ultrasonic
vibration was investigated.
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Superimposed ultrasonic vibration during compaction of commercially pure (CP) titanium
and Ti-6Al-4V alloy improves the relative density and quality of the compact. The underlying
mechanisms of this process are not well understood. In this study, the influence of ultrasonic
vibrations on the densification behavior of square packing of Ti-6Al-4V and CP-Ti powders
during cold compaction was investigated using the Multi-Particle Finite Element Method
(MPFEM). Acoustic softening and friction reduction were introduced in this model. The density-
pressure curves show that ultrasonic vibration improves the densification of these powders, owing
to the acoustic softening that leads to a decline in the required pressure. It has been found that
the ultrasonic effect on reducing the compaction pressure and stress in the case of pure titanium
is greater than that of titanium alloy. In addition, an increase in the intensity and amplitude of
ultrasonic vibration reduces stress. The rotation and rearrangement of the particles caused by the
reduction of friction lead to an enhancement in the compression capability.
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1. Introduction

Titanium and its alloys have advantageous properties
such as high specific strength, high corrosion resistance,
and biocompatibility. Therefore, they are widely used in
the chemical, medical, aero, and jewelry industries [1,2].
Due to the high cost of these materials, powder metallurgy
(PM) is a near-net-shape manufacturing technology that
has been widely used to fabricate components [3,4]. In
addition, easy operation and a high production rate are other
advantages of PM technology. Press and sintering is the
most straightforward technology among powder metallurgy
techniques [5]. In this operation, the powder is pressed into
a desirable shape, and then the compacted part is sintered.
Inter-particle friction and die wall friction decrease the
effective pressure along with the component thickness,
and this pressure gradient induces inhomogeneous density
distribution in compacted bodies.

Shape distortion after sintering is the main result of this
density variation. To overcome this problem, ultrasonic
vibration has been successfully superimposed on the
compaction of titanium powders [6-8]. Ultrasonic vibration
causes the reduction of friction force at contacting
surfaces [9] and diminishes the pressure gradient along the
compacted part. In addition, the reduction of flow stress
during superimposing ultrasonic vibration (called acoustic
softening) decreases forming forces [10]. As another benefit,
heat generation at the contacting surface due to absorption of
ultrasonic vibration increases the compressibility of powders
[11-13]. These advantages incentive using ultrasonic vibration
during powder consolidation of low compressibility powders.
Therefore, any improvement in the compaction processes
of powders leads to high-quality compacted parts and thus
increases the mechanical properties of the final piece.

Densification of the powder mass depends on various
parameters such as the elastic-plastic properties of
particles, the size and morphology of particles, the particle
configuration, the inter-particle friction, the friction between
the particles and the die walls, and loading. The role of each
parameter on the powder densification behavior is not easily
obtainable in experimental tests due to their interaction. Also,
compaction pressure, lubricant, sintering temperature, and
sintering time [14,15] are the main parameters of the powder
compaction process. The relative density of the titanium
green compact is directly proportional to the compaction
pressure. These frictional effects can be reduced by the use
of suitable lubricant [16]. Sintering is one of the most critical
steps of powder metallurgy. The time and temperature of
the sintering, the sintering atmosphere, and the heating rate
could influence the compacted part's mechanical properties.

Numerical modeling, which has the ability to modify a

parameter according to the intended behavior, is valuable
for understanding densification mechanisms. Two basic
procedures have been used for the numerical modeling of
the powder compaction process, namely the discrete element
method (DEM) and the finite element method (FEM). In
DEM, each particle is modeled, and Newton’s laws calculate
the adjacent particle’s interaction. Contact and separation
between the particles are detected by progressing the
compaction process. In FEM, the porous constitute equation
of material is considered, but the rotational spin and particle
rearrangement are ignored [17]. In recent years, the multi-
particle finite element method (MPFEM) has been proposed
and used to simulate powder compaction. The advantage of
MPFEM lies in that it combines the features of traditional
FEM and DEM and can successfully simulate the compaction
densification of powders with large deformation from a
particulate scale [18,19]. The MPFEM method is modeled
as deformable continuum material, and their interactions
are considered. The interaction between the neighboring
particles is calculated based on DEM, and their deformation
is calculated with FEM.

Many research studies have been conducted on powder
compaction using an MPFEM. Procopio et al. applied the
MPFEM approach to investigate the multi-axial condensation
of granular mass from weak to high relative densities in 2D
[17]. Their work demonstrates that the MPFEM model is
beneficial in explaining inter-particle behavior and its impact
on the microscopic and macroscopic response in different
strain histories. Kim et al. used the MPFEM method to
observe the deformation behavior of aluminum particles
and estimate the relative density for different punch speeds
and particle diameters [20]. Huang et al. used MPFEM to
numerically study the 2D compaction of binary Al/SiC
composite powders [18]. They constructed different initial
packing structures with various Al/SiC particle size ratios
and compositions and imported them into a FEM model
for compaction. Their results show that initial powder
packing configurations determine the densification process
and the properties of the compacts. Mei et al. simulated
the densification of Al and NaCl powders by CZM-based
MPFEM [21]. They simulated the fracture of particles using
this method. Han et al. simulated 2D compaction of Fe-Al
composite powders by MPFEM at different size ratios [22].
Korim and Hu studied spongy copper powder densification
and compaction mechanisms using a multi-particle finite
element method [19]. Zhou et al. used MPFEM to determine
green density and impact energy relation in Ti-6Al-4V
powders [23]. Jiet al. simulated the hot-pressing densification
of (SiCp)/6061 Al composite powders [24]. In this study, the
influence of ultrasonic vibration on the compaction of Ti-
6Al1-4V and CP-Ti was investigated by computer simulation.
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This study is a part of our investigation on ultrasonic-
assisted powder cold/hot compaction. Until now, no study
on the MPFEM of ultrasonic-assisted compaction has been
published. Therefore, this study focuses on mono-size circular
particles to investigate the influence of ultrasonic vibration
(acoustic softening and friction reduction) on compaction
efficiency. A better understating of ultrasonic-assisted cold
compaction will improve green part quality and, therefore,
increase final product quality.

2. Simulation Procedure and Condition

This simulation analyzed the densification behavior of
particles under uniaxial pressing without ultrasonic vibration
and with superimposed ultrasonic vibration using MPFEM.
The simulation was conducted using finite element software
ABAQUS/Explicit. An explicit integration scheme was used
because it is appropriate for contact problems and a high
degree of freedom systems. Also, the system is modeled as
a two-dimensional plane strain. Selecting the desirable mesh
(size and type) is an essential step in finite element numerical
modeling. Different mesh types and sizes were used (as
shown in Fig. 1). In a mesh sensitivity study, a deformable
particle is modeled between upper and lower punches to
decrease simulation cost. Then, by applying compression
force at the rigid upper punch, the force-displacement
curve (Fig. 2) and Von Mises effective stress (Fig. 3) were
extracted. A transient mesh (as shown in Figure 1-H) was
chosen based on simulation cost and accuracy.

In the next step, the simulation's accuracy was investigated
using Wu et al. experimental work [14]. Xin ef al. results have
been used to verify the simulation shown in Fig. 4 [28]. As
shown from these curves, there is a good agreement between
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Fig. 2. The effect of mesh size and type on force-displacement
curves of the upper punch.

simulation and experimental data. So, the modeling procedure
was shown to have significant accuracy in simulating a
collection of particles. Since a large mesh size causes
fluctuation in this curve, a smooth curve indicates a suitable
mesh size.

Finite-discrete element modeling has many computations
due to the existence of many distinct particles with different
geometry and nonlinear behavior, namely elastic-plastic
deformation and the presence of many contact surfaces. In
this study, a cylindrical die with 12 mm diameter and 12 mm
height was modeled. The number of particles that can be
modeled is determined by CPU and RAM restrictions and
the number of particle-particle contact pairs. Therefore, 64
circular particles with a diameter of 1.5 mm were considered
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Fig. 1. Mesh sensitivity analysis: (a) Coarse free mesh, (b) Medium free mesh [25], (c) Fine free mesh, (d) Very fine free mesh, (¢) Coarse
structural mesh [26], (f) Fine structural mesh, (g) Coarse transient mesh [9], (h) Transient mesh, (i) Fine transient mesh, and (j) Very fine

transient mesh [27].
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Fig. 3. Stress distribution during mesh sensitivity analysis: (a) Coarse free mesh, (b) Medium free mesh [12], (¢) Fine free mesh, (d) Very
fine free mesh, (e) Coarse structural mesh [13], (f) Fine structural mesh, (g) Coarse transient mesh [9], (h) Transient mesh, (i) Fine transient

mesh, and (j) Very fine transient mesh [14].

for compaction. These numbers are enough to investigate inter-
particle friction, die-wall friction, and the rearrangement of
powders. The die walls and lower punch were rigid, and their
displacement was restricted in all directions. A displacement
boundary condition was imposed on the rigid upper punch.
The displacement of the upper punch was used to calculate
the instantaneous relative density. Experimental compression
data measured the mechanical properties of Ti-6Al-4V,
and the effect of superimposed ultrasonic vibration on this
material was extracted from the authors' previous works
[29,30]; and the material property of CP-Ti was extracted
using the stress superposition theory from Ref. [31]. The
inter-particle contacts and particle and die wall contacts were
considered via a kinematic contact algorithm. The Coulomb
friction theory was used as model. The inter-particle friction

1 r—
0.95
>\ -
2
‘B 09
g |
o
A |
o |
B
= |
< 085 ‘Wu Experiment
&~ B — —— - WuMPFEM
B —&—— Fartashvand MPFEM
B — —A— — Tuhin Sinha MPFEM
B —-—@—-— Xin MPFEM
0.8 7,
0'75““1““1““1““1
0 50 100 150 200

Pressure (MPa)

Fig. 4. Using relative density versus compression pressure to verify
the simulation method.

coefficient and the die wall friction coefficient with particles
for both simulations of Ti-6Al-4V and CP-Ti powders were
set at 0.28 and 0.4, respectively [32]. Regarding the large
deformation of elements during compaction processes, the
adaptive mesh technique was used with 60 frequencies. The
effect of punch speed (simulation time) was investigated, and
consequently, 0.05 s was selected for the simulation time.

To investigate the acoustic softening influence of
ultrasonic vibrations in simulations, the Ti-6Al-4V alloy
tensile test was performed under ultrasonic vibrations at
two intensities of 100 and 340 W [17]. For CP titanium, the
stress-strain curve under ultrasonic vibration was extracted
from [18] for three vibrational amplitudes of 0, 5.6, and 6.4
um. The relationship between the power (P) and amplitude
of vibration (4) is as Eq. (1).

1
p = EAzmzpc (1)

where w is the angular frequency, p is the density, and c is the
sound velocity in the material.

To apply the ultrasonic effect on the friction in simulations,
the friction coefficient is assumed to be zero in the presence
of ultrasonic vibrations.

3. Results and discussion

3.1. Comparison of ultrasonic effects on CP titanium and
Ti-6A1-4V alloy

Compression pressure (P) plays a dominant role among
many factors that can affect compaction. Here, P is referred
to as the average pressure imparted to the upper punch. Fig.
5 shows the relationship between compaction pressure and
upper punch displacement for three vibrational modes ((a)
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Fig. 5. Punch displacement versus compaction pressure for (a) Ti-6Al-4V alloy and (b) CP Titanium.

Ti-6Al-4V alloy and (b) CP titanium). As can be seen in both
curves, moving the upper punch down first gradually increases
the amount of pressure, but after about 2.5 mm displacement,
the rate of increase in compaction force is increased. Also, the
effect of ultrasonic vibrations on reducing the force required
for powder compaction of CP titanium is greater than that of
Ti-6Al1-4V alloy.

Fig. 6 shows the relationship between pressure and relative
density for Ti-6Al1-4V and CP titanium. The relative density
begins with the initial value of 0.78 and reaches full density
under compaction pressure.

Investigation of the behavior of Ti-6Al-4V alloy in three
ultrasonic intensities (Fig. 6(a)) showed that a relative
density of 0.8 at ultrasonic powers of 0, 100, and 300 W is
obtained at compaction pressures of 411, 401, and 388 MPa,
respectively. Consequently, at a relative density of 0.8, the

=4
—=— W
> —a— 100W
Z —O— 340W
53
a
o
2
kS
o)
o
ogsl b b e e e
0 1000 2000 3000 4000 5000 6000 7000
Pressure (MPa)

(@)

required pressure is reduced by about 10 MPa (2.4 %) and
13 MPa (5.5 %) by ultrasonic intensities of 100 and 300
W, respectively. In the case of CP titanium (Fig. 6(b)), the
relative density of 0.8 at vibrational amplitudes of 0, 5.6, and
6.4 pum is obtained at compression pressures of 208, 153,
and 105 MPa, respectively. Thus, at this relative density,
the vibrational amplitudes of 5.6 and 6.4 pm reduced the
required pressure to 55 MPa (26 %) and 103 MPa (49.5 %).
Also, the ultrasonic effects on reducing required pressure
in pure titanium are more significant than in titanium alloy.
Therefore, the effect of acoustic softening led to reducing
the required pressure, as the relative density of 0.92 for CP
titanium was obtained at vibration amplitudes of 5.6 and 6.4
pm with lower pressures of 183 and 311 MPa, respectively,
which indicates the effectiveness of ultrasonic vibrations
in improving the densification behavior of the material.
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Fig. 6. Relative density versus compaction pressure for (a) Ti-6Al1-4V alloy and (b) CP Titanium.
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Compared to conventional compression (without ultrasonic), compression of Ti-6Al-4V needs more pressure than CP-
this pressure reduction is observed up to 99.7% relative density.  Ti due to its higher strength. The pressure increases rapidly
at the early stage of compaction. No apparent relative slip

3.2. Macrostructure characterization during compaction between particles for either case is observed due to the
highly geometrical symmetry of the initial packing. It is also

Figs. 7 and 8 indicate the evolution of morphology, local  seen that at the early stages of compaction, the localized
packing structure, and equivalent Von Mises stress for CP deformation of the particles leads to the formation of a stress
titanium and Ti-6Al-4V particles during compaction. The chain; therefore, the particles are modeled as elastic-plastic.
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Fig. 7. Evolution of morphology, local packing structure, and equivalent Von Mises stress without ultrasonic vibration for Ti-6Al-4V during
compaction in the punch displacement at (a) 0 mm, (b) 0.6 mm, (c) 1.2 mm, (d) 1.8 mm, (e) 2.4 mm, and (f) 3 mm.
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Fig. 8. Evolution of morphology, local packing structure, and equivalent Von Mises stress without ultrasonic vibration for CP titanium during

compaction in the punch displacement at (a) 0 mm, (b) 0.6 mm, (c¢) 1.2 mm, (d) 1.8 mm, (¢) 2.4 mm, and (f) 3 mm.
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The plastic deformation begins when the Von Mises stress
is equivalent to yield stress. Accordingly, it is observed that
all the particles have plastic deformation, and they do not
retain their original shape. So, with the further increase in
the pressure, large plastic deformation of particles occurred,
and in-plane forces between neighboring particles formed
and increased. During this time, the contact between particles
changes from point to arc. The significant plastic deformation
results in the mass transfer of particles to fill adjacent low-
pressure void area, causing densification.

The plastic deformation begins when the Von Mises stress
is equivalent to yield stress. Accordingly, it is observed that
all the particles have plastic deformation, and they do not
retain their original shape. So, with the further increase in
the pressure, large plastic deformation of particles occurred,
and in-plane forces between neighboring particles formed
and increased. During this time, the contact between particles
changes from point to arc. The significant plastic deformation
results in the mass transfer of particles to fill adjacent low-
pressure void area, causing densification.

The compacted powders' relative density and uniform
density distribution determine the green strength, sintering
rate, final density, shrinkage, and distortion during sintering.
The higher relative density of a powder compact results
in higher green strength and higher relative density of its
sintered part. Uniform density distribution causes lower
shrinkage and distortion during sintering. So, reducing inter-
particle voids causes good properties of the sintered parts. The
particles in contact with the die walls deform non-uniformly
due to the friction force, undergoing more deformation on
one side and less stress on the other. After compaction, the
shapes of particles in the compacts are nearly rectangular.
From the comparison of Von Mises stress in morphological
evolution on the compaction of pure titanium and Ti-6Al-4V
alloy powders, it can be seen that ultrasonic vibrations lead to
decreased stress. Also, increasing the amplitude and intensity
of the ultrasonic reduces stress. These observations indicate
the impact of ultrasonic acoustic softening.

The major benefit of the MPFEM model is its ability to
obtain information regarding the local stress and strain state
at the inter-particle contact area. To study the ultrasonic
effect of friction reduction, friction was considered zero,
and simulations were performed for both Ti-6Al1-4V and CP
titanium.

Figs. 9 and 10 show the distribution of equivalent Von
Mises stress in the frictionless model for Ti-6Al-4V and CP
-titanium, respectively. Removing the friction provides the
possibility of the rotation and displacement of the particles
and changes the position of the particles in the radial
direction of the die. In contrast, there is no such rotation and
displacement for compaction with the presence of friction.

This phenomenon indicates how much friction affects the
particle rearrangement stage. In other words, the rotating and
rearrangement of the particles caused by removing friction
led to increased compression capability. An investigation
of the behavior of Ti-6Al-4V alloy showed that to achieve
the relative density of 0.8, 0.89, and 0.99, the amount of
pressure was reduced to 31, 525, and 814 MPa by removing
friction. In the case of CP titanium, it was observed that the
pressure was reduced to 25, 260, and 517 MPa by removing
friction to achieve the relative density of 0.8, 0.89, and 0.99,
respectively. Therefore, ultrasonic vibration can produce
high-density green parts with a fairly uniform density
distribution and a long tool lifetime. In Ti-6Al-4V, the effect
of friction between particles and friction between particles
and die walls was also investigated (each time, one was
considered zero). The results indicate that removing friction
between the particles is more effective than eliminating
friction between particles and the die wall in reducing the
required compaction pressure. So, ultrasonic vibrations have
a beneficial influence in improving the densification behavior
of the material.

4. Conclusion

The use of the multi-particle finite element model (MPFEM)
offers an exciting insight into the compaction of particles.
As a result, this model can address rearrangement, particle
rotation, and large deformation to high relative densities.

In this research, a continuation of our previous published
papers, the compression behavior of Ti-6Al-4V and CP
titanium was investigated under a uniaxial longitudinal
superimposed ultrasonic vibration condition. Ultrasonic
vibration was modeled as acoustic softening in material
properties and friction reduction. The following conclusions
can be drawn from our results:

(a) It is observed that ultrasonic vibration decreases the
required pressure for compaction. This enhancement in CP
titanium was greater than in Ti-6Al-4V alloy.

(b) A higher ultrasonic intensity and amplitude will increase
its effectiveness in reducing compaction pressure.

(c) The rotating and rearrangement of the particles caused
by the reduction of friction leads to increased compression
capability.

(d) The results indicate that removing friction between the
particles is more effective than eliminating friction between
particles and the die wall in reducing the required compaction
pressure.
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