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HIGHLIGHTS

GRAPHICAL ABSTRACT

* Superimposed high-power ultrasonic
vibration improves densification of
CP-Titanium.

» The effect of ultrasonic vibration on
green density could be explained as an
exponential term.

« Ultrasonic vibration increases particle
rearrangement and decreases
interparticle friction as well as die-

wall friction.

e High compaction pressure damps
ultrasonic vibrations.
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Researchers have considered powder compaction modeling to predict the necessary compaction
pressure at a desirable density. This paper presents cold compaction modeling of titanium
powder under high-power longitudinal ultrasonic vibration based on experimental tests.
Superimposing high-frequency, high-power mechanical vibration on the compaction process
could improve green density and density distribution. For this purpose, a special ultrasonic-
assisted cold compaction setup was designed and fabricated. CP titanium powder with a size
of <45 pm was compacted (up to 900 MPa) at different ultrasonic powers (0, 100 W, 150 W,
200 W, 300 W). Then, a mathematical formulation was presented for ultrasonic-assisted cold
powder compaction consisting of four terms: initial density, particle rearrangement, particle
deformation, and ultrasonic vibration effects. The results showed that the presented
mathematical model could accurately predict green compact density as a function of
compaction pressure and ultrasonic power.
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1. Introduction

Titanium and its alloys have been widely used in many
industries owing to their unique density, high corrosion
resistance, biocompatibility, and relative strength [1]. Due to
the high cost of these materials, powder metallurgy is a
routine method for producing their components [2]. Die
pressing at room temperature and then vacuum sintering is a
cost-efficient technology in powder technology. During cold
compaction, the metal powder is forced (such as titanium)
into a desired shape in the die at room temperature by
applying high mechanical pressure, without employing any
external heat. This process relies on mechanical force to
rearrange and deform particles so they stick together. After
filling the die with powders (initial density), the pressure
pushes the loose particles into the empty spaces between
them. This is a particle arrangement phase. As pressure
increases, the particles themselves begin to change shape.
Metallic particles deform plastically, flattening out and
spreading against each other, creating a large contact area. In
brittle materials, particles may undergo fragmentation to fill
the voids. The irregular shapes of the particles become locked
together [3]. However, die wall friction restricts obtaining
high density [4]. Also, the density distribution is not uniform
along the thickness of the compact [5]. These defects cause
severe distortion, dimensional instability, and non-uniform
mechanical properties after the sintering process. In addition,
die wall friction increases the ejection force of the compact
and consequently increases the wear of tools and shortens
their life [6,7]. Imposing high power ultrasonic vibration
during the cold compaction process causes friction reduction
at contacting surfaces [8] as well as acoustic softening [9] of
material, which leads to better compressibility of powders
[10]. Therefore, near full-density sintering parts can be
produced due to high green density. Selecting suitable
compaction pressure and ultrasonic power is critical to
achieving desirable compact density. High compaction load
shortens tool life and requires a high-tonnage press, which
increases the cost of the process. This paper aims to find an
analytical relationship between the density of titanium
compacts as a function of compaction pressure and ultrasonic
vibration power.

Researchers have developed and used powder compaction
models to calculate the required compaction pressure to
cold
compaction process. An accurate model should consider all

achieve a specific density in the conventional

densification mechanisms. A comprehensive list of
mathematical compaction models was reported in [11].
Gerdemann and Jablonski proposed the new compaction
equation for conventional cold compaction of titanium

powders (Eq. (1)) [12]. This model includes three terms for
the description of initial density (Dy), particle rearrangement
(A(1 — e~o)), (B(1 - ™))
mechanisms contribution to the densification of powders.

and  work-hardening

D =D, +A(1l —e %) + B(1 — ebP) (1)

The coefficients 4 and B are the maximum contribution of

powder rearrangement and powder deformation on
densification, respectively. The a and b constants represent
the rate of the powder particle rearrangement and plastic
deformation mechanisms. Maximum relative density
according to this model is the sum of 4, B, and Dy. Machaka
and Chikwanda evaluated this model for compaction of
[13].

interpretation of model constants and reported good

titanium powders They explained the physical
agreement with experimental data.

Chen et al. used the Panelli-Filho formulation (Eq. (2)) to
predict the relative density versus compaction pressure of Ti-
6Al-4V titanium alloy [14]. They found good agreement
between experimental and mathematical data. In this
equation, coefficient A indicates the powder's ability to
densify due to plastic deformation.

lrl<1ED : ) @

1 - DO
Lou et al. used the modified Cooper—Eaton equation to

)=A\/ﬁ+ln(

simulate the densification behavior of CP titanium powder
[15]. They reported that the contribution of particle
rearrangement is in the range of 0-200 MPa of compaction
pressure, and plastic deformation occurred in the range of
200-900 MPa. Machaka and Chikwanda investigated Jones,
Heckel, modified Heckel, Panelli-Filho, Ge,
Kopopicky, Kawakita-Ludde, Adams-McKeown, Zwan-

Shapiro-

Siskens, Cooper-Eaton, and Gerdemann-Jablonski equations
for cold compaction of CP titanium and sponge Titanium
powders [11]. The modified Heckel, Ge, and Shapiro-
Kopopicky  compaction models demonstrate  good
applicability over all ranges of compaction pressure.

Cheng et al. evaluated the Heckel, Huang Peiyun, Cooper
and Eaton, and Gerdemann-Jablonski equations by fitting
them to experimental data of titanium hydride powder and
hydrogenated-dehydrogenated titanium powder compaction
[16]. According to their work, all the equations fit the
experimental data well. Tang ef al. used the Gerdemann—
Jablonski and Cooper—Eaton equations to simulate the
powder compaction of unsaturated titanium hydride powders
[17]. Aoyagi et al. studied the modified Gibson-Ashby
formula to predict the compressive strength of porous

Ti6Al4V alloys [18]. Their work helped establish a prediction
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equation for materials designed for biomedical applications.
Xun et al. used Kawakita, Shapiro, and Heckel compression
equations to evaluate the compaction behavior of mixed
titanium-nickel powders [19].

To date, no analytical modeling for ultrasonic-assisted cold
compaction of titanium powders has been published. So, this
research presents a mathematical model for CP titanium
powder's ultrasonic-assisted cold compaction behavior. The
model presents an analytical relationship among ultrasonic
power, compaction pressure, and green density. This
relationship will decrease the cost of experimental tests for
finding suitable compaction and ultrasonic power parameters.

2. Experimental

Commercially pure titanium (CP-Ti) powders were used
for this work. The morphology of the titanium powder is
shown in Fig. 1 and illustrates that the CP-Ti particles are
irregular and angular in shape. The picture was captured using
a Philips XL30 Scanning FElectron Microscope (SEM).
Particle size of powders was measured by laser diffractometry
(Model 2000; Mastersizer, Malvern). The results are
illustrated in Fig 2. A Philips X Unique II XRF device was
used to measure the chemical composition of the powders,
and results are provided in Table 1. An AISI 1.2379 cold-
worked steel die with a ¥12.7 mm hole was used for the
compaction experiments at room temperature. A universal
testing machine (DTU-900MHA) was used to compact the
powders. Compaction load was recorded by a load cell, and
punch displacement was measured by an extensometer. For
each compaction experiment, 2.5 g of powder was weighed
out on a digital scale (resolution: 0.001 g) and poured into the
die hole. Therefore, the aspect ratio (H/D) of compacts was
approximately 0.5.

The

compaction was a single - action process, and

cc.\./_Spol M_agn
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Fig. 1. Morphology of the CP Ti powder (X2500).
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Fig. 2. Particle size distribution of the CP-Ti powder.
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longitudinal ultrasonic vibration was superimposed on the
compaction process when the punch started to move down at
a constant speed of 1 mm.min"'. Compaction stopped when
the compaction pressure reached 900 MPa. The pre-load for
obtaining compaction curves was set to 7.9 MPa (1000 N).
Ultrasonic vibrations at this pressure were applied to the
powders and continued until 900 MPa. Then, the powder
compact was ejected from the die and its mass, thickness, and
height were measured. The experimental setup details are
described in [20,21]. The densification curve was plotted by
obtaining the instantaneous density. Mass and cross-section
of the compact were constant during compaction, and
instantaneous height was calculated as a sum of the final
height of the green compact and the extensometer distance
from the final position.

Table 1. Chemical composition of CP-Ti powder (wt%).

Element Ti S Fe

Amount (Wt%) 99.26 0.01 0.73

3. Results and discussion

The densification curves of CP powders for different
ultrasonic powers are shown in Fig. 3. As shown in Fig. 4, the
relative density increases with increasing pressure. The
relative density increases rapidly at the initial stages, and then
the densification rate decreases for all compaction conditions.
This phenomenon is due to strain and geometric hardening
that make further deformation difficult. Also, as seen from
the curves, there is a considerable difference between initial
relative densities for different ultrasonic powers. At 20 MPa
compaction pressure, relative density is 0.425, 0.508, 0.519,
0.535, and 0.565 for 0, 100, 150, 200 and 300 W average
ultrasonic powers, respectively. It is calculated that relative
density increases by about 19.53, 22.12, 25.88 and 32.94 %
under 20 MPa at 100, 150, 200 and 300 W average ultrasonic
powers, respectively. This improvement is due to the
of ultrasonic vibration on the

influence slip and

rearrangement of the powders; higher density was achieved
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Fig. 3. Compaction curves of CP titanium under different ultrasonic
powers.

at low compaction pressure. This is the advantage of
superimposed high-power ultrasonic vibration. The relative
density at 900 MPa is 0.765, 0.773, 0.774, 0.778, and 0.774
at 0, 100, 150, 200, and 300 W average ultrasonic powers. It
seems that the green density of ultrasonic-assisted compacted
parts under high compaction pressure (900 MPa) is
approximately identical and higher than conventional cold
compaction, so that 100 W ultrasonic vibration improves the
final density of specimens by about 1.05 %.

Recently, Gerdemann—Jablonski presented a new equation
that accurately predicts titanium powder compaction,
including three terms for considering initial density, particle
rearrangement, and plastic deformation [12]. They reported
that particle rearrangement contributed to densification until
about 100 MPa and plastic deformation is the prominent
further
the contribution of each mechanism in

mechanism  for densification. By using this
formulation,

densification of titanium powders is shown in Fig. 5 for
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Fig. 4. Effect of compaction pressure on relative density [22].
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Fig. 5. Contribution of densification mechanisms to the relative
density of CP titanium at conventional cold compaction.

conventional compaction. We assumed that D, was the initial
density at the beginning of data recording (7.9 MPa
compaction pressure). In reference [12], the authors
calculated this parameter from curve fitting, but regarding the
physical meaning of this parameter, it was considered the
initial density at the beginning of data acquisition. The term
A(l —e %) is related to particle rearrangement and its
contribution is high at the initial stages of densification and
then its effect reaches a constant amount after approximately
200 MPa. It is reported that for a particle pack with an initial
density of 0.64, particle rearrangement contribution in
densification is about 40 % [23]. Particle rearrangement
contribution diminished over a high-pressure range, and
plastic deformation is the dominant mechanism in this
pressure range. Also, particle fragmentation is not considered
because it is not the main mechanism in titanium (ductile)
powder densification [24].

of these

mechanisms. High-power ultrasonic vibration reduces the

Ultrasonic  vibration could improve all
friction at contacting surfaces, which prevents further
densification. Reduction of friction forces improves particle
rearrangement. This reduction was attributed to the reduction
of the coefficient of friction, the reduction of inter-particle
contact time, the particles' resonance, and normal force
reduction. Also, ultrasonic vibration reduces flow stress,
which helps to further plastic deformation. This phenomenon
was attributed to acoustic stress superposition theory and
energy absorption in material discontinuities such as
dislocations. Nevill and Brotzen reported that the decrease in
plastic yield limit is independent of the frequency (in the
range of 15-80 kHz) and temperature (in the range of 30—

500 °C) and preliminary deformation [25]. Some literature
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stated that the amount of flow stress reduction is proportional
to ultrasonic amplitude [25-27], while others reported that
this amount is related to ultrasonic intensity [28-31]. It
should be noted that acoustic intensity is proportional to the
square of the amplitude. Also, it is assumed that acoustic
softening occurs as soon as ultrasonic imposition and ends
with the stoppage of ultrasonic vibrations, although some
researchers reported residual acoustic softening.
Considering that the ultrasonic effect decreases with
increasing compaction pressure, an exponential term is added
to Eq. (1) in order to include the ultrasonic vibration effect.

D=Dy+A(1—e )+ B(1—eP)+C(W)e WP (3)

where coefficients of Dy, 4, a, B, and b are assumed to be the
same as Eq. (1) for the ultrasonic-assisted compaction
process. Then, by subtracting the densification curves of
conventional ~ compaction  from  ultrasonic-assisted
compaction, the contribution of ultrasonic vibration could be
clarified for all tests, and values of C and ¢ can be determined
by curve fitting for each test. Fig. 6 shows that higher
ultrasonic power helps to obtain higher ultrasonic
contribution until 600 MPa and then their effect is similar.
By fitting of C(W)e *"WP equation from all curves of
Fig. 6, the coefficients of C and ¢ can be found versus
ultrasonic power. Then, by fitting a suitable curve from
these values (Figs. 7 and 8), Egs. (4) and (5) describe the

behavior of these coefficients versus ultrasonic power.

C = eO.4—59><Log(W)—4—.796 (4)
R? = 0.9891
c= eO.4-02><L0g(W)—8.359 (5)
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Fig. 6. Contribution of ultrasonic vibration on relative density of CP
titanium under ultrasonic-assisted cold compaction.

Results of the mathematical model and experimental data
are shown in Figs. 9 to 12. As shown from these figures, the
proposed model shows a good agreement with experimental
data over the compaction pressure range. The compaction
pressure range 0-900 MPa and ultrasonic power 0-300 W are
the limitation range of this model for titanium powders.

By extrapolating the developed theoretical model up to a
high pressure of about 2000 MPa (Fig. 13), it is concluded
that at that range of compaction load, the densification due to
ultrasonic vibration is very small, which shows that
longitudinal ultrasonic vibrations damp under high static
pressure. With regard to this superposition theory about the
influence mechanism, it can be concluded that the dynamic
component of acoustic stress versus static stress is very small
and cannot significantly affect the compaction process. So,
the main advantage of superimposing ultrasonic vibration on
cold compaction is obtaining higher density at lower
compaction pressure.
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Fig. 7. Variation of coefficient C versus ultrasonic power.
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Fig. 8. Variation of coefficient ¢ versus ultrasonic power.
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Fig. 9. Comparison of mathematical and experimental data for cold
compaction under 100 W ultrasonic power.
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Fig. 10. Comparison of mathematical and experimental data for cold
compaction under 150 W ultrasonic power.
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Fig. 11. Comparison of mathematical and experimental data for cold
compaction under 200 W ultrasonic power.
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Fig. 12. Comparison of mathematical and experimental data for cold
compaction under 300 W ultrasonic power.
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4. Conclusion

cold
based on the

An analytical model for ultrasonic-assisted

compaction of CP titanium powder
Gerdemann-Jablonski model was presented, which is the
sum of four mechanisms: initial

density, particle

rearrangement, particle deformation, and ultrasonic
vibration effect. We proposed an exponential term for the
ultrasonic effect on green density so that increasing
compaction causes a decrease in ultrasonic effectiveness.
Ultrasonic vibrations improve particle rearrangement and
cause acoustic softening in bulk deformation steps. The
developed model accurately predicts green density as a
function of compaction pressure and ultrasonic power. This
model optimizes the compaction pressure to obtain

maximum green density without wasting energy.
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