Journal Pre-proofs

Journal Pre-proofs

Jeurnal of ez ®

: PARTICLE

Science & Technology

Analytical evaluation of high power ultrasonic assisted cold compaction

of titanium powder

Vahid Fartashvand, Amir Abdullah, Rezvan Abedini, Nader Parvin

DOI: https://doi.org/10.22104/ijpst.2026.8304.1292
Manuscript number: JPST-2605-1292

To appear in: Journal of Particle Science and Technology (JPST)

Received Date: 29 May 2026
Received Date in revised form: 21 July 2026
Accepted Date: 23 July 2026

Please cite this article as: Fartashvand, V., Abdullah, “AwgfAbedini, R., Parvin, N., Analytical
evaluation of high power ultrasonic assisted cold compaction of titanium powder, Journal of Particle

Science and Technology (2025), doi: https://do1.org/10.22104/jpst.2026.8304.1292

File of an article that has undergone enhancements after acceptance, such as the addition of a cover
page and metadata, and formatting\for readability, but it is not yet the definitive version of record.
This version will undergo additional' copyediting, typesetting and review before it is published in its
final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal

disclaimers that apply. to the journal pertain.

© 2025/ The Author(s). Published by IROST.


https://doi.org/10.22104/jpst.2026.8304.1292
https://doi.org/10.22104/jpst.2026.8304.1292
http://irost.org/en

Journal Pre-proofs

Analytical Evaluation of High Power Ultrasonic Assisted Cold Compaction of

Titanium Powder

Vahid Fartashvand'*, Amir Abdullah?, Rezvan Abedini 3, Nader Parvin®

' Department of Industrial Design, Faculty of Art, Alzahra University, Tehran, Iran
2 Department of Mechanical Engineering, Amirkabir University of Technology, Tehran, Iran
3 Department of Mechanical Engineering, University of Science and Technology, Tehraf, Iran

* Materials and Metallurgical Engineering Department, Amirkabir University of Technology, Tehran, Iran

Abstract

Researchers have considered powder compaction modeling to predict'necessany compaction pressure at
desirable density. This paper presented cold compaction modeling of titaniumypowder under high-power
longitudinal ultrasonic vibration based on experimental tests. Stiperimposing 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 size of <45 pm 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 predict accurately green compact

density as a functiof’of ecompaction pressure and ultrasonic power.

Keywords: CP Titanium, Cold compaction, Ultrasonic vibration, Compaction model



Journal Pre-proofs

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 of powder technology.
During cold compaction, the metal powder is forced (such as titanium) into a desired shdpe in'the die
at room temperature by applying high mechanical pressure, without employingsafyexternal‘heat.
This process relies on mechanical force to rearrange and deform particles so they'stick together. After
filling the die by powders (initial density), the pressure pushes the loGse patticles into the empty
spaces between them. This is a particle arrangement phase. As pressure /increases, the particles
themselves begin to change shape. Metallic particles defosmyplasticly, flattening out and spreading
against each other, creating a large contact areag 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, density distribution was not
uniform along the thickness of 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 gjection foreé of compact and consequently increases the wear of tools and
shortens their life [5-6,7]. Imposing high power ultrasonic vibration during the cold compaction
process causes frictiohreduction at contacting surfaces [8] as well as acoustic softening [9] of material
which.leadsito better compressibility of powders [10]. Therefore, near full-density sintering parts
could 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
needs to high tonnage press which increases the cost of the process. This paper aims to find an
analytical relationship between the density of titanium compact as a function of compaction pressure

and ultrasonic vibration powers.



Journal Pre-proofs

Researchers have developed and used powder compaction models to calculate the required
compaction pressure to achieve a specific density in the conventional cold compaction process. An
accurate model should be considered all densification mechanisms. A comprehensive list of
mathematical compaction models was reported in [11].

Gerdemann and Jablonski [12] proposed the new compaction equation for conventional,cold
compaction of titanium powders (Eq. (1)). This model includes three terms for the déscriptien of
initial density (D, ), particle rearrangement (A(1 —e~%)) and work-hardenin@%(B (1=, 7))

mechanisms contribution on densification of powders.

D=Dy+A(1l—e %)+ B(1—e?P) [1]

The coefficients A and B are the maximum confribution of' powder rearrangement and powder
deformation on densification, respectivelyd 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 A, B and D,. Machaka and Chikwanda [13] evaluated this model for
compaction of titanium powdérs. They explained the physical interpretation of model constants. They
reported good agreementWwith this model by experimental data.

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

due to plastic deformation.

1“(121)):‘4@““(1 —100) 2

Lou et al. [15] used the modified Cooper—Eaton equation to simulate the densification behavior
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of CP titanium powder. 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 [11] investigated Jones, Heckel, modified Heckel, Panelli-Filho, Ge,
Shapiro-Kopopicky, Kawakita-Ludde, = Adams-McKeown, Zwan-Siskens, Cooper-Eaton,
Gerdemann-Jablonski equations for cold compaction of CP titanium and sponge Titanium pewders.
The modified Heckel, Ge, and Shapiro-Kopopicky compaction models demomnstrate ygood
applicability over all ranges of compaction pressure.

Cheng ef al. [16], evaluated the Heckel, Huang Peiyun, Cooper and Eaton, and Gerdemann and
Jablonski equations by fitting them to experimental data of titamium “hydride powder and
hydrogenated-dehydrogenated titanium powder compaction. According to their work, All the
equations could fit the experimental data well. Tang et algfih7] dsed the Gerdemann—Jablonski and
Cooper—Eaton equation to simulate the powder gompaction of Unsaturated Titanium Hydride
Powders. Aoyagi ef al. [18] studied modifiéd the,Gibsen-Ashby formula to predict the compressive
strength of porous Ti6Al4V alloys. The"work helps establish a prediction equation for materials
designed for biomedical applications. Xun e al. [19] used Kawakita, Shapiro, and Heckel
compression equations to evalltate the compaction behavior of mixed titanium-nickel powders.

Up to date, no analytical modeling for ultrasonic assisted cold compaction of titanium powders
has been published. Se, this tesearch presents a mathematical model for CP titanium powder's
ultrasonic-assisted ‘€old compaction behavior. This model presents an analytical relationship among
ultrasonic power, eompaction pressure and green density. It decreases the cost of experimental tests

for finding suitable compaction and ultrasonic power parameters.

2. FExperimental procedure
Commercially pure titanium (CP-Ti) powders were used for this work. The morphology of the

titanium powder is shown in Fig. 1 which illustrates the CP-Ti particles are irregular and angular



shapes. Picture was captured using a Philips XL30 Scanning Electron Microscope (SEM). Particle
size of powders was measured by the laser diffractometry (Model 2000; Mastersizer, Malvern). The
result was illustrated in Fig 2. Philips X Unique II XRF device was used to measure the chemical
composition of the powders and results are provided in the Table 1. AISI 1.2379 cold work steel

with @12.7 mm hole was used for the compaction experiments at room temperature. A rsa

testing machine (DTU-900MHA) was used to compact powders. Compaction load was;
load cell and punch displacement was measured by extensometer. For each com
2.5 g powder was weighed out by digital scale (resolution: 0.001 g) and 1

Therefore, the aspect ratio (H/D) of compacts was approximately 0.5
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Fig. 2. Particle size distribution of the CP-Ti powder.

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

Element Ti S Fe

Amount (%) 99.26 0.01 0.73
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3. Results and discussion

The densification curves of CP powders for different ultrasonic powers are shown in Fig. 3. As
shown from 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 compactioft
conditions. This phenomenon is due to strain and geometric hardening that makes further deformation
difficult. Also, as seen from the curves, there is a considerable difference between initial relative
densities for different ultrasonic power. At 20 MPa compaction pressure, relative"densityyis0.425,
0.508, 0.519, 0.535 and 0.565 for 0 W, 100 W, 150 W, 200 W and 300 W avéragewltrasonic powers,
respectively. It is calculated that relative density increases by about 19153,%,22.12 %, 25.88 % and
32.94 % under 20 MPa at 100 W, 150 W, 200 W and 300 W average ultrasonic powers, respectively.
This improvement is due to the influence of ultrasonic vibzatien on the slip.:and rearrangement of the
powders and higher density was achieved at low gempaétion 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 W, 100 W, 150 W, 200 W'and 300 W average ultrasonic powers. It seems that
the green density of ultrasonic assisted compacted parts under high compaction pressure (900 MPa)
approximately are identical and higher than conventional cold compaction so that 100 W ultrasonic

vibration improves the final density of specimens by about 1.05 %.
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Fig. 3. Compaction curves of CP titanium under different ultrasonic powers.



Homogeneous
Deformation

Bulk

- Compression
Rearrangement

Densty

Apparent Density

Compaction Pressure

Fig. 4. Effect of compaction pressure on relative density

or further densification. By using this

in densification of titanium powders is shown in

at the'initial stages of densification and then its effect reaches a constant amount

200 MPa. It is reported [21] that for a particle pack with an initial density of 0.64,
ement contribution in densification is about 40 %. Particle rearrangement
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 isn't the

main mechanism in titanium (ductile) powder densification [22].
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Fig. 5. Contribution of densification mechanism on relative density of CP titanium,at conventional cold

compaction.

Ultrasonic vibration could improve all of these mecghanisms. High power ultrasonic vibration
reduces the friction at contacting surfaces which ptevent from/further densification. Reduction of
friction forces improves particle rearrangément. This‘teduction was attributed to the reduction of
coefficient of friction, the reduction of inter=particle contact time, the particles resonance and normal
force reduction. Also, ultrasoniciwibration reduces flow stress that 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 [23] reported that the
decrease in plastic” yield limit'is independent of the frequency (in the range of 15-80 kHz) and
temperature (imthetange of 30—500 °C) and preliminary deformation. Some literatures stated that
amount of flow stress reduction is proportional to ultrasonic amplitude [23,24,25], while some others
reported that this amount is related to ultrasonic intensity [26,27,28,29]. 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 imposing and ends by stoppage of ultrasonic vibration although
some researchers reported residual acoustic softening.

By regarding that ultrasonic effect decreases by increasing of compaction pressure, an



exponential term is added to Eq. (1) in order to includes ultrasonic vibration effect.

D =Dy+A(1—e %)+ B(1—e bP) + C(W)e (WP [3]

Which coefficients of Dy, A, a, B and b are assumed the same as Eq. (1) for ultrasonicsassisted

compaction process. Then, by subtracting the densification curves of conventional compaction ftom

and values of C and c can be determined by curve fitting for each test. Fig. 6 shows

power helps to obtain higher ultrasonic contribution until 600 MPa and then¢their
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Fig. 6. Contribution of ultrasonic on relative density of CP titanium under ultrasonic assisted cold
compaction.

By fittingof e~ WP equation from all curves of Fig. 6, the coefficients of C and ¢ can be

found ve ultrasonic power. Then, by fitting suitable curve from these values (Fig. 7 and Fig. 8),

Ec @ g. (5) describe behavior of these coefficients versus ultrasonic power.

0 0:459%xLog(W)—4.796 [4]
2 =0.9891
c = e0402xLog(W)-8.359 [5]
R? =0.9972

10
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thematical model and experimental data are shown in Fig. 9 to Fig. 12. As shown

igures, 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 limitation range of this model for titanium powders.
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By extrapolating the developed theoretical model up i gssure ut 2000 MPa (Fig. 13),
it is concluded that at this range of compaction load'th: sification due to ultrasonic vibration is
very small which is shown that longitudi sonig,vibrations damp under high static pressure.
With regard to this superposition theory Itrasonic vibration influence mechanism, it can be

concluded that dynamic componentef acoustic stress versus static stress is very small and can't affect

significantly compaction pro ain advantage of superimposing ultrasonic vibration on

cold compaction is obtai density at lower compaction pressure.
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4. Conclusion

An analytical model for ultrasonic assisted cold compaction of CP titanium powder based on
Gerdemann and Jablonski model was presented that is the sum of four mechanism: initial density,
particle rearrangement, particle deformation and ultrasonic vibration effect. We proposed exponential
term for ultrasonic effect on green density so that increasing compaction caused to decrease of
ultrasonic effectiveness. Ultrasonic vibrations improve particle rearrangement and causé to acoustic
softening in bulk deformation steps. The developed model accurately predicts*gteen density as
function of compaction pressure and ultrasonic power. This model optimizesithe compaction pressure

to obtain maximum green density without wasting energy.
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