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Analysis and understanding of the permeability-porosity relationship of powder materials by cold compaction
and solid-state hot sintering is very important for material design and optimization. This work presents a pore-
scale numerical framework, including a discrete element method for powder cold compaction, a cellular
automata algorithm with curvature-driving redistribution for solid-state hot sintering and a lattice Boltzmann
method for fluid flow simulation, to study the permeability-porosity relationship of materials by cold compaction
and solid-state hot sintering processes. The results show that the cubic scaling law always holds for the porous
materials by cold compaction, while the hot sintering process decreases the permeability dramatically at low
porosity. An exponential decay function has been proposed as a correction factor to the permeability-porosity
relationship of materials by compaction & sintering processes, which predicts the permeability asymptotically
approaching to the cubic scaling law at high porosity while agreeing well with both numerical and experimental
data at low porosity. The microstructure evolution analysis shows that the small pores that connect large pores
may vanish by sintering, which causes the remarkable permeability decrease at low porosity. The excellent
agreements between the numerical predictions and the experimental measurements suggest that the proposed

numerical framework provides a powerful tool for analysis and optimization of material designs.

1. Introduction

Cold compaction and solid-state hot sintering of powders, which can
produce microporous media, are common processes that coexist in na-
ture and modern industry, such as the plastic flow of rock matrix in crust
and volcano [1-4], the powder metallurgy at a mild temperature using
metals and polymers [5-8], and so on. The solid-state hot sintering
means the temperature is below the melting point of the powder ma-
terial. The permeability of the produced microporous media receives
increasing attentions in recent years [9-17]. Among them, the rela-
tionship between the permeability and porosity has been pursued for a
long time, since they are two key macroscopic physical parameters and
can easily relate to many other mechanical parameters for engineering
applications [14,16,18]. Intuitively, physical processes, like the plastic
deformation of single powder in cold compaction and the molecular
diffusion among powders in solid-state hot sintering, are responsible for
the change of porosity, permeability and subsequently their relation-
ship. It has been found that the permeability is proportional to the power
of porosity [19,20], named as the scaling law of the
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permeability-porosity relationship in this work, and the value of the
power is generally three [1,19,21-25]. However, when the porosity is
below a certain value [1,26], the permeability has been proved experi-
mentally to decrease dramatically, even several orders of magnitude,
while the porosity only reduces a little bit. This phenomenon may be
critical in timescale relevant to magma rise and eruption [27]. Some
attempts want to fit a universal scaling law by data collection and
rearrangement, only changing the value of the power [14], but the
fitting result has large fluctuations compared with the actual experi-
mental data and cannot truly capture the nature of sudden change at
very low porosity. The underlying mechanism and general structural
details to account for the breakdown of the scaling cubic law are still
lacking and need to be revealed.

Experimental studies, including direct imaging using the X-ray
computed tomography [9,28,29], scanning electron microscopy [11-14,
30,31] and transmission electron microscopy [32], are conducted to get
the internal pore structures. Then the structures are used for explaining
the experimental permeability results qualitatively or as input for nu-
merical permeability simulation. But such methods are obviously
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expensive and more importantly, can only study case by case, lacking
power to reveal the underlying mechanism. Besides, the current most
advanced technology of microscope is still very hard to fully obtain the
three-dimensional structural details of tight samples, both at a clear
enough resolution and a big enough view, to capture the dynamic
deformation of micropore shapes experimentally. Others turn to
phenomenological approach [14,27,33], which can provide fitting for-
mulas for macroscopic parameters, like density and permeability, in
relation to compressing pressure, sintering temperature and time, but
this is shortage of microscopic structural details and the mechanisms of
solid-state sintering proposed by material physicists [33-35], including
the bulk diffusion and surface diffusion, cannot deal with very low
porosity.

Numerical simulation is extensively used to carry out parametric
discussions which is expected to be able to reveal the main mechanism.
Interestingly, the physical processes and parameters that we are con-
cerned with in this work belong to the intersection between the solid and
fluid mechanics, in which mechanical responses and flow processes are
concerned with separately. Finite element method is a powerful tool to
investigate the cold compaction and solid-state sintering of powders [36,
371, but the representative element volume differs quite enormously for
mechanical responses and permeability variation [38]. Generally, the
representative element volume is much larger for studying permeability
variation, which is beyond the capabilities of the finite element method.

Initial packing

International Journal of Mechanical Sciences 256 (2023) 108511

The pore network model is an alternative with capacity to study larger
packings and has been adopted to partially recover this phenomenon,
while this method needs predefined pore size distribution which is got
by experimental measurement and is a posteriori [21,37]. Discrete
element method [39-46] and phase-field method [42,47] are good po-
tentials for recovering the microscopic structural evolution without
structure input and dealing with enough powders. But affordable algo-
rithm and code implementation need great effort. As for the fluid flow
simulation to get the permeability, the lattice Boltzmann method is
powerful in studying the fluid flow in microporous media [48]. Unfor-
tunately, since this problem lies in the cross field, none effort of
combining these potential methods together has been taken to tackle it.
A feasible numerical simulation framework, which can capture the main
structural characteristic in the cold compaction and solid-state hot sin-
tering processes of powders and accurately realize the fluid flow simu-
lation, should be proposed if we attempt to cope with this problem.

To fill these gaps in knowledge, in this work, a pore-scale numerical
modeling method, including the discrete element method (DEM), a
cellular automata algorithm and a lattice Boltzmann method (LBM), for
studying the cold compaction and solid-state hot sintering, is developed
in Section 2. The geometry change of pores will be naturally captured
and the global pore size distribution will be analyzed to provide direct
evidence for the breakdown of scaling law, in Section 3, and thus a full
correlation will be presented. The conclusion will be drawn in Section 4.
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Fig. 1. The schematic of simulation strategy for the hot sintering process. The solid arrows show the real fabrication process. The powders are put in a cubic holder.
In the loose structure, the piston is pushed downward to compact the spherical powders with plastic deformation. The compacted structure is then sintered and the
powders release to irregular shape due to high temperature in the sintering process. This real fabrication process is modeled in the simulation process as the dashed
arrows shows. In the strongly bonded structure, the spherical powders can overlap with each other to approximate the compaction process. In the hot sintering
process, the overlapping area is redistributed according to the principle of preferentially filling the position with the smallest spatial curvature in the pore area and
the principle of mass conservation, to recover irregular shape caused by the sintering process.
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2. Numerical methods

In this section, the basic strategy of our pore-scale simulation
framework is introduced. The main ideas and the simulation flowchart,
including the discrete element method, the cellular automata algorithm
and the lattice Boltzmann method, are presented subsequently.

2.1. Basic strategy and idea

The simulation strategy for modeling the cold compaction and solid-
state hot sintering processes is shown in Fig. 1. In the actual sintering
process, the powders are not perfect spheres and they are plastically
deformed in the cold compaction process. Besides, in the solid-state
sintering, there is plastic flow due to the molecular diffusion caused
by high temperature. These actual physical processes cannot be
numerically simulated unless enormous computational sources are used.
We adopt a three-step assumption and rule in this work. For the first
step, the powder is assumed to be spherical. Second step, the spheres can
overlap without any deformation, to simulate the compaction process
based on the discrete element method. At the third step, the overlapping
volume is redistributed according to the principle of preferentially
filling the position with the smallest spatial curvature in the pore area, to
simulate the solid-state sintering process. The implementation process is
described in detail as follows.

2.2. Discrete element method (DEM)

The discrete element method is a first-principles method for granular
materials that treats each particle individually. It originates from the
great demand for simulating the industrial processes including powders:
50% of industrial products and 75% of raw materials are powders [49].
After the pioneering work of Cundall et al. [40,44] in the 1980s, DEM
was developed rapidly, because the explicit time integration scheme was
introduced, which is constrained by the limitation of the time step. This
greatly improved the efficiency, which directly gave new birth to this
method and promoted the wide applications [50-52].

The implementation process of DEM is illustrated by taking spherical
particles as an example, including:

i Calculate the overlap distance between individual particles. This is
simply realized by comparing the distance of two sphere centers with
the sum of two radii.
Calculate the contact force between individual particles. When there
is contact between particles and the overlap distance is greater than
zero, the contact force between particles needs to be calculated. The
contact force models are divided into two categories: one is the linear
spring damping model proposed by Cundall et al. [40,44]. In this
type, the magnitude of the normal contact force is proportional to the
overlap distance §; the other is the Hertz-Mindlin model [53,54] and
its variations, in which the normal contact force is proportional to
the 1.5 power of the overlap distance 5!-°. Basic Hertz-Mindlin model
assumes the contact surface is elliptical and derives the subsequent
expression for the relationship between contact force and overlap
length analytically. It is more physical than the Cundall model. The
contact force model is summarized in detail in Ref. [55] and is the
core step of the entire process. For different materials, different
contact force models need to be used, and the parameters in the
models need to be tediously calibrated.
Calculate the resultant force on each particle. In addition to the
contact force, particles may be subjected to other forces, such as
gravity, van der Waals forces, drag forces in gas-solid or liquid-solid
two-phase flows, electric field forces between charged particles and
so on. A summary of these forces can be found in Ref. [56].
iv Update the position of each particle according to the Newton’s sec-
ond law. The motion of each particle is a uniformly accelerated linear
motion in each time step.

=N

i

=5

ii
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v Advance to the next time step.

Those are the basic idea and the calculation process of DEM. In this
work, we adopt it to simulate the cold compaction process of spherical
packing. For general particle shapes, spheropolyhedra method [57,58]
can be sought to.

2.3. Cellular automata with curvature-driving redistribution

In the hot solid-state sintering process, the temperature field is
usually formed by a bulk heating except for the laser heating. Therefore,
both the structure of powder packing and the temperature rise can be
assumed to be homogeneous so that the thermodynamic properties are
homogeneous. In the small pores and the near region to the contacts, the
surface tension is the main driving force for structure redistribution of
the overlapping parts. As well known, the surface tension depends on the
curvature of each spot which is still very hard to obtain for a real ge-
ometry. Here for a digitalized system represented by binarized points,
0 for void and 1 for solid, the curvature of each point is simplified to be
proportional to the point number, as shown in Fig. 2(a). The red frame is
the nearby points of the red circle dot and the blue frame is the nearby
points of the blue rectangular dot. The curvature is then calculated by
counting the pore lattice number [59]. The principle of preferentially
filling the position with the smallest spatial curvature in the pore area is
put forward in this work. That means that, illustrated by the
two-dimensional diagram in Fig. 2(a), the red dot is occupied with pri-
ority by the volume/point in the overlapping area. Following this rule,
the neck grows between two contacting spheres as shown in Fig. 2 (b),
which appears consistent with the classic theory [33,34]. The 2D slices
in time sequence of 3D simulation are shown in Fig. 3 and the neck
formation matches well with the classical sintering theory.

2.4. Lattice Boltzmann method (LBM)

The lattice Boltzmann method is a numerical method for simulating
fluid flow processes based on evolution of particle distributions. LBM is
based on the lattice Boltzmann equation, which can regress to the
Navier-Stokes equation via Chapman-Enskog multiscale expansion, and
thus makes the fluid flow numerically solved [60]. The implementation
process of LBM is illustrated below.

The lattice Boltzmann equation can be written as:

fi(x +eilt, 4 At) = filx, 1) + Qi(x, 1), @

where fi(x,t) is the density distribution function which means the par-
ticle density in the position x and the time t; c; is the discrete velocity
and i is the direction of the discrete velocity; Qi(x;t) is the collision term;
At s the time interval. The discrete density distribution function satisfies
that:

Zf,-(x,t):p(x,t), Zei'ﬁ(xat) :p-u(x,t), 2)

i

where p is the fluid density and u is the fluid velocity.
The most popular form of the collision term is the Bhatnagar-Gross-
Krook (BGK) approximation, which is expressed as:

s — ‘Eq
o =" ®
where 7 is the relaxation time which is related to the kinetic viscosity of
fluid [61]; £ is the equilibrium density distribution function, whose

form is:

Su-c;  (Yu-c;)’ B 3u~u>’ @
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where w; is the weight function; c is the lattice speed.
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olecular diffusion
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Fig. 2. Diagram of algorithm for the curvature-driving sintering. (a) shows the lattice number for calculating the curvature. The box with dashed line is lattice. The
dark area and the white area represent the solid lattice and the pore lattice respectively. The red solid circle and the nearby red box with solid line is a pore lattice and
its calculation area of curvature. The number “3” means there are 3 pore lattices near this red solid circle. The blue solid box and the nearby blue box with solid line is
another pore lattice and its calculation area of curvature. The number “5” means there are 5 pore lattices near this blue solid box. Therefore, in the whole area of (a),
the smallest curvature is the red solid circle and it is preferentially filled by the overlapping area between powders in the simulation. (b) shows the diagram of two
sintering spheres. The area with dashed line is the overlap area between the two spheres caused by the compaction process. The mass in the overlapping area is
redistributed caused by molecular diffusion to form a neck area according to the calculation process of (a). The solid arrows show the mass redistribution process for

the overlapping area to the neck area.
Combining Eq. (1) and formula (3) leads to:

e+ et 1 A1) = ix,0) = = i) =773, ). ®)

The calculation of Eq. (5) is divided into two steps: a collision step
and a streaming one. The collision step is:

) =il — 2 i) 7 0), ®

and then the streaming step is:
filx +eiAr, 14 A1) = f7 (x, 7). @)

The calculation steps of the lattice Boltzmann method are summa-
rized as follows:

i Calculate the fluid density p and the velocity u based on Eq. (2);
ii Calculate the equilibrium distribution function based on Eq. (4);
iii Perform the collision step based on Eq. (6);
iv Perform the streaming step based on Eq. (7);

v Advance to the next time step.

More details of the derivation for the above process can be found in
the classical papers and comprehensive reviews [62-66]. The two most
distinctive features of LBM are: easy for parallel computing and suitable
for calculation of flow in complex structures (especially porous media)
[65-68] or in complicated processes [61,69-72], because the collision
and streaming steps are performed independently among discrete
points, and each discrete point stores more information [73,74].

The fundamentals and implementation process of the three numeri-
cal methods used in this paper have been introduced. The overall
framework of the pore-scale numerical modeling proposed in this paper
is shown in Fig. 3. The three dashed frames correspond to three pro-
cesses, cold compaction, solid-state hot sintering and fluid flow, which
are simulated by the three numerical methods above.

3. Results and discussion

In this section, the code verification is first presented. Subsequently,
the parameters and the whole simulation process are described and
given. An experimental study about the permeability measurement is
introduced, to give experimental benchmark of our simulation results.
The permeability-porosity relationship is established in a large porosity
scope and the effects of cold compaction and solid-state hot sintering are
investigated separately, which obey the same rule in large porosity and
deviate dramatically in very small porosity. Convenient expressions for
the permeability-porosity relationship are given. The structural details
are obtained to account for the underlying pore-scale mechanism.

3.1. Code verifications

The numerical codes are verified by comparing with analytical so-
lutions of either classic cases of sphere packing process or fluid flow
through porous structures individually since there is no theoretical so-
lution for coupling.

For the sphere packing process, the collision of two identical spheres
is chosen to verify the contact force in DEM. In our paper, we consider
the compaction process, in which the kinetic energy of spherical particle
is omittable. Therefore, we choose the basic Hertz-Mindlin model, which
doesn’t consider the energy dissipation in the calculation. The explicit
form of the Hertz-Mindlin model is:

2 E Ry 0.5 s
RO

The comparison between the analytical contact force values and the
simulated values is well [75]. It is indicated that the DEM simulation can
accurately capture the collision process, which verifies the correctness of
the algorithm and code implementation of the Hertz-Mindlin contact
force model.

For the fluid simulations through porous structures by LBM, the flow
behavior through a faced-centered-cubic (FCC) structure [48] and a
body-centered-cubic (BCC) structure [76] has been considered in our
previous work. The results indicate that LBM can capture the flow
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Packing Compaction Output

The compaction process by discrete element method.

Mass redistribution process by cellular automata, showing
the evolution over time from the left to the right.
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Fig. 3. Diagram of the pore-scale numerical modeling procedure, including (a) cold compaction, (b) solid-state hot sintering, and (c) fluid flow modeling processes.
(a) The loose packing with a specified number and size distribution within the hexahedron area is generated and then compaction is conducted by triaxial compaction
process. (b) The mass redistribution in hot sintering process by the cellular automata: the overlapping area between spherical particles caused by compaction is
redistributed according to the principle of preferentially filling the position with the smallest spatial curvature in the pore area. The 2D slices in time sequence of 3D
simulation, two overlapping spheres, are shown and the neck formation matches qualitatively with the classical sintering theory [34]. (c) The fluid flow simulation by
LBM: on the porous structures with or without sintering, the transport governing equations will be numerically solved and the permeability is therefore determined.

behavior and calculate the permeability accurately as long as the reso-
lution of geometry is fine enough. Further investigations also show that
LBM requires much lower grid number for geometry resolution than the
traditional CFD methods (the finite element method, the finite differ-
ence method etc.) at the same numerical accuracy [61,71,77].

3.2. Numerical simulations

After verification, the cold compaction and then solid-state hot sin-
tering processes are numerically simulated.

First, the powder size distribution is appointed as a normal distri-
bution, which may represent a common case in nature and industry. For
the compaction process, implemented by DEM, the contact force model
between particles is chosen as the Hertz-Mindlin Model, as Eq. (8)

shows. The compaction is accomplished by using the open-source code,
Yade [75] and mimicking the three-axial compression in cuboid, which
means fixing five facets of the cuboid and pressing the movable one to
reach the assigned pressure value. The parameters used in DEM are

Table 1
The parameters used in the Discrete Element Method.

Properties Values

Sphere diameter distribution Normal distribution with a mean value at 25 pm

Frictional degree between 25.00°
spheres

Young’s modulus 2.50 GPa

Poisson’s ratio 0.33

Density 1400.00 kg/m®
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shown in Table 1. After the cold compaction, different forms of packing
are obtained with different porosity under different pressures. These
structures of packing are used as inputs for the solid-state sintering
process. This step will be skipped when only cold compaction is
considered. No more parameters are introduced in this step, except that
the overlapping volume caused by compaction needs to be captured for
further redistributing. In this step, we write codes in MATLAB and have
considered the intersection of more than two particles. For each particle,
we output the contacting particles in its neighbouring region in DEM and
use this information to calculate the overlap volume. As the last step, the
flow process through the redistributed microstructure is simulated by a
high-performance LBM and then the permeability will be calculated
numerically [38]. In every simulation, 4000 particles whose mean
radius is 25 pm are used in DEM and a box of 288 pm x 288 pm x 210
pm is extracted, discarding the near-wall region, for LBM simulation.
The spatial resolution of LBM code is 1 pm and subsequently, for each,
288 x 288 x 210 meshes are simulated. The imposed pressure difference
is 1 Pa in the direction of 210 edge. The fluid material is water. The
permeability of each packing for both cold compaction and solid-state
hot sintering can be obtained nearly at the same time.

3.3. Experimental measurements

To figure out further mechanisms, experiments have been performed
as well in this work. Porous materials are fabricated by cold compaction
and solid-state hot sintering of polyimide powders in this work. The
sintering process is implemented by a sintering furnace, in which the
sintering temperature is fixed at 370 °C. Different values of porosity,
including 6.0%, 7.5%, 9.0% and 13.1%, are obtained by changing the
compressive force and the sintering time. The compressive force is 1.5 x
10°N, 1.3 x 10° N, 1.1 x 10° N and 0.8 x 10° N and the sintering times
are 2.5h, 2.5h, 2 h and 2 h correspondingly. The values of the porosity
are measured by a Mercury Porometer, whose type is AutoPore IV 9510.
The physical properties of the raw powders are the same as the values in
Table 1.

The experimental set-up is shown in Fig. 4 and steady-state mea-
surements are conducted to obtain the permeability. The samples are
made into a cylindrical shape, whose diameter is 2.2 mm and length is
6.5 mm. Nitrogen is used as the test fluid. In the measurements, the
downstream pressure remains at the atmospheric pressure and the up-
stream pressure is lifted and kept changeless. Under different pressure
differences, the flow rate is measured by a flowmeter, whose minimum
accuracy is 0.01 mL. In our experimental measurement, the permeability
is smaller than 107'® m? and the slippage effect needs to be considered.
The slippage effect is characterized by the Knudsen number, Kn, whose
definition is the ratio between the mean free path of the gas molecule
and the characteristic pore size of the porous medium, and should be
carefully considered for small Kn. Reflected in the experiments, the
slippage effect makes the measured apparent permeability deviate from
the prediction of the Darcy’s law. Klinkenberg first studied the slippage
effect of gas flow in porous media and demonstrated that for perme-
ability smaller than 10714 m?, the slippage effect should be eliminated
by the Klinkenberg plot [68,78] as demonstrated by Fig. 5. For every

Valve
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Fig. 5. Demonstration, using data of one sample with 13.1% porosity, of
Klinkenberg plot for eliminating slippage effect. The horizontal axis is the
reciprocal of the mean pressure and P = (P, + P4)/2. The rectangular block is
the experimental results and for each point, the permeability value is calculated
by the integration form of the Darcy’s law. The dash line is the fitting line, with
a correlation coefficient R?=0.99, whose intercept is the intrinsic permeability.

sample, different pressure gradients are imposed and the intrinsic
permeability is calculated by the intercept in the plot of the apparent
permeability versus the reciprocal of mean pressure. Here, the apparent
permeability is calculated by the integration form of the Darcy’s law:

2 _p2
ngdid = :ia %, where P, and Py are the upstream and downstream pres-
sure, Qg is the volume flow rate in the downstream, A and L are the
cross-sectional area and length of the sample, x is the dynamic viscosity,

Kq is the apparent permeability.

3.4. Permeability-porosity relation and analysis

The permeability-porosity plots for the porous materials by cold
compaction and solid-state hot sintering are shown in Fig. 6. Both the
experimental measurements (as the solid circles with error bars) and the
simulation results (the solid squares for cold compaction and the solid
triangles for compaction & sintering) are plotted in the same figure. For
the simulation results, as stochastic factors are introduced in the initial
distribution and structure generation of powder, multiple simulations
have been performed for statistics for each case. In this work, every point
of numerical results in Fig. 6 is obtained by averaging of five simula-
tions, so that the statistical errors are thereby quantified. For the
experimental measurements, every point stands for the average value,
whose error bar is calculated based on 4 samples. For each sample, we
conduct at least 5 measurements under different pressure differences.
The largest pressure difference is imposed on 6.0% sample, whose value
is 6 MPa. The smallest flow rate is 0.1 pL/s, which is measured in 6.0%
sample, using 3.8 MPa pressure difference. The minimum scale value of

Pressure Gauge

Atmosphere

Nitrogen
Bottle

’_%; Pressure Gauge

[oe] >

Soap-film Flowmeter

Sample Chamber

Fig. 4. Diagram of experimental set-up, including the Nitrogen bottle, valve, upstream pressure gage, sample chamber, downstream gage, soap-film flowmeter, and
the downstream of the flowmeter being the atmosphere. The upstream pressure can be changed by the valve to a given value. The measured cylindrical sample is put
in the sample chamber. Every sample is measured by several pressure differences and the Klinkenberg-plot is plotted to eliminate the slippage effect.
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Fig. 6. The permeability-porosity plots by numerical simulations with and
without sintering and by experimental measurements. The solid squares (blue)
are the simulation results by compaction-only process. The solid triangles (red)
are the simulation results by the compaction & sintering process. The solid
circles (black) are the experimental data measured by the steady-state method.
The dashed line (black) is the fitting line for the compaction-only data for a
cubic scaling law with a coefficient of correlation, R?= 0.99. The simulation
results by the compaction & sintering process agree well with the experimental
results. The dash-dot line (red) is the fitting function of the simulation results
for the compaction & sintering process, with a coefficient of correlation,
R®= 0.99.

our soap-film flowmeter is 0.01 mL and for the smallest flow rate case, it
takes 71 s for the total flow rate to reach the minimum scale value. Both
the results from simulations and experiments indicate clearly that the
permeability decreases significantly with the decrease of porosity, no
matter with or without sintering, in this log-log plot of Fig. 6. For a high
porosity, the permeability for compaction & sintering process merges
with that for cold compaction-only process. When the porosity is lower
than 0.1, the hot sintering process dramatically reduces the permeability
of the porous materials, which has been illustrated by both numerical
predictions and experimental data consistently.

For the porous materials by cold compaction only, the permeability
appears linearly increasing with porosity in this log-log plot. The black
dashed line stands for a fitting function, x = 2.4 x 10 *%¢>, with a
correlation coefficient R2=0.99, which means the permeability-porosity
relation for compaction-only process follows a perfect cubic scaling law.
This result also suggests that the powder materials with compaction-
only process can be described by the famous Carman-Kozeny formula
[23-25] well at a wide range of porosity.

Yet, when the hot solid-state sintering process is added after cold
compaction, the permeability decreases dramatically, much faster than
the cubic scaling law, as the porosity becomes lower than 0.1. The
simulation results by the present numerical methods agree well with the
experimental data, which means our numerical tool can capture the
major behavior in the compaction & sintering processes. To summarize
the compaction & sintering effects, we propose an empirical correlation
function as:

x = ag’f(¢), €)

where f(¢) is the sintering correction factor which may depends majorly
on powder properties and slightly on material plastic properties and so
on. Here for simplicity it is supposed to be a function of only porosity, ¢,
and a is the fitted coefficient of the cubic scaling law for the cold
compaction process. The function f(¢) needs to have two following
features: (1) gradually approaching to unity as the porosity is high
(¢>0.15) to recover the cubic scaling law, and (2) sharply decaying to
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zero when porosity is low ($<0.05). Following these two features, we
propose an exponential form with fitting parameters on simulation and
experimental data as:

k=24 x10"¢’(1-3¢727), (10)

with a coefficient of correlation, R?=0.99. Instead of stepwise linear
fitting in this log-log plot (i.e. stepwise scaling laws), this function
continuously captures the permeability-porosity relation in the entire
range of porosity, with asymptotically approaching to the cubic scaling
law at high porosity.

The mechanism can be clearly illustrated by the pore size distribu-
tion in Fig. 7. The pore size is obtained by maximal ball algorithm, using
open-source software ImageJ. For the cold compaction process without
hot sintering, the percent of large pores decreases constantly with the
reduction of porosity, from 0.32 to 0.11 and then 0.04. The proportion of
small pores reaches the highest when the porosity reduces to 0.04, as
shown in Fig. 7(a). The small pores connect the flow pathways, which
helps to hold the cubic scaling law. Things change for the process with
hot sintering, as shown in Fig. 7(b), that some small pores may vanish by
sintering so that many of the large pores get isolated. The permeability
decreases dramatically as a result by sintering effect. The difference
between microstructure evolution processes with and without sintering
makes the different relations of permeability-porosity. The numerical
predictions by our simulation with hot sintering agree well with the
experimental data in the entire porosity region, which suggests that the
proposed curvature driving sintering process can captures the major
mechanism of solid-state sintering.

4. Conclusions

In this work, a pore-scale numerical framework, including a DEM for
powder cold compaction, a Cellular Automata algorithm with curvature-
driving redistribution during hot sintering and an LBM for fluid flow
simulation, is established to study the permeability of porous materials
by the cold compaction and solid-state hot sintering processes. The
numerical tools have been verified by analytical solutions for standard
cases and validated by our experimental data for the permeability-
porosity relation.

The results show that the cubic scaling law always holds for the
porous materials by cold compaction, while the hot sintering process
may dramatically decrease the permeability when the porosity is low.
An exponential decay function has been proposed as a correction factor
to the permeability-porosity relationship of materials by compaction &
sintering processes, which predicts the permeability asymptotically
approaching to the cubic scaling law at high porosity while agreeing
well with both numerical and experimental data at low porosity.

Analysis of microstructure evolution shows that the small pores that
connect large pores vanish by sintering so that the permeability de-
creases remarkably at low porosity. The excellent agreements between
the present numerical predictions and the experimental measurements
suggest that our numerical framework can capture the major behavior of
the structural evolution in the cold compaction and solid-state sintering
processes of powder packing materials and provide a powerful tool for
analysis and optimization for material designs.
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Fig. 7. The pore size distribution of the porous microstructures without and
with sintering process. (a) is the pore size distribution of the microstructures by
the compaction-only process with the porosity varying from 0.32, 0.11 to 0.04.
The slices at the same position for the three cases are compared at the bottom.
(b) is the pore size distribution of the microstructures by compaction & sin-
tering process with the porosity varying from 0.32, 0.11 to 0.04. The slices at
the same position for the three cases are compared at the bottom. The sintering
process fills some small pores that connect large pores and make large pores
isolated. The permeability is therefore dramatically decreased.
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