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� The difference in compressibility caused by particle characteristics and pressurization methods were analyzed.
� The relationship between normal stress and gas pressurization rate was proposed.
� The mechanism of different pressurization methods was discussed.
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Both the particle characteristics and the pressurization methods have an important influence on powder
compression behavior. Compression of powder with different average particle sizes, sphericity and adhe-
sion were experimentally investigated by the FT4 rheometer and the pressurized visualization tank. The
difference in compressibility caused by particle characteristics and pressurization methods were ana-
lyzed. The results show that the smaller the average particle size, the higher the sphericity and the
greater the adhesion, the greater the compressibility of the powder. In the experimental range, the effect
of gas pressurization is less than mechanical pressurization on powder compression. The relationship
between normal stress and gas pressurization rate was proposed and the mechanism of different pressur-
ization methods was also discussed with compression position and mode.

� 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Powder compression has a wide range of industrial applica-
tions, including gas pressurization in silos (Lu, H. et al., 2012),
pharmaceutical powder compression (Kaerger et al., 2004), cera-
mic processing (Saha et al., 2012), metallurgical engineering
(Bombac et al., 2020), etc. Powder compaction and densification
refer to the process in which the bulk density of a powder under
natural packing conditions increases and achieves a high degree
of densification under the transient action of external forces
(Richard et al., 2005). During this process, the mesh structure of
the particles supports the applied load. For irregular packing, the
contact forces between the particles change. The particles rear-
range themselves under these forces and increase their density
by sliding into the voids with each other (Kuhn et al., 1991).

The macroscopic properties of powder compression are the
joint result of microscopic interactions between particles. Particle
properties include particle size, particle size distribution, particle
shape, angle, hardness and surface roughness (Sukumaran and
Ashmawy, 2003).

Samimi et al found through experiments and simulations that
the Heckle and Kwakita parameters decreased with increasing par-
ticle size, which indicated that larger particles were easier to com-
pact (Samimi et al., 2005). Powders with a wider particle size
distribution have greater void fraction and more relative density
variation during compression. They are easier to compress because
finer particles can fill the gaps between larger particles (Adolfsson
et al., 1997; Koynov et al., 2013; Shen et al., 2022).

The description of particle shape includes sphericity, convexity
and aspect ratio. Particle shape has a significant effect on strength,
with higher sphericity resulting in higher average strength (Zhu
and Zhao, 2021). Compared with spherical particles, tetrahedral
particles were less compressible due to enhanced shear resistance
to interparticle contact, reduced particle rearrangement in the
early stages of overall compression, and enhanced resistance to
overall deformation in the later stages (He and Guo, 2018).
Abdullah and Geldart proved that the more spherical shaped FCC
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Fig. 1. Particle size distribution.

Table 2
Particle morphology parameters.

Material Mean Sphericity Aspect ratio Convexity

A 0.955 0.930 0.998
B 0.956 0.931 0.994
C 0.874 0.719 0.989
D 0.931 0.944 0.996
E 0.969 0.954 0.996
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mixtures had a greater packing state than the more angular shaped
FRF mixtures (Abdullah and Geldart, 1999). The greater the non-
convexity of the particles, the more contact between the particles,
resulting in higher compressive strength particle interlocking (He
et al., 2019).

In the microscale, the compressibility of the powder was influ-
enced by the adhesion and friction forces between the particles
(Stasiak et al., 2010). Abdullah and Geldart showed that free-
flowing powders had a low tendency to consolidate (Abdullah
and Geldart, 1999). Tomas proposed ultra-fine cohesive powders
were characterized by low flowability and high compressibility
(Tomas, 2007).

Mechanical pressurization is the most common way of powder
compression, where compressibility is tested by applying mechan-
ical thrust to the powder. The main tests of powder compressibility
were the uniaxial compression experiment (Stasiak et al., 2010),
solidification meter experiment (Yigit, 2018) and compression test
unit in FT4 powder rheometer (Zeng and Wang, 2019), etc. These
tests provide an important reference for the compressive proper-
ties of powders under mechanical stress. Gas can also have a com-
pressive effect on the powder. In the high-pressure hopper
discharging unit for pulverized coal, the compaction of pulverized
coal is difficult to discharge due to the increase in hopper pressure
(Lu, H. et al., 2012). Jenike proposed that the gas pressure gradient
in the process of gas pressurization in the hopper increased the
degree of consolidation of the powder bed, increasing the packing
density (Jenike, 1983).

In this paper, we experimentally compare the variation of dif-
ferent particle sizes, sphericity and adhesion in the compression
process to reveal the effect of particle characteristics on the com-
pression behavior of powders. In order to understand the compres-
sion ability of mechanical and gas pressurization on the powder,
we compared compression results to provide a further understand-
ing of the compression caused by gas pressurization.
2. Experimental setup

2.1. Materials

In this study, two typical powders (Alumina, Glass beads) were
used in the experiments where A, B, C, D are alumina, E is glass
beads. The physical properties of experimental materials are
shown in Table 1. Sauter mean diameters (dp) were measured by
the particle size analyzer (Malvern Mastersizer 2000MU). Particle
density (qp) was measured by the true density analyzer (Quan-
tachrome 1200e). Bulk density (qb) and Tap density (qt) were mea-
sured by the PT-X (Hosokawa Micron Corporation). The values of
the HR (Hausner Ratio) and the compressibility (C) of different
samples were obtained by calculation (HR ¼ qt

qb
¼ 1

1�C), and the con-

clusion showed that A > B�C > E > D. Fig. 1 reports that the particle
size distribution of the experimental samples is relatively concen-
trated and its effect can be ignored.

The particle morphology of the experimental material was ana-
lyzed by using Camsizer XT and the relevant parameters were
shown in Table 2. Sphericity is defined as the ratio of the surface
Table 1
Physical properties of experimental samples.

Material dp(lm) qp(kg/m3) qb(k

A 8.68 3900.0 154
B 31.75 193
C 27.43 152
D 87.85 222
E 33.14 2491.1 137

2

area of a sphere having the same volume as the particle to the sur-
face area of the particle. The samples A, B, D and E are spherical and
C is non-spherical. To further confirm and analyze the particle
morphology of the experimental material, we used SEM (SU1510,
HITACHI) to obtain the microscopic morphological features as
shown in Fig. 2. It can be clearly observed that C is irregularly
blocky and the rest of the material is spherical.
2.2. Apparatus and methods

2.2.1. Mechanical pressurization test
Powder mechanical pressurization test equipment is given in

Fig. 3. To obtain a more quantitative characterization of the powder
compression properties, the FT4 powder rheometer (Freeman
Technology) was used to conduct the compression test with a
mechanical piston. The diameter of the glass tube is 50 mm, whose
volume is 220 ml. The normal stress of 0 KPa � 15 KPa is gradually
applied to the powder by the piston, each normal stress is applied
for a defined time to allow the powder to reach equilibrium. The
distance travelled by the piston is measured for each applied nor-
mal stress and the compressibility is automatically calculated as a
percentage change in volume.
2.2.1.1. Gas pressurization test. The experimental equipment mainly
consists of a gas supply system, a gas volume regulation system, a
pressurization system and a real-time data collection system, as
shown in Fig. 4. The height of the glass tube is 200 mm, diameter
g/m3) qt(kg/m3) HR C

7.9 2383.9 1.54 0.35
3.6 2410.1 1.25 0.20
1.4 1919.1 1.26 0.21
0.8 2372.4 1.07 0.07
0 1591.5 1.16 0.14



Fig. 2. SEM image of experimental samples: (a) A; (b) B; (c) C; (d) D; (e) E.
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is 30 mm. The pressurization rate of the visualization tank can be
controlled by a needle valve and the final tank pressure is set at
1 Mpa. The camera can record the variation of the powder bed
height in real time. The Adobe Premiere software was used to pro-
cess the video with a single image resolution of 2592 � 1944 and 5
megapixels. The height variation of the powder bed was calibrated
using ImageJ software with an accuracy of 0.01 mm. As a result,
both the compressibility percentage and compaction density can
be calculated according to the height variation.

In the above two tests, all powders were dried at 105 �C to
remove the effect of moisture content. At the same time, the way
of filling the powder into the glass tube was kept consistent to
3

reduce the influence of the initial packing state on the experimen-
tal results.
3. Results and discussion

3.1. Mechanical pressurization test results

The compressibility percentage under different normal stresses
was obtained, as shown in Fig. 5.

Comparison of the spherical alumina A, B and D, we observed
that the smaller the average particle size, the greater the compress-



Fig. 3. FT4 mechanical pressurization test unit.

Fig. 4. Diagram of the gas pressurization experimental set-up.

Fig. 5. Mechanical pressurization test.
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ibility when the particle shape is the same. Especially for A (dp = 8.
68 lm), the compressibility is much higher than B (dp = 31.75 lm)
and D (dp = 87.85 lm). At normal stress of 15 KPa, the compress-
ibility of A is 26.4 %, while the compressibility of B and D is
5.68 % and 2.09 %, and A is 5 times that of B and 13 times that of
D. Unlike large particles, the compressibility of fine particles
(<100 lm) increases with decreasing particle size.

The particle size is closely related to the interparticle forces,
which have an important effect on the void fraction of the powder
bed. Guerin (Guerin, 2004) believed that the smaller the particles,
the greater the friction, adhesion, and even van der Waals forces
compared to gravity. Small particles form agglomerates due to
interparticle forces, and agglomeration brings the system to a
4

rather random agglomerate shapes with larger pores. The agglom-
eration tends more effectively to minimize the energy of the sys-
tem by increasing its density compared to gravity, leading to
greater compressibility.

Comparing spherical alumina B (Mean Sphericity = 0.956) with
non-spherical alumina C (Mean Sphericity = 0.874), we found that
the higher the sphericity, the greater the compressibility when the
mean particle size is the same. When the normal stress is 15 KPa,
the compressibility of B is 5.68 %, which is 1.7 times that of C.

The relatively low compressibility of irregular particles is con-
sistent with the results of (Zhu and Zhao, 2021). Zou et al found
that the particle shape has an important effect on the initial poros-
ity (Zou and Yu, 1996). In general, decreasing sphericity can
increase initial porosity. For high sphericity particles, rearrange-
ment can be easily achieved during the compression process. The
above results are caused by a combination of several reasons, such
as the higher probability of forming bridges by the angular corners
of particles (Haughey and Beveridge, 1969), interparticle friction
(RAMAKRISHNAN, 1976; Xu et al., 2001) or surface roughness
(German, 1989). In addition, the particle shape has an effect on
the interparticle void ratio. As the sphericity decreases, the inter-
particle void size distribution becomes narrower. The local voids
decrease, leading to a decrease in compressibility (et al., 1999).
Meanwhile, at equal particle size, the spherical shape provides a
locally larger radius of curvature at the interparticle contact points,
a result that is directly related to larger interparticle forces.

Zhu et al quantitatively characterized the flowability of both
powders by shear tests (Zhu et al., 2022; Zhu et al., 2020). Accord-
ing to the Jenike flow function criteria, alumina is a typical cohe-
sive powder, while glass bead is non-cohesive. Contrasting
spherical alumina B and glass beads, we found that the compress-
ibility of spherical alumina was greater than glass bead when the
average particle size and sphericity were the same, indicating that
the compressibility of cohesive powder was greater than non-
cohesive powder.

For dry fine particles, the cohesive forces are mainly van der
Waals forces. When the van der Waals force exceeds the gravity,
the powder shows adhesion (Sharma and Setia, 2019). Before com-
pression, the packing state of glass beads (non-cohesive) is mainly
influenced by gravity, and the particles are closely arranged with
each other. Due to the influence of cohesive forces, the packing
state of alumina is looser than the glass beads and has higher com-
pressibility. After applying the same normal stress, the effects of
the interparticle forces that appear through a powder expanded
state are disrupted. The normal stress is in the same direction as
gravity, which further increases the particle rearrangement. So
the two types of powders with the same particle size and spheric-
ity, the cohesive powder has higher compressibility.

Tomas (Tomas, 2004) derived the powder compression equa-
tion based on the Kawakita equation (Kawakita and Ludde, 1971)
by the relationship between the total pressure and the interparticle
forces in the van der Waals equation, as shown in Eq.(1). The equa-
tion describes the relationship between the powder compaction
density qb and the normal stress rz:

qb

qb;0
¼ rz þ rz;0

rz;0

� �N
ð1Þ

where qb,0 ias the packing density without normal stress and
rz,0 is the pull-off stress when the unconfined yield strength is
zero. The parameter N is a physics-based compressibility index in
the range of 0–1. The larger the N, the greater the compressibility.

The corresponding regression curves obtained from Eq. (1) and
the experimental results were given in Fig. 6, which can well
describe the variation of compaction density qb and the relative
compaction density (RCD) (qb-q0)/q0 under different normal stres-



Fig. 6. Variation of compaction density (a) and RCD (b) with normal stress.

Fig. 7. Compressibility index and percentage (normal stress is 15 KPa) comparison.
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ses. The fitting parameters and correlation coefficients were shown
in Table 3.

(b).
From the figure, we can observe the initial packing density

D > B > C > A > E and variation of RCD A > B > C�E > D. For all pow-
ders, larger particle size, sphericity and adhesion correspond to
higher initial packing density. Despite the large variation in the ini-
tial packing state, there is little difference in the results of RCD
variation during compression.

In order to compare the compressibility of different samples
more clearly, the relationship between the compressibility index
and compressibility percentage (normal stress is 15 KPa) is given
in Fig. 7. The trend of the compressibility index N is consistent with
the compressibility percentage. The compressibility of A is much
greater than other samples, indicating that particle size is the
key to the compressibility of the powder. Compared to particle
size, particle shape and adhesion have relatively little effect.

According to Thomas’ evaluation of different ranges of com-
pressibility indices (Tomas, 2004), it is found that A belongs to
compressible materials (range of N is 0.05–0.1), B, C and E belong
to low compressibility materials (range of N is 0.01–0.05), and D
belongs to incompressible materials (range of N is 0–0.01), which
further verifies the experimental conclusion.
3.2. Gas pressurization test results

With the real-time recording by camera, the height variation of
the powder bed during the whole compression process can be
observed and the RCD variation with time is calculated, as shown
in Fig. 8 (the variation curve of D is removed from the figure
because it is difficult to obtain process variation). The powder
bed compression process can be divided into a dynamic stage
and a final steady-state stage.

At a pressurization rate of 5 KPa/s, the variation RCD of A was
9.56 %, B, C and E were 1.59 %, 0.74 % and 0.62 %, respectively.
Table 3
Fitting parameters and correlation coefficients.

Material qb,0/kg�m�3 rz,0/Pa N R2

A 1690 860.2 0.098 0.989
B 1947 604.1 0.020 0.968
C 1737 848.7 0.011 0.997
D 1957 839.2 0.007 0.982
E 1374 1149.1 0.012 0.969

5

The compression process of A ends at 10 s, B, C and D end at about
1 s. The smaller the particle size, the faster the compression rate.
Meanwhile, small particles with high RCD take a longer time to
reach the steady-state. Increasing the pressurization rate not only
increases the variation in the degree of compression among differ-
ent powders, but also accelerates the time from the dynamic to the
steady-state phase of the powder bed.

The compressibility percentage at different pressurization rates
is given in Fig. 9. The experimental results show the compressibil-
ity A > B > C�E > D which is consistent with the results of mechan-
ical pressurization. The corresponding regression curves were
obtained as shown in Fig. 10, which can well describe the variation
of compaction density at different pressurization rates. Compared
with mechanical pressurization, the compressibility percentage
increases rapidly with increasing pressurization rate and then
increases smoothly under gas pressurization. Taking A as an exam-
ple, the compressibility grows rapidly from 0 KPa/s to 15 KPa/s and
slowly from 15 KPa/s to 60 KPa/s.

3.3. Comparison of pressurization methods

Fig. 11 shows the compression results of powders with different
particle characteristics under two pressurization methods. When
the samples reached the steady-state by the method of mechanical
pressurization (normal stress is 15 KPa) and gas pressurization



Fig. 8. Variation of RCD (qb-q0)/q0 as a function of pressurization time. (a)5 KPa/s；(b)15 KPa/s；(c)40 KPa/s；(d)60 KPa/s.

Fig. 9. Gas pressurization test. Fig. 10. Variation of compaction density with Pressurization rate.
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Fig. 11. Mechanical pressurization compared with gas pressurization.
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(pressurization rate is 60 KPa/s), respectively, we compared the
compressibility percentage.

The difference in small particle size is significant when reaching
the steady-state, and the difference in large particle size is little.
Because the compressibility of large particles is small, and it is dif-
ficult to reflect the compressibility of the two pressurization meth-
ods, while small particles can clearly contrast the difference
between the pressurization methods. To effectively compare the
differences between the two pressurization methods, the equiva-
lent conversion of pressurization rate and normal stress is
necessary.

In order to quantify the magnitude of the effect of gas pressur-
ization relative to mechanical pressurization, the relationship
curve between the pressurization rate and the normal stress was
obtained based on the experimental results in Fig. 5 and Fig. 9 (fur-
ther calculated to obtain the RCD variation as a way to eliminate
the effect of the initial packing density), as shown in Fig. 12.

Since the mechanisms of mechanical pressurization and gas
pressurization are different, the normal stresses transformed by
the pressurization rate in Fig. 12 are not equal to the actual
mechanical pressurization, but ‘‘ equivalent ” stresses. Under the
equivalent stress applied by gas, the equivalent effect can be
obtained as the normal stress applied by mechanical pressuriza-
tion. The equivalent stress of the gas is not only related to the pres-
surization rate, but also influenced by the particle characteristics.
The greater the compressibility, the smaller the equivalent stress
Fig. 12. The relationship between normal stress and pressurization rate.
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required. The particle size has a significant effect on the equivalent
stress, while the sphericity and the adhesion have almost no effect.
The larger the particle size, the greater the equivalent stress corre-
sponding to the same compressibility. Particle characteristics are
not the only factors affecting parameters A and B. The bed height
or the aspect ratio can also be affecting factors for the different
compressibility percentages of the powder under different pressur-
ization methods. The initial packing state of the powder bed will be
changed by the different bed heights, which are influenced by the
self-weight of the powder. Different initial packing configurations
also affect the final degree of compression (Wang et al., 2022).
The difference of the container aspect ratio directly leads to the dif-
ferent wall effect suffered by the powder bed during the compres-
sion process (Adams and McKeown, 1996; Michrafy et al., 2003).
The greater the wall effect, the greater the frictional resistance,
the lower the degree of compression, and the greater the B.

The function is used to describe the relationship between the
variation of the normal stress and the pressurization rate in Fig. 12.

rz ¼ A 1� Bvpð Þ ð2Þ
Where rz is the normal stress (KPa), vp is the pressurization rate

(KPa/s), A and B are parameters. The fitting parameters and corre-
lation coefficients of the powders obtained from the fitting curves
are shown in Table 4.

The physical meaning of A is the maximum equivalent normal
stress at an infinite pressurization rate, depending on the particle
characteristics. The larger the A, the lower the compressibility of
the powder bed. The greater the equivalent stress required to
achieve the same compression effect as mechanical pressurization.
B is more related to compressibility, the higher the compressibility,
the smaller the B. Meanwhile, B describes the sensitivity to gas–
solid interaction, and the smaller the B, the more sensitive to the
pressurization rate.

The relationship between compaction density and pressuriza-
tion rate under gas pressurization is given by substituting equation
(2) into equation (1), as shown in equation (3). This equation
describes well the relationship between the compaction density
and pressurization rate of the different powders under gas
pressurization.

qb

qb;0
¼ A� 1� Bvpð Þ þ rz;0

rz;0

� �N
ð3Þ

A schematic diagram of the compression process affected by
different pressurization methods is given in Fig. 13. The difference
compression mechanisms are illustrated with the help of this dia-
gram and are summarized as follows:

Position of action: Under mechanical pressurization, the posi-
tive stress acts directly on the upper surface of the powder bed (lo-
cal), then the force is transmitted between the particles. While
under gas pressurization, the gas will directly penetrate the bed
and have a compressive effect on the bed (overall).

Mode of action: In the compression process, the force of
mechanical pressurization comes from the normal stress, which
is continuously transferred from above and below through the con-
tact between the particles. The powder overcomes the interparticle
Table 4
Fitting parameters and correlation coefficients.

Material A B R2

A 4.5 0.96 0.996
B 25.8 0.99 0.989
C 9.0 0.98 0.979
D 6.9 0.98 0.971
E 10.7 0.98 0.995



Fig. 13. Diagram of different pressurization methods affecting the compression
process.
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force and slips into the gap to rearrange. The gas inside is dis-
charged, the area of contact between the particles is further
increased, and the compression efficiency is improved. Unlike the
former, the gas penetrates into the powder bed during the gas
pressurization. The gas–solid interaction is generated and the
interaction among the particles is weakened. The gas exerts a drag-
ging force on the particles, resulting in a compression effect. Com-
pared with mechanical pressurization, the gas penetration has an
additional dominant effect on powder compression.
4. Conclusion

In summary, the effect of particle characteristics on the com-
pression behavior of powders is studied in this paper. The com-
pression results under mechanical and gas pressurization were
compared. The results show that:

When compression reaches a steady-state, there are differences
in the compressibility and RCD variations corresponding to the two
pressurization methods. We propose a equation for the normal
stress and the pressurization rate. The comparison of the com-
pressibility percentages at the pressurization rate and the equiva-
lent stress shows that the effect of gas pressurization is smaller
than the mechanical pressurization. The equation was further
obtained which described the relationship between the com-
paction density and pressurization rate of the different powders
under gas pressurization.

Finally, the reasons for the different effects of mechanical pres-
surization and gas pressurization were analyzed from two perspec-
tives: position and mode. Mechanical pressurization acts on the
surface of the bed, and the normal stress is transmitted from top
to bottom. Gas pressurization penetrates the whole bed which
causes the gas to flow among the particles. Compared with
mechanical pressurization, the permeability of the gas has an addi-
tional dominant effect on the powder compression, which in turn
decreases the effect of gas pressurization.
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