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and hysteresis responses of compacted
granular powders.
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ABSTRACT

Compaction of granular powders underpins many engineering and industrial processes. The physics underlying
the compaction process of highly deformable, cohesive granular powders remains poorly understood. A Multi-
Particle Finite-Element Method (MPFEM) is presented to examine the mechanical responses of cohesive gran-
ular powders under compaction and decompaction. Each powder grain is assumed to be plastically deformable
and is discretized by finite elements. Intergranular cohesion and its breakage are described by a cohesive inter-
grain contact model. The proposed MPFEM is first validated and verified by powder grain contact problems. It is
further employed for systematic simulations of the compaction of cohesive powder assembly under different
loading paths, including unconfined compression, triaxial compression, and cycling loading. The simulation
results are systematically analyzed and discussed pertaining to the elastic, yielding, damage, and hysteresis re-
sponses of the compacted powder assembly in relation with the constituent powder grains. Quantitative corre-
lations are identified between the elastic recovery and Young's modulus of the compacted powder assembly with
the relative density and the Young's modulus of individual powder grains. Maximum relative density under the
compaction is found positively correlated with both unconfined and triaxial compression strengths of the as-
sembly. Inter-particle bond strength is found to play an important role in shaping the yield surface and enhancing
the strain hardening behavior of the powder assembly. While the unconfined compressive strength of the powder
assembly shows an exponential increase with bond strength, the Young's modulus is found to increase to a
saturated value with bond strength. The study provides an effective numerical approach to simulate the
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mechanical responses on dense compaction of cohesive, plastically deformable granular materials and helps shed
lights into the understanding of powder compaction.

1. Introduction

Compaction of granular media such as powders is a crucial process
relevant to pharmaceutics, metallurgy, and chemical and civil engi-
neering. In pharmaceutical industry, for example, powders are typically
filled into a die and compressed under a specific pressure to form a solid
tablet. Multiple mechanisms come into play during such process,
including particle rearrangement, interlocking and adhesion, elastic and
plastic deformation, and possible particle breakage [18,63]. Among
many design indices, porosity is a key parameter to assess the quality of
powder compaction. It is desirable to achieve high-quality tableted
products of relatively low porosity, but it remains a challenge [3] which
is frequently related to complex mechanical responses of powders under
compaction. The initial compaction stage of granular powders of lower
densities is typically featured by particle rearrangements and dominant
elastic responses, which is relatively well understood [64]. When the
powders are compacted to a relatively higher density, however, indi-
vidual powder grains may undergo significant plastic deformation,
causing great increased mechanical particle interlocking and strength-
ened bonds due to increased contact areas [66]. How the mechanical
behavior of compacted powders is related to the high plastic deforma-
tion of individual powders and changes of inter-particle processes such
as bonding and debonding remains relatively less understood and has
attracted considerable efforts by the research community.

Early studies on powder compaction have yielded some useful,
simplified empirical solutions to establishing the relationship between
the porosity and applied pressure during powder compaction in a die
[32,39]. These solutions have been successfully applied to predicting the
compaction of ceramic [62], metal [60], and pharmaceutical [91]
powders. Despite their practical usefulness, these analytical equations
offer little to understanding on both micro and macro scale physical and
mechanical properties of powders related to their compaction [15].
Advances in experimental testing and observational tools, including X-
ray computed tomography, greatly facilitate the measurements and
analyses of all aspects of powder compaction [5,10,35]. Meanwhile,
numerical simulations have been popularly used to examine the
behavior of compacted powder. Among many, finite element method
(FEM) and discrete element method (DEM) are two recent prevailing
numerical methods. FEM typically employs phenomenological consti-
tutive models, such as the Drucker-Prager Cap model and the Cam-Clay
model, [16,77,85,89,93], to simulate the powder compaction process
and predict the mechanical responses, including stress, strain, and
relative density distribution. It is sometimes difficult to rigorously cali-
brate the parameters of these continuum-based models due to their
phenomenological nature. DEM offers an effective means to investigate
the powder behavior based on the micromechanical considerations of
powder grains. Each powder particle is represented in DEM by a discrete
element to allow various physical processes at grain scale, such as
interparticle contacts, rolling and sliding, friction, cohesion, and adhe-
sion, collectively and naturally emerge as macroscopic mechanical re-
sponses of compacted powders [11,22,46,56,57,71,75]. The past decade
witnesses an increasing number of novel DEM studies on high density
granular compaction [23,24,29,36,65] that lead to significantly
improved understanding of the multiscale behavior of powder
compaction. One major limitation, however, has been the general
assumption of slightly deformable or totally rigid particles in DEM,
which prevents realistic account for the possible development of high
deformation in a powder grain and hinders the reproduction of signifi-
cant plastic deformation of powders that is widely observed in experi-
ments, especially at high density.

To model highly deformable particles, the Multi-Particle Finite

Element Method (MPFEM, [21]) has stood out among various recent
attempts to become a popular method used in different research areas,
including granular physics [47], geophysics [43], and tribology [83].
MPFEM features a combination of FEM and DEM, where each grain is
discretized into finite element meshes for resolved grain deformation,
and the DEM is employed to handle the contacts between deformed
grains. There are variant of MPFEM, such as non-smooth contact dy-
namics (NSCD, [7,8,82]), where unilateral contact conditions are
considered for FEM nodes. MPFEM helps to bypasses the need for reg-
ularization of coefficients for the contact laws in traditional DEM [12],
and offers relatively robust and stable solution to modelling of
deformable powder grains. It has been increasingly used in recent
studies of powder compaction, for both 2D [27,61,86] and 3D [20,26]
conditions in conjunction with different powder materials [27,37],
powder grain shapes [14], and initial packings [90]. These studies have
led to improved understanding of the underlying mechanics and physics
of the compaction process of powders. In particular, the yielding and
plasticity of powder grains have been thoroughly investigated by
Schmidt et al. [69,70]. Based on the energy criteria proposed by Schmidt
et al. [68], Harthong et al. [28] and Abdelmoula et al. [2] further
established the yield surfaces of compacted powder under complex
loading histories and determined the direction of inelastic flow. Giiner
et al. [25] explored the effect of different contact friction models during
closed-die compaction to examine the interaction between powder
particles. Meshless FEM [48-51,53] has more recently been developed
to account for large deformation of granular grains. In addition to DEM
and FEM, some emerging numerical methods such as molecular dy-
namics [41,42,45,74] can also be employed for powder compaction
simulation. Although molecular dynamics has so far only considered at
the nanoscale, it can consider contact and plastic deformation of parti-
cles from a more fundamental level.

The complexity of powder compaction arises from the intertwined
interplays among large inelastic deformation of powder grains, signifi-
cant mechanical particle interlocking, evolving contact surface with
grain deformation, changing interparticle cohesion developed at con-
tacts, and complex loading paths including cyclic loading and unload-
ing. Existing studies have not been able to adequately account for all
these aspects to offer a systematic investigation of powder compaction
toward a more understanding of the process. The objective of this paper
is to critically address these issues based on a systematic numerical study
on powder compaction. To this end, the MPFEM is extended to consider
highly deformable powder grains that can develop significant plastic
deformation and interparticle cohesion which may further undergo
debonding when subjected to unloading or reverse shearing. Based on
the numerical results, the behavior of compacted powders is compre-
hensively examined pertaining to their elasticity, plastic yielding,
damage, and hysteresis, to shed lights into a theoretical basis for future
study of the mechanics and physics of powder compaction.

2. Theoretical consideration of powder compaction

The multi-particle finite element method (MPFEM) is employed to
model the powder compaction process in this study. As shown in Fig. 1
(a), each spherical powder in MPFEM is discretized by 4-noded linear
tetrahedron finite elements. An elastoplastic model implemented in
finite strain formulation is proposed to simulate each powder as a highly
deformable solid grain. When two powder grains are in contact, cohe-
sive bonds are assumed to develop at the contact area to form a solid
bridge as shown in Figs. 1 (b) and (c). A rigorous cohesive contact model
is further proposed to describe the formation and breakage of such a
bond under changing loading conditions. The following presents the
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various constitutive and computational considerations for simulation of
powder compaction.

2.1. Elasto-plastic description of deformable powder grain

The following von Mises-type power-law plastic model in conjunc-
tion with an isotropic linear elastic relation is employed to describe the
material response of each Gauss integration point of the elements for
each powder grain [2,29]:

where oy is the yield stress, S;j and €} are the deviatoric stress tensor and
deviatoric plastic strain tensor, respectively, and k and m are two
hardening parameters. The Young's modulus E and the Poisson ratio v
are used to describe the isotropic linear elastic response. Without loss of
generality, we choose a specific granular powder, Microcrystalline
Cellulose (MCC) 102 powders, as a demonstrative example for the study.
The MCC powders have widely served as a useful additive in pharma-
ceutical and many other industries [17]. For MCC powders, we adopt the
following model parameters following Yohannes et al. [88]: o, = 25
MPa, k = 125 MPa, m = 0.3, E = 5 GPa, and v = 0.3. Since plastic
deformation is dominant over elastic strain for the MCC powders, this
study adopts the assumption of linear elastic relation for the elastic
behavior.

The constitutive relation in Eq. (1) has been expressed in terms of
Cauchy stress and true strain to facilitate easy comprehension. FEM
implementation of the model has been formulated within finite strain
theory to allow the simulations to capture the high deformability of
granular powder grains. Specifically, the Jaumann objective rate of
Cauchy stress is adopted to account for large rotation and large
displacement a typical powder particle may undergo during compac-
tion. The logarithmic strain based on the deformation rate and its time
integral is employed as a strain measure. An explicit time integration
scheme is used to calculate the displacement increment in a typical in-
cremental linearization of nonlinear problem. Detailed formulations
these quantities and the explicit integration scheme follow the standard
formulations [1] which will not be repeated here to avoid excess defo-
cusing of the present study.

2.2. Cohesive contact model between powder grains

We consider a class of granular powders which may gradually
establish interparticle solid bridge at mechanical contacts between
powder grains when subjected to external loadings. Upon change of
loading conditions, such a solid bridge may also undergo breakage (or

(2) (b)
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debonding) whose behavior is assumed to be described by the linear
fracture mechanics [22]. Long-range attractive forces at molecular scale,
such as van der Waals and hydrogen bonding interactions, are not
considered here, since the dissociation energy of the solid bridge is about
one or two orders of magnitude greater than that of these attractive
forces [55]. Specifically, the following cohesive contact model is pro-
posed to describe the formation and debonding process of the solid
bridge between contacted powders. A schematic illustration of the
multi-staged developments is shown in Fig. 2. Each powder grain is
assumed to be cohesionless before a contact is developed with its
neighboring grain (Fig. 2a). Once the surfaces of two grains come into
contact, the surfaces are assumed to ‘stick’ to each other to form a
cohesive solid bridge (Fig. 2b) with prescribed strength to be described
below. The cohesive force of the solid bridge does not come into play
until the two contacted surfaces start to open or slide (Fig. 2¢) under
certain conditions, before a complete breakage stage is reached when
the contacted grains are totally separated (Fig. 2 (d)). The gradual
opening or sliding process of two contacted surfaces is described by the
degradation of the cohesive force following a traction-separation law
illustrated in Fig. 3. Note that such traction-separation damage laws
have been widely used for description of geomaterials, in conjunction
with the zero-thickness cohesive elements in FDEM to simulate breakage
behavior of rocks and sands [52,84,92].

Fig. 3 shows the elastic-exponential damage law employed in the
study to describe the traction-separation behavior of cohesive contact
[59] for both normal and shear directions between powder particles.
This study adopts the penalty contact enforcement to allow a negative
contact distance (penetration) as shown in Fig. 3(a). The default penalty
stiffness is based on a representative stiffness of the underlying elements
to minimize the influence of the choice of time increment and ensure the
allowed penetration is not significant [1].

Specifically, the following linear elastic relation is used to model the
pre-peak elastic response:

Iy Ey Eu Ex| (6
t=D8= 2 = |Es Ey Eq S ¢, (2)
tf EHY ES[ EII 5{

where t is the traction vector, D the elastic stiffness matrix, and & the
separation displacements between the two surfaces. The subscripts n, s,
and t denote the normal and two tangential directions, respectively. The
initiation of damage of the cohesive bond is assumed to be governed by
the following quadratic nominal failure criterion:

AN AN AT
(?) *(E) *(a) = ®

where (o) is the Macaulay bracket, &, t{'and t;" are the threshold stress
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Stlckmg
Sll
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(©)

Fig. 1. Simulation of two deformable powder grains developing cohesive bond at contact by multi-sphere finite element method (MPFEM): (a) before contact, (b)

under contact, and (c) formation of cohesive bonds (view from the contact area).
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Fig. 2. Illustration of the formation and breakage of a cohesive solid bridge between contacted surfaces: (a) Prior to the formation when two surfaces are not in
contact; (b) During the formation when the clearance between two surfaces is reduced to zero for further interpenetration of the two surfaces; (c) During the contact
separation when the contact pressure gradually drops to zero and cohesive traction forces begin to develop between the two separating surfaces which tend to
prevent the separation; (d) After total contact separation when the cohesive force drops to zero.
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Fig. 3. Traction-separation laws to describe the breakage of solid bridge for: (a) normal and (b) shear modes.

along the three directions, respectively. Once the above criterion is met,
the damage starts to evolute, and the cohesive stress of the cohesive
bond is assumed to degrade following an exponential law (see Fig. 3).
The post-peak stiffness degradation of the solid bridge is described by
the following isotropic damage evolution law:

I = (1 7D)?n=in >0
t, = (1 — D).

ts ) (©)]
t,=(1-D)

- =

where t,, ts, and t; are the contact stresses calculated from the elastic
stiffness matrix at the current separation without considering damage,
and D is an irreversible damage variable, calculated according to [1]:

B Ty
D= g, 5
/a*,,n G-G ©
where 53, denotes the effective separations at the initiation of damage,
Sm™ is the maximum effective separation attained during the loading
history, and 6, is the effective separation defined by [6]:

S =1\/(8) + 8+ )

It is noting that D is irreversible since D is related to ;™ rather than
&m- The effective traction T, in Eq. (5) is defined by

Ty =\/{t.)> + 2+ 1. )

G° and G in Eq. (5) represent respectively the specific fracture energy
and its reference elastic energy at damage initiation. Serving as a key
factor in characterizing the fracture behavior, the specific fracture en-
ergy G is defined as the energy required per unit area to open the crack

surface. This study employs the mode-independent damage evolution
dependent on G° only where the reference and current fracture energy is
assumed to be expressed in an additive form as G, + Gs + Gy, where G,
G,, and G; are the fracture energies required by the traction and its
conjugate relative displacement in the normal and the two shear di-
rections, respectively. The fracture energy is employed to characterize
the strength of the bonds between the contacted grains in this study.
Granular powders are commonly frictional. However, a coupled
consideration of cohesion and friction may greatly complicate the
description of tangential contact for highly deformation particles.
Further consideration of damage mechanism of the cohesive bond in
large deformation regime for each particle may make it challenging to
formulate theoretically and implement numerically. Hence friction is
not considered in this study for convenience. Indeed, Venzal et al. [81]
argued that the involvement of friction resistance, such as in form of a
subtracted term from the mechanical response along the shear plane,
may lead to underestimation of the cohesive energy in the tangential
direction. Under axisymmetric loading such as compaction, it is a widely
accepted consensus that the tangential contact plays a less important
role than its normal counterpart [9,58]. For simplicity, the focus of this
study is placed upon isolating the influences of cohesion while
neglecting the effect of friction. The coupling effect of friction and
cohesion on powder compaction will be left in a future study.

3. Model validation and verification

The elastoplastic powder grain model and cohesive contact model for
the solid bridge presented in Section 2 have been implemented in
Abaqus [1]. The implemented multi-sphere finite element method
(MPFEM) is first validated before it is used for powder compaction
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simulation. Table 1 presents the model parameters calibrated for the
following study. Both the normal and tangential contact stiffnesses
adopt a value ten times of the element stiffness to render balanced ac-
curacy and numerical stability [1]. Note that Tatone and Grasselli [79]
have suggested values of infinity for them in their FDEM study. The
tensile strength of MCC adopted is based on the experimental study of
Mashadi and Newton [44], and the fracture energy according to
Yohannes et al. [88]. A shear strength 0.5-0.7 times the tensile strength
is generally considered reasonable for the cohesive bonds.

3.1. Validation of the MPFEM implementation of cohesive contact model

The implemented MPFEM is validated by predictions of normal
contact between two spheres, for both the small elastic strain regime and
plastic strain regime. Since most analytical solutions are available only
for Hertzian elastic contact in small strain regime, the elastic-cohesive
contact of the proposed numerical approach is first validated. Specif-
ically, the MPFEM prediction is benchmarked against the classical
elastic adhesion theory proposed by Johnson, Kendall, and Roberts
([38], hereafter denoted as JKR theory). The JKR theory has been shown
to be able to capture adhesive contact behavior of an elastic spherical
particle at relatively large deformation [78]. As shown in Fig. 4 (a), two
identical hemispheres with a radius of R = 0.1 mm discretized by a total
of 117,070 tetrahedral finite elements (for each) with refined mesh at
the contact area are brought into compressive contact before a gradual
release to allow a loading and unloading process. The adopted elastic
parameters are shown in Table 1. The fracture energy adopted in our
cohesive contact model is considered equivalent to the surface energy in
the JKR theory. Note that the classical JKR theory does not consider the
tangential adhesion. Therefore, our numerical model has been set up to
produce cohesive normal contact only for validation.

Both loading and unloading curves with three different cases of
fracture energy are illustrated in Fig. 4(b). The overlap h is defined as h
=R1 + Rz — ||x1 — x2||, where R and x are the radius and the location of
the center of the two contacting spheres. The normalized contact force is
defined as F/(ER%) where F and E are the contact force and the Young's
modulus of each sphere, respectively. The loading process agrees with
the Hertzian contact model reasonably well. Since cohesion does not
play a role in the purely normal compression loading stage, predictions
of the loading stage for all three fracture energy cases collapse identical
values. The effect of fracture energy only manifests itself during the
unloading stage (the bottom three curves/date points in green, red, and
blue). The cohesion formed by normal contact between grains starts to
play an apparent role in resisting the separation of the two contacted
surfaces by generating tensile force. Evidently, the MPFEM simulations
are in good agreement with the JKR solution.

A similar model setup as shown in Fig. 4(a) is chosen for the second
validation example where relatively large plastic deformation is allowed
to develop between the contact area during a typical loading-unloading
cycle. The comparison is made against the analytical model proposed by
Gonzalez [22]. Gonzalez [22] adopted the following simple model, by
replacing the plastic strain in Eq. (1) with true strain, to describe the
plastic behavior of powder grains:

Table 1
Properties of powder grains and cohesive contact model.
Parameter Value
Elasto-plastic model Elastic modulus, E (GPa) 5
Poisson's ratio, v 0.3
Yield stress, o, (MPa) 25
Strength coefficient, k (MPa) 125
Hardening exponent, m 0.3
Cohesive contact model Tensile strength, &' (MPa) 25
First shear strength, " (MPa) 18
Second shear strength, ' (MPa) 18

Fracture energy, G° (N/mm) 0.5

Powder Technology 421 (2023) 118455

3 2

where Ej; is the true strain including both plastic and elastic strains. n
and p are two hardening parameters similar to Eq. (1) which are cali-
brated as n = 160 MPa and p = 0.4 for the following comparison [29].
The fracture energy used in the cohesive contact is G° = 0.01 N/mm,
which corresponds to an equivalent fracture toughness Kj. = 0.23 MPa

m!? according to: K;. = V2G°E, where E is the effective elastic stiffness

. = 12 12\ 7L
for two contacting spheres:E = ( 5t Ezz) .

Fig. 5 presents a comparison of our model simulations of the normal
compression and decompression responses of two identical MCC CP102
powder grains with predictions by Eq. (8) at three loading cases.
Different colors are adopted in the plot to represent three different
loading distances. It is evident from Fig. 5(a) that our proposed model
predicts rather consistent loading and unloading responses of the elasto-
plastic cohesive contact behavior between the two powder spheres with
the analytical solution in Eq. (8), even when relatively large plastic
deformation is developed at the contact. Fig. 5(c) further presents the
damage distribution of the cohesion along the contact area at the end of
the unloading process.

3.2. Model setup for powder compaction and mesh sensitivity study

We consider a packing of 329 spherical particles as shown in Fig. 6 to
study the compaction process of deformable, cohesive powders for the
rest of this paper. The particle size distribution of these spheres follows
the typical sizes of Microcrystalline Cellulose (MCC) CP102 powders as
measured by Domike [17]. Fig. 6(b) shows the cumulative particle size
distribution used in the following study. These spheres are randomly
packed in a cubic box with a side length of 0.95 mm confined by smooth
rigid walls. The initial relative density of the generated packing D; (i.e.,
the ratio of the volume occupied by all spheres to the total volume of the
entire assembly) is 0.552. There are no initial contacts between the
particles, ensuring that the particles do not penetrate each other after
the finite element mesh is generated for each sphere. Fig. 6(a) shows the
original assembly of spherical grains after such generation.

Discretization error is notably important for FEM and many other
numerical discretization schemes. The issue is especially critical for
MPFEM simulation of powders since the mesh resolution may further
affect the contact behavior between powder grains. To this end, four
different mesh sizes are examined on the sensitivity of simulation results
to mesh size. Fig. 7 shows the FEM packings with different mesh sizes
(0.03 mm, 0.025 mm, 0.015 mm, and 0.0075 mm) which contain
188,760, 342,919, 1,599,106, and 12,015,373 tetrahedral elements,
respectively. Each packing is then isotropically compressed (or isotropic
consolidation) to a relative density D, = 0.92. The loading the sulffi-
ciently slow to ensure quasi-static conditions. Fig. 8 shows the predicted
von Mises stress distribution at the central cross-section of the packing
for the four mesh cases. Evidently, higher stress resolution is obtained
with finer mesh size. The stress concentration at interparticle contacts
can be better captured by smaller mesh size than coarse mesh. Fig. 9
further shows the consistency of the predicted relationship between
relative density and overall mean stress for the four mesh cases. It is
apparent that the refinement of mesh helps to gain consistent prediction
where the curves of 0.0075 mm and 0.015 mm cases are sufficiently
close to render consistency. All subsequent simulations have been using
the mesh size of 0.015 mm, based on a balanced consideration of
computation efficiency and accuracy. The mass scaling method has also
been used in this study to speed up the computation.
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Fig. 4. Contact validation for spheres, (a) two meshed hemispheres, (b) loading and unloading curves with different fracture energy.

4. Simulation on compaction of cohesive, highly deformable
powders

Systematic numerical simulations will be performed to explore the
following aspects of the compaction of cohesive powders, elastic re-
covery, mechanical response, and strength of compacted powders under
uniaxial and triaxial compressions and cyclic loading conditions.
Further discussion will be devoted to the micromechanical attributes of
the various macroscopic observations.

4.1. Elastic recovery

Key to powder compaction is the evaluation of elastic recovery which
is considered to directly account for such phenomena as capping and
lamination in pharmaceutical tablet production [80]. Indeed, elastic
recovery is the negative elastic volumetric strain that occurs during the
unloading process of packing. The elastic recovery Rg can be determined
according to the maximum relative density (D;"™) during the loading
stage and the minimum relative density (Df"™) at the end of unloading as
follows:

D;rnax _ D:m'n
RE = W (9)
r
where D™ is the desired relative density in design, and hence it is

practically preferred to have the elastic recovery as small as possible. To
examine the dominant factors of elastic recovery, simulations are per-
formed for powder grains subjected to isotropic compression first to a
specific relative density before isotropic unloading to zero confinement.
Van der Voort Maarschalk et al. [80] argued that the relief of locked in
elastic energy may cause the powder material with a high bonding ca-
pacity to laminate or cap. Therefore, the locked in elastic energy release
and bond strength may be important factors affecting the behavior of
elastic recovery or capping of compacted powders and will be investi-
gated here. The following factors are chosen to examine their correla-
tions with the elastic recovery: the maximum relative density D" and
the Young's modulus of powder grain E. How these parameters affect the
elastic strain energy and the damage dissipation of the assembly is
systematically investigated.

To quantify how the designed maximum relative density affects the
elastic recovery, we fix all models parameter in Table 1. Fig. 10(a) shows
a linear correlation between the elastic recovery and the maximum
relative density identified from our study, which is consistent, both in
the overall trend and order of magnitude, with the experimental ob-
servations reported by Keizer and Kleinebudde [40]. Fig. 10(a) shows an
interesting bi-linear relationship between the maximum relative density
and the elastic recovery, with an intersection at a relative density of

around 0.859. The slope of the fitted line for the higher relative density
portion is greater than the lower part. Indeed, the extent of deformation
a powder grain may undergo is found positively correlated with the
elastic energy it can store and the total recoverable volume [31]. As the
maximum relative density becomes higher, the grains in the packing
deform more severely with higher locked in elastic energy, resulting in
potentially greater elastic recovery. The increase of slope in the bi-linear
relationship at higher maximum relative density >0.86 may be closely
related to the relative dominance of stored elastic energy and the effect
of cohesion. If a granular powder experiences a larger maximum relative
density before unloading, the release of the stored elastic strain energy
may overpower the restriction of developed cohesion and results in large
elastic recovery and hence stiffer slope of the correlation.

To investigate the effect of elastic strain energy, we further vary the
Young's modulus of the powder grain from 3000 MPa to 8000 MPa and
compact the powders toward a designed D/ = 0.92. Except the Young's
modulus, other mechanical parameters are kept consistent with Table 1.
Within the considered range, a striking linear correlation is found be-
tween the elastic recovery and the Young's modulus of the powder grain
in a double logarithmic plot as shown in Fig. 10(b). Fig. 11(a) further
presents how the elastic strain energy of the ensemble evolves during the
loading and unloading stages of the isotropic compression with different
Young's moduli specified for the powder grain. The elastic strain energy
(Ees), elastic strain energy release (E.s), and damage dissipation energy
(Egp) are normalized by the Young's modulus of the grains (E) and the
mean radius of the particles (R) in this section. At the end of unloading,
the elastic strain energy approaches a steady non-zero value, commonly
termed as locked in elastic energy, when the elastic recovery is stabi-
lized. Interestingly, the locked-in elastic energy of the system tends to be
close after normalizing by the Young's modulus of the grains. Comparing
to Fig. 11(c) for the elastic strain energy of the assemble without
normalization, the elastic energy has no significant difference between
samples with different Young's modulus during the loading stage. It can
be reasonably inferred that the total elastic strain of the system during
the loading stage is related to the elastic properties of the grains them-
selves, and the total elastic strain may be inversely proportional to the
elastic modulus of the grains. After unloading and during the elastic
recovery stage, the residual elastic strain of an assembly tends to be
similar irrespective of the elastic properties of the grains. This indicates
that the residual elastic strain of the assembly may only be related to the
deformation and contact configuration of the particles. The above
observation is found for a loading-unloading process dominated by
compression without significance shear deformation (since friction is
not considered). Its validity needs further to be verified in the frictional
particle case.

Note that the elastic recovery may also involve substantial debond-
ing processes between contacted powders during the compression
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Fig. 5. (a) Validation of MPFEM prediction of the normal loading-unloading against analytical solution by Gonzalez [22] at three large strain level. (b) von Mises
stress distribution at the contact area when h/R = 0.04(c) Damage distribution of the cohesion during the unloading stage (View from the contact area. Maximum h/

R = 0.08).

process, which can be measured by the dissipation energy through
damage. Note that the total dissipation energy through damage is the
sum of fracture energy of the system.

Fig. 11(b) shows the change of the release of elastic strain energy and
the total damage dissipated energy at the end of unloading for cases with
different Young's moduli. The total damage energy dissipation is
considered in this study to characterize the degree of damage to the
cohesion. Evidently, the elastic recovery is featured by both elastic strain
energy release and plastic dissipation, and the elastic strain release and
damage dissipation are closely correlated with elastic recovery. Grains
with higher Young's modulus lead to lower elastic recovery for the
packing, and reduced elastic strain release and less damage dissipation
for the system. The elastic strain release dominates over the damage
dissipation during the process.

4.2. Young's modulus and uniaxial strength

It is instructive to further examine the unconfined compressive
behavior of the powder assembly after elastic recovery. Indeed, the
elastic modulus of compacted powders is commonly quantified under
such condition [4]. A three-stage simulation for the case is designed: (1)
the assembly is isotropically compressed to a specific D]'™; (2) the
sample is isotropically unloaded to a small confinement state to ensure
the stability of the packing at the beginning of the third phase; and (3)
only top and bottom plates apply reloading of compression while the
lateral plates are keeping unloading and stay away from the sample to
render unconfined compression of the assembly. The parameters used in
determining the Young's modulus adopt the same as shown in Table 1.

It is interesting to examine the Young's modulus E, during the elastic
reloading of stage (3) as shown in Fig. 12(a). Note that the reloading line
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Fig. 7. MPFEM models with different mesh sizes for simulation of powder compaction. (a) Entire FEM packing of a mesh size at 0.03 mm and (b-e) locally zoomed
meshes with a mesh size of 0.03 mm, 0.025 mm, 0.015 mm, and 0.0075 mm, respectively.

in Fig. 12(a) from the beginning of reloading before the yield or damage
stage (e.g., circled in Fig. 12a) is selected in this study to determine the
Young's modulus of the packing. The normalized Young's modulus,
expressed by a normalized form by the Young's modulus of individual
powder grain as E,/E, is found to be positively correlated with the
maximum relative density D;"®. Understandably, denser compression
(e.g., higher Dj™™) leads to larger contact areas between powders and
stronger cohesion which further results in a higher Young's modulus for
the powder assembly. An exponential correlation between the two is
identified and shown in Fig. 12(b), which is consistent with the exper-
imental observation by Sun et al. [76] on MCC powder. Spriggs [73]
proposed the following empirical relationship between porosity and E,/
E based on experiments on polycrystalline refractory materials:

E,
lnfp = —aP

(10)

where a is a constant and P is the porosity of the powder assembly. Eq.
(10) represents a curve passing through the point E,/E = 1 and P =
0 (D™ = 1), irrespective of the elastic property of the powders [33].
According to Eq. (10), once the homogeneous grains are fully compacted
without porosity (i.e., P = 0), the Young's modulus of the packing re-
covers the Young's modulus of the constituent grains. Mollon [48] found
a similar pattern in the simulation of the shear behavior of deformable
particles where the shear modulus of the dense packing with high
relative density was found slightly lower than that of the grains. How-
ever similar it may show between our results with Eq. (10), our results in
Fig. 12(b) does not precisely pass through the point E,/E =1 and P = 0.
This deviation may be attributable to the debonding during the loading
process, which will be discussed in a later section.

It is interesting to further examine the unconfined strength or uni-
axial strength of the compacted powders. Our study shows that the
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packing does not show significant damage when the relative density and
the fracture energy of the cohesion are high. Indeed, the propagation of
cracks in a plastic material is significantly more difficult because plastic
flow at the tip of a crack dissipates energy and retards crack propagation
[19]. Therefore, in studying the uniaxial compression behavior, we have
chosen a maximum relative density between 0.62 and 0.77 and set the
fracture energy G° of 0.3 N/mm. The uniaxial strength is defined as the
vertical stress at the failure (coinciding with the onset of damage shown

in Fig. 15). The uniaxial strength of an isotropically compacted powder
assembly is found to increase exponentially with the maximum relative
density D", as shown in Fig. 13(a). The relation between relative
density and the uniaxial strength fit remarkably well with the
Ryshkewitch-Duckworth equation (R?> = 0.996). The empirical
Ryshkewitch-Duckworth model [67] has been used by Smorodinov et al.
[72] to describe the uniaxial compressive strength of rocks and by
Hattiangadi and Bandyopadhyay [30] for ceramics:

6 = oyexp(— BP) 11)
where oy is the strength of a non-porous sample, P is the sample porosity,

and B is an empirical constant. Another seminal theoretical relationship
between porosity and strength was proposed by Rumpf [66]:

1l—eF
T e &

12

where F is the mean tensile strength per unit cross-sectional area, d is the
diameter of the primary particles and ¢ is the porosity. The Rumpf
equation is concerned with tensile strength rather than compressive
strength. Since the initiation of fracture needs to exceed the tensile
strength in at least one direction, it is believed that the tensile strength
has a strong correlation with the compressive strength (e.g., the ratio
between tensile strength and compressive strength is constant. [34]).
However, it is observed in Fig. 13(a) that the simulation results show a
deviation from the fitting equation proposed by Rumpf [66], which may
be attributable to the fact that the correlation of the compressive
strength with tensile strength may be affected by other factors, such as
amount of plastic yielding at the point of load application [13]. There-
fore, it is advisable to use the Rumpf equation with caution to estimate
the compressive strength of powders.
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Also affecting the unconfined strength of the compacted assembly is
the total contact area between grains. The strength of the cohesion and
the contact surface area over which these bonds are active are two
critical influence factors in determining the strength of tablets [55]. The
use of mesh based multi-particle finite element method in this study
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facilitates easy quantification of the contact surface area. The contact
surface area in Fig. 13(b) refers to the ratio of the contacted area be-
tween grains to their total surface area. A linear correlation between the
contacted area and the crushing strength is in double logarithmic plots
as is shown in Fig. 13(b) is found. Both correlations reveal a strong

(©

Fig. 14. Damage pattern with three different maximum relative densities: 0.73 (a), 0.67 (b), and 0.63 (c).
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coupling effect of cohesive bonds and plastically deformed contacts in
dictating the uniaxial strength of a compacted powder assembly. Fig. 14
further illustrated the damage patterns at the peak of the loading curves
of cases for three different D]'™. Under uniaxial compression, the pow-
der assembly may experience shear failure like damage at the inter-
particle bonds which result in successive fractures propagating from top
boundary to the bottom.

It is instructive to further explore how the Young's modulus and the
uniaxial strength correlate with the bond strength. Fig. 15 shows the
loading curves for different fracture energies of cohesive contact when
determining the crushing strength. Fig. 16(a) shows the correlated in-
crease of the Young's modulus of assembly with G° according to an in-
verse exponential fitting. The trend in Young's modulus with G is
consistent with the experiments. An experimental study by Yeheskel
et al. [87] confirms the increase in elastic moduli and bond strength of
discrete porous copper and thus stiffer structure due to cold compaction
or sintering. The Young's modulus may converge to a saturated value of
2312.73 MPa beyond which further increase in G° will not lead to
changes in its value. Note that when the maximum relative density is
close to 1.0 in conjunction with a sufficiently large G° (e.g., beyond the
saturation threshold), the Young's modulus of a powder assembly is
supposed to be close to that of the individual grains. The fitted line in
Fig. 12(b) does not go through point E,/E = 1 and P = 0. The presence of
bond damage may play a role in dictating this behavior. Note that the
bond strength also affects the uniaxial strength critically which is pre-
sented in Fig. 16(b). Interestingly, both the relative density of packing
and the fracture energy of cohesion have similar effects on the elastic
and damage behavior. For example, the fitted curves in Figs. 12(b) and
13(a) share a similar correlation with maximum relative density, as are
the fitted curves in Fig. 16 (a) and (b). The presence of cohesion may
play a key role in the observations of the Young's modulus and the
uniaxial compressive strength of the packing.

4.3. Behavior under triaxial compression

It is instructive to explore the mechanical response of a compacted
powder assembly under triaxial compression. Similar procedures are
followed to prepare the compacted assembly by isotropically com-
pressing an assembly of powders to a specific D]'™ before unloaded
isotropically to a certain confining pressure. In this study, the forces
applied to lateral rigid walls of the specimen are kept constant, while the

Powder Technology 421 (2023) 118455

sample is compressed axially until failure. The mechanical parameters
used here are shown in Table 1. Fig. 17 depicts the stress path in the p-q
plane during a typical isotropic compression, isotropic unloading, and
triaxial compression. The lateral walls are supported by constant
concentrated force in our simulations to render an approximate
confining pressure of 8 MPa. The stress state at 15% axial strain is
selected as the triaxial compression strength when there is no apparent
peak for the triaxial loading curve in the p-q plane.

Fig. 18 presents the stress-strain responses and dilation curve during
triaxial compression of powders previously isotropically compressed to
different D]"™. Evidently, all cases under consideration show a hard-
ening behavior under triaxial compression, with higher D/'™ case
showing a higher deviator stress and steady state strength. A trend of
volumetric contraction is found for all cases in Fig. 18 (b). The smaller
the maximum relative density of the sample during isotropic loading,
the greater the volumetric contraction is found during triaxial
compression. This suggests that the packing may still undergo densifi-
cation during the triaxial compression. Fig. 19(a) and (b) show the
damage and plastic dissipated energy during the triaxial compression,
respectively. The effect of maximum relative density is similar for both
damage and plastic dissipated energy. When D™ increases, due to the
larger contact area and closer contact between the particles, a packing
may have a greater damage dissipated energy and more plastic defor-
mation during triaxial compaction.

Similar to the uniaxial case, the powder bond cohesion also affects
triaxial mechanical properties. Fig. 20 presents the mechanical re-
sponses of powder assemblies compacted with different G° before un-
dergoing triaxial compression with a constant confining pressure of 8
MPa. Except G, all mechanical parameters adopt those listed in Table 1.
The maximum relative density D]'™ is sets to 0.92 for all cases. The
higher G° cases generally show a hardening stress-strain relation,
whereas lower G cases exhibit an apparent peak followed by a softening
stage. Lower G leads to lower peak deviatoric stress which occurs at an
earlier axial strain level. It appears that the bond cohesion G° plays such
a role as to changing the shear behavior of a powder assembly from
“granular-like” rheology (with a peak and a softening) at low G to
“plasticity-dominant” rheology (with a steady flow at high shear
deformation) at high G°. The mechanical behavior of packing gradually
changes from a granular-like material to a porous plastic material as G°
becomes larger.

Compared to the influence of D™ in Fig. 18, it is indicative that
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Fig. 15. Force and displacement curves of the upper plate for different G°.
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reducing the strength of the bond cohesion is more likely to produce
softening than reducing the targeted DJ"™. The dilation curve in Fig. 20
(b) shows a quicker switch from instant contraction to significantly more
dilative behavior in the low or no G° cases. The presence of stronger G
between powder grains helps to prolong the contraction stage before
reaching a less dilative state at large shear flow. The more dilative
behavior of the low G° case may also be attributable to the more sig-
nificant damage of cohesion (shown in Fig. 21), which allows more
particle rearrangement for an already dense assembly.

It becomes evident that the triaxial compression strength of a com-
pacted powder assembly may be a function of both confining pressure
and bond strength G°. Based on our simulation data, the following
exponential law relation can be fitted between the deviator strength and
the confining pressure and G° which is further is depicted in Fig. 22:

q = 89.93 — 73.64exp(P./7.51)exp( — G /0.11) (13)

The correlation is performed with a coefficient R> = 0.978. The
deviator strength increases with both the confining pressure p. and G°.
The projections of the 3D correlation surface are also shown in Fig. 22.
To clearly show the results, we only selected the results of p. = 8 MPa
and G° equal to 0.5 N/mm, 0.1 N/mm and O to be projected on the
corresponding plane. For different P, and G, the projected points on
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density, and (b) volumetric strain vs axial strain with different relative density.

13



Q. Ku et al.

0.005

= —=— D™ = 0,92
E —e— DM = 0.85
Z 0.004F | pm=ggg
5 —v— D" = 0.75
8 —e— D™ =0.70
& 0.0031 | p-ggs
=

K]

®

2 0.002F+

n

(2]

2

&

2 0.001F

=

©

=

0000 1 1 1 1
0.000 0.025 0.050 0.075 0.100 0.125 0.150

Axial strain

(a)

Powder Technology 421 (2023) 118455

5.0
£ 45} [ D"™=092
£ [—— D" =0.85
= 401 | pre=0s0
Z 3.5 [ D/™=075
5 —— D<= 0.70
3.0
s > —— D" = 0,65
=
3 25
=
8 20t
2
Z 15}
o
= 1.0F
oy
o 05

00 1 1 1 1
0.000 0.025 0.050 0.075 0.100 0.125 0.150
Axial strain

(b)

Fig. 19. (a) Damage dissipated energy during triaxial compression with different maximum relative densities; (b) plastic dissipated energy during triaxial

compression with different maximum relative densities.

110
—e— G° = 0.5 N/mm|
100 | = G°= 0.4 Nimm
90 —a&— G° = 0.3 N/mm|
© cl
o —v— G°=0.2 N/mm|
S 80 e—c=0.1Nmm
- <—G°=0
2 70
o 60F
B 50t
[®)
s 40
3 30}
O 20t
10 |

0 1 1 1 1 1 1 1
0.00 0.02 0.04 0.06 0.08 010 0.12 0.14
Axial strain

(a)

|—e— G°=0.5 N/mm|
—=— G°=0.4 N/mm
—A— G°= 0.3 N/mm|
—v— G°=0.2 N/mm|
| [—*—G°=0.1 N/mm
——G°=0

Expand

Volumetric strain

0.00
Shrink

-0.04 |-

0.00 0.02 0.04 006 0.08 010 0.12 0.14

Axial strain

(b)

Fig. 20. Deviator stress vs. axial strain with different G° (a) and volumetric strain vs. axial strain with different G° (b).

both mean stress and deviatoric stress plane and G°- deviatoric stress are
found to fit an exponential law well.

4.4. Yielding

It is critical to understand the yielding behavior of compacted
powders. Energy dissipation has been commonly used in numerical
studies to determine the onset of plasticity of a powder system. Indeed,
Schmidt et al. [68] proposed an energy-based approach to examine the
energy dissipated through plastic deformation and frictional sliding
during the compaction of powders. As illustrated in Fig. 23(a), the
identification of yielding typically involve stress path probes consisting
of isotropic loading (1), isotropic unloading (2), and anisotropic
reloading (3), to determine the yield surface in a mean stress-deviatoric
stress space (or p-q space). During such a probing stress path, the total
(accumulated) energy dissipation is illustrated in Fig. 23(b) where it is
assumed no energy dissipation presents during the small, purely elastic
unloading stage (energy dissipation may occur if the unloading to a low
stress state) and yielding occurs during the reloading stage. Following
Schmidt et al. [68], the onset of yielding is identified by a point during
the reloading stage where the total dissipated energy amounts to 1.003
times of that at the end of the unloading stage. Note that this study
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considers energy dissipation of both plastic and damage mechanisms
due to the presence of cohesive bond.

Following the above probing protocol, a powder assembly is first
isotropically compacted to a maximum relative density Dj"™ = 0.92 at
the end of the loading stage (1) and unloaded to a pressure of 60 MPa
before different probing paths in both compression (positive g) and
extension mode (negative q) modes. The identified yield surface is plot it
in the p-q plane in Fig. 24 against a comparison case with no cohesion
(G° = 0) considered (e.g., only plastic yielding occurs). Notably, the no-
cohesion case presents a yield surface smaller than that with cohesion at
the high mean stress regime. The high confinement apparently facili-
tates the formation of cohesion in the cohesive powder case which
further contributes to the higher yielding of the assembly.

Since the rigid non-adhesive loading plate is considered in this study,
only half of the yielding surface can be presented here. However, it can
be reasonably inferred from the present yield surface that the cohesive
powders may possess a lower yielding stress than its no-cohesion
counterpart in the low mean stress regime. The combined mechanism
of plasticity and cohesive bond damage accounts for this observation in
our study. The weakly formed cohesion at lower confinements may not
offer sufficient resistance to uniaxial compression and hinder the rear-
rangements of powder grains to form optimal packing as no-cohesion
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(b)

Fig. 21. Cohesion damage profile at axial strain of 0.15 for the model case D' = 0.92 at middle cross section during triaxial loading with: (a) G° = 0.5 N/mm, (b)

G° = 0.1 N/mm.

2 AN \STRNG iSRSy

Fig. 22. Relationship between the deviator stress, the confining pressure, and
the fracture energy.

case does during the compaction stage, which may provide an expla-
nation on the above observation. Note that Schmidt et al. [69] found the
yielding surface is larger in higher frictional coefficient than lower case
in all stress regimes where they considered a combined mechanism of
plasticity and friction. The different roles played by interparticle friction
and cohesion in highly deformable powders are interesting. For the cases
treated by Schmidt et al. [69], plasticity and friction may play a com-
parable role in the dissipation (it certainly depends on the loading
conditions, e.g., shear loading or compaction loading). However, the
presence of cohesion may restrain the motions of powder grains,
rendering the plastic deformation become major contributor to energy
dissipation. Our numerical results (not presented here) also indicate the
damage dissipation due to debonding constitutes only a marginal
portion of the total energy dissipation which is dominated by plastic
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deformation mechanism. Indeed, Mollon [49] investigated the shear
behavior of elastic cohesive particles and found the cohesion may play a
role changing the flow regime and the associated modes of energy
dissipation. For example, it may help switch the dominant contributor of
dissipation from the contacts between two grains to the inelastic
deformation within these grains.

4.5. Compaction hysteresis

The hysteresis behavior of compacted powders under cyclic loading
serves important reference for understanding the quality of compaction.
We herein consider cyclic load under isotropic compaction and
unloading. Fig. 25 shows the hysteresis curves for both cases with and
without cohesion with other model parameters adopted according to
Table 1. Cyclical loading with a mean stress between the mean stress of
0.5 MPa and 85 MPa is applied to the packing where force-controlled
boundary conditions are prescribed.

It is interesting to observe that the nonlinear hysteresis loop of the
cohesive sample exhibits a gradual left shifting (or to the looser side)
during the cyclic loading, whereas it shifts to the right (the denser side)
for the case without cohesion. The observed difference stems precisely
from the presence of cohesive bonds that changes the powder motion,
stress redistribution, elastoplastic deformation, and energy dissipation.
Note that no friction is considered in either case. In the case of cohesive
powders, the establishment of cohesive bonds during the compaction
stage of each loading cycle serves as effective constraints to the free
motion of powder particles and hence hinder stress redistribution of the
entire assembly. The severely deformed particles cannot adequately
rebound to allow energy release. Instead, the entire assembly must
dissipate significant portion of the energy through plastic deformation.
This can be better elaborated by Fig. 26 where the energies dissipated by
the damage process of debonding Fig. 26(a) and plastic dissipation
Fig. 26(b) during the load cycle are shown. It appears that the energy
spent through plastic dissipation is dominant in a cohesive powder as-
sembly, amounts to three magnitudes of order to that dissipated through
damage of cohesive bond. The no cohesion case also shows roughly
twice as much of plastic dissipation as compared to the cohesive case in
Fig. 26(b). Since interparticle friction is not considered in this study, the
no cohesion case represents an idealized situation where more free
particle rearrangements are allowed without the constraints of cohesion
or friction. Consequently, adequate stress redistributions are permitted
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Fig. 26. Variation of damage dissipation energy per-cycle (a) and plastic dissipation energy per-cycle (b) with cycle number.

in the assembly to increase plastic dissipation in the assembly. The
rightward shifting of the cyclic loading curve and larger loop area
indicate more work being done on the packing by external force than in
the presence of cohesion. The extra work may result in more plastic
dissipated energy of the packing. Nevertheless, the plastically deformed
particles may introduce non-spherical shape effect as compared to their
initial spherical shapes to gradually cause dilation in the assembly
during the loading cycles. This explains the gradual left-ward shifting of
the cyclic loading curve in Fig. 26(a). In either case, the plastic dissi-
pation generation drops with the loading cycles to reach a steady state.

5. Conclusions

A multi-particle finite element method (MPFEM) in conjunction with
a cohesive contact model was developed to simulate the compaction of
cohesive, plastic granular powders. The theoretical and numerical
models were rigorously validated before being applied to systematically
examine the elastic and plastic, yielding, damage, and hysteresis be-
haviors of granular powders subjected to different loading and unload-
ing conditions. The results and findings help to shed new insight into
deeper understanding of the compaction mechanism of cohesive,
deformable granular powders relevant to their engineering and indus-
trial performance such as in pharmaceutical and chemical engineering.
Major conclusions drawn from the study are summarized as follows:

(1) The elastic behavior of compacted powder assembly, in terms of
elastic recovery and relative elastic modulus, is highly dependent
on the targeted maximum relative density and the Young's
modulus of individual powder grains. Elastic recovery is found to
be linearly proportional with the maximum relative density and
presents an inverse linear correlation with the Young's modulus
of the powder grain on a semi-log plot. The Young's modulus of
compacted packing increases exponentially with the maximum
relative density the powders are compacted to, confirming a
previous experimentally based empirical relation.

The designated maximum relative density serves as an important
index deciding the overall performance of a compacted powder
assembly. Both unconfined compressive strength and triaxial
compression strength of the compacted assembly are found
positively correlated with the relative density according to an
exponential law.

The inter-particle cohesion plays a key role in affecting the
deformation, yielding and failure of compacted powders by
altering the coupling mechanisms among elastic and plastic
behavior, debonding, and energy dissipations, as compared to a

(2

—

(3)
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no-cohesion case. Our study provides quantitative correlations
between inter-particle cohesion with macroscopic indexes
including unconfined and triaxial strength, Young's modulus and
energy dissipations through both bond damage and plastic
deformation.

(4) The bond strength and the plastic behavior of the powder grains
are coupled in affecting the overall behavior of the compaction of
powders.

Notably, the current study has been limited to deformable powder
grains which can develop cohesion, without consider inter-particle
friction. Friction, serve as a representative feature of granular media,
may affect the compaction and post-compaction behavior in conjunction
with inter-particle cohesion and plastic deformation. This study has
placed a focus on the behavior of Microcrystalline Cellulose (MCC) 102
powders based on one set of parameters. The strength of cohesion was
varied to examine the properties of the MCC compact, based on which
new insights into the behavior of powder compaction were drawn.
Notably, however, different particulate materials may vary in physical
properties. As such, the conclusions drawn from this study may not be
generally applicable to all powders. More systematic studies are needed
to verify the general validation of these conclusions in the future.
Meanwhile, all numerical simulations in the study have been performed
on the element mesoscale for the purpose of mechanism study. To un-
derstand the performance of a compacted powder assembly under more
realistic boundary conditions, simulating it as a boundary value problem
in full consideration of the boundary effect near the loading plate,
possible element distortion and localized failure due to large deforma-
tion may be needed. These will be tackled in the future. Note also that
the present study has been focused to understand the fundamental
behavior of highly deformable cohesive powders from a micro-
mechanical point of view. It may not be ready to provide recommen-
dations that are immediately useful for industries without further work
on large scale simulations with more complex boundary conditions.
Therefore, the presented results are intended to offer new micro-
mechanical insights for researchers in the field to develop better
constitutive models or multi-scale computational methods to investigate
industrial level behavior of powder compaction in the future.
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