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Abstract 
One of the approaches to modeling the structure formation of a highly filled polymer composite material 

(HFPCM) by mixing its components represented by liquid and solid phases is considered. To develop a model of 

the mixing process, one of the heuristic algorithms was used, i.e. the “metal annealing” method. The model is 

formalized with the condition of averaging the particle sizes inside each fraction, as well as the morphology of 

their surface. As a representative element of the model, a unit cell in the form of hexogonally densely packed 

particles around one introduced into the composition of the composite material (in small quantities, up to 5%) was 

adopted. The voids in the cell are filled with liquid polymer. The developed model is based on the objective func-

tion, which involves obtaining a uniform distribution of components with the required packing density and filling 

the voids with the liquid phase while minimizing the number of mixing iterations.  

The results of the study, obtained during modeling, can be used in the choice of technological equipment and 

the determination of its operation modes to obtain the specified characteristics of HFPCM, as well as in predicting 

the possibility of obtaining the required properties in the process of mixing its components. 

 

Keywords: highly filled polymer composite materials, structure formation, modeling, mixing of powder com-

ponents in a polymer binder 

 

Introduction 

Highly filled polymer composite materials 

(HFPCMs) are a mixture of uniformly distributed pol-

ydispersed particles of a solid phase ranging in size 

from 40 to 200 μm (depending on the composition of 

HFPCMs, some components may be nanosized parti-

cles) in an amount of 75–85 wt.% in a liquid-phase 

polymer media [1]. Due to the selection of fractions of 

solid-phase components, their quantitative ratio, and 

surface morphology, their most dense packing is 

achieved. The most appropriate number of mixing cy-

cles and correctly chosen technological modes of mix-

ing equipment ensure uniform distribution of particles 

of each component in the polymer material, filling of 

all voids with this polymer and cladding of the parti-

cles surface of solid-phase components. 

https://doi.org/10.24412/2701-8369-2021-17-65-73
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In most cases, the methods and modes of mixing 

the components of the HFPCM are determined empir-

ically for each composition and type of technological 

equipment [2], taking into account the analysis of a 

large number of experiments involving the selection of 

a suitable sequence for adding components to the over-

all composition, its mixing time, rotation speed of the 

working mixer body, temperature, vacuum in the op-

erating chamber of the mixer and other characteristics 

of the technological process. As is well known, this ap-

proach is quite long-time, since it involves a periodic 

stop of the manufacturing process of the composite 

material at a certain stage for sampling and conducting 

appropriate measurements. It should be noted that the 

data obtained during the measurements are not always 

changed accordingly when scaling the manufacturing 

process of the HFPCM. 

In turn, the manufacture of the HFPCM in the re-

quired volumes for measurements due to the high price 

of raw materials and the need for subsequent disposal 

of the experimental sample is a rather expensive re-

search method. One of the approaches that minimize 

the number of experiments and, consequently, reduce 

the cost of the desired result, is the modeling of the 

process under study. In our case, it is the process of 

mixing components and production of the HFPCM 

with desired properties. As a rule, the first stage of 

modeling is the formalization of the objective function. 

Its quality of the implementation largely determines 

the performance of the subsequent stages of the model 

construction of the studied process. 

 

1. The construction of a unit cell model of 

HFPCM 
In the issue under consideration, particles of 

solid-phase components of four types are subject to 

mixing: coarse and fine fractions of calcium carbonate 

(CaCO3) of MTD-2 grade  

(GOST 17498-72), bakelite powder and antioxidant, 

which is used as a diamond-containing charge mixture 

obtained by the method of detonation synthesis of a 

mixture of trinitrotoluene (С6Н2СН3(NO2)3) and cy-

clotrimethylenetrinitroamine (CH2)3N3(NO2)3) in a 

proportion of 50:50 [3]. The qualitative composition of 

the diamond-containing charge mixture and its proper-

ties are described in reference [4]. 

To formalize the objective function of the mixing 

process and calculate the appropriate values of the 

amount of each component and the characteristics of 

their fractional composition, at the first stage, we will 

construct a unit cell model formed during the packing 

of solid phase particles. The basis for the development 

of this model is the approach described in reference 

[5], where a unit cell with a coordination number of 12 

is formed during the hexagonal dense packing of par-

ticles of solid phase components. The most acceptable 

description of these particles to simplify the calcula-

tions would be their representation in the form of a 

sphere. In the center of this unit cell is a particle of ba-

kelite powder, to which 12 particles of calcium car-

bonate are adjoined. Its view is shown in Figure 1. 

 

      
Figure1. The model of unit cell packing of the HFPCM solid phase 

 

To obtain the most dense particle packing, it is 

necessary that the linear sizes of the fractions of cal-

cium carbonate and bakelite powder would be rela-

tively equal, and the mass ratio, according to the values 

of their density, would be approximately 24:1. For any 

other components of the HFPCM solid phase, making 

a system-forming matrix, and the chosen approach for 

constructing a unit cell (1+12), the following depend-

ences of the mass ratios were established in reference 

[6] 
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where mr– mass of the component whose particle 

(bakelite powder) is located in the center of the unit 

cell; 

mо – the mass of the component whose particles 

(calcium carbonate) are adjoined to the central one; 

ρr; ρo – densities of the considered solid-phase compo-

nents (1 and 12), respectively; 

N – coordination number inherent in the formed 

unit cell.  

For other mass ratios of the components, the num-

ber of particles of each of them in the unit cell can be 

determined through the following dependence 
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where no and nr– the number of particles in the 

unit cell of the o and r components, respectively. 

Taking into account expression (1), the fractional 

composition of bakelite powder and calcium carbonate 

with a particle size of 180 μm was chosen. At the same 

time, in order to obtain the particle packing density in 

Calcium carbonate particles 

Bakelite powder particle 

https://ru.wikipedia.org/wiki/%D0%A3%D0%B3%D0%BB%D0%B5%D1%80%D0%BE%D0%B4
https://ru.wikipedia.org/wiki/%D0%A3%D0%B3%D0%BB%D0%B5%D1%80%D0%BE%D0%B4
https://ru.wikipedia.org/wiki/%D0%90%D0%B7%D0%BE%D1%82
https://ru.wikipedia.org/wiki/%D0%90%D0%B7%D0%BE%D1%82
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the considered unit cell at a level of 0.84 - 0.86 (corre-

sponding to a certain packing density  ), the calcium 

carbonate particles are chosen by two fractions. When 

determining the appropriate particle size ratio, the ap-

proaches described in reference [7] were used, which 

were refined using the capabilities of the KOMPAS-

3D software product and expressed as follows 

Dl ≈ (0,2÷0,225)·Db,.   (3) 

where Dl – fine particle diameter; 

Db.– coarse particle diameter. 

According to the established dependence, the me-

dian values of calcium carbonate particles for coarse 

and fine fractions were 180 and 40 μm, respectively. 

The developed model of the cell, consisting of 13 

particles, forms 13 octahedral and 26 tetrahedral pores 

(voids) [7], in which particles of a fine fraction of cal-

cium carbonate and other components of the HFPCM 

solid phase are distributed. Options for such a distribu-

tion are shown in Figure 2. 

 
Figure2. Options for filling the voids with particles of a fine fraction of calcium carbonate (a) – a particle in a 

tetrahedral pore; b) – particles in the octahedral pore) 

 

It is assumed that the components of the solid 

phase with a particle size of less than 10 μm (including 

those having a nanosize) together with liquid-phase 

components will fill voids formed between the filler 

particles. For such a unit cell, according to the chosen 

fractional composition, its basic characteristics are cal-

culated and the appropriate stoichiometric composi-

tion is determined. The calculation procedure is de-

scribed in reference [6], and their results for solid-

phase components are given in the table. 

Table 

Characteristics of the solid-phase components of the HFPCM forming the unit cell 
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Calcium 

carbonate 

(CaCO3) 

9·10-5 3,05·10-12 

2710 

8,27·10-9 12 0,99·10-7 1,22·10-6 72,6 

2·10-5 3,35·10-14 9,08·10-11 143 1,3·10-8 7,2·10-7 11,04 

Bakelite powder 9·10-5 3,05·10-12 1360 4,15·10-9 1 4,15·10-9 1,02·10-7 3 

Diamond-

containing charge 

mixture 

2·10-8 3,35·10-23 3850 1,29·10-19 9,026·109 1,16·10-9 4,5·10-5 0,9 

 

The liquid phase in the considered HFPCM is 15 

wt. %. The components of the liquid phase fill the 

voids formed between the particles of the solid phase 

and cladding their surface. The volume of the liquid 

phase of the unit cell takes on the value 

e
  ,

l pV V V 
,   (4)

 

where 
lV  – volume of the liquid phase of the unit 

cell of the HFPCM; 

eV  – volume of the liquid phase of the HFPCM 

necessary to fill the voids in the unit cell; 

pV  – volume of the liquid phase of the HFPCM 

necessary for cladding the particle surface of the unit 

cell. 

In accordance with the established stoichiometry, 

each unit cell (providing their uniform mixing) ac-

counts for 3.6·10-8 kg or 3.8·10-11 m3 of a liquid-phase 

polymer binder. At the same time, the calculation of 

the liquid phase values for the chosen unit cell, due to 

the absence of clearly defined external boundaries, can 

be carried out only with a sufficiently large inaccuracy. 

With this in mind, to determine the characteristics of 

all the components that make up the unit cell, a repre-
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sentative element in the form of a hexagonal prism re-

peating in a hexagonal dense packing is chosen with a 

height  

2
2

3
с bН D  

   

(5) 

and base area 

23 3

2
bbS D 

   

(6) 

where сН – height of the representative element 

(hexoprism); 

bS  – base area of the representative element 

(hexoprism). 

A view of the unit cell model with the mutual ar-

rangement of the particles of bakelite powder and the 

coarse fraction of the filler, as well as its representative 

element with the mutual arrangement of the particles 

of bakelite powder, coarse and fine fractions of the 

filler are shown in Figure 3. 

      
Figure 3. Unit cell model for hexagonal dense packing of particles with a coordination number of 12 and its 

representative element 

 

The representative element has one particle of ba-

kelite powder in the center of the figure and 18 seg-

ments (types A, B and C) equal in volume to 5 particles 

of a large fraction of calcium carbonate. A fine fraction 

of calcium carbonate is located in 8 tetrahedral pores 

(1 particle in one pore) and 6 octahedral pores (9 par-

ticles in one pore). Using the capabilities of the 

KOMPAS-3D software product, the ratio of the linear 

dimensions of the representative element and the cho-

sen unit cell was determined, which was 6/13. 

Then, based on expressions (5) and (6), the unit cell 

volume will be 

3
c 6,5 2 ,
i

b
V D   (7) 

and the volume of the components of the solid phase 

in it will be  

36,5 2 ,
i

t ib
V D    (8) 

where c
iV – volume of the i unit cell; 

i
tV  – solid phase volume of the i unit cell; 

i – particle packing density in the i unit cell. 

 

In terms of the established ratio, the volume of voids 

in the unit cell, which had to be filled with a polymer 

binder, is 2.26·10-11 m3. The remaining polymer material 

(1.54·10-11 m3) during mixing should be evenly distrib-

uted over the surface of the particles (5.93·10-5 м2) of the 

solid phase of the unit cell. The specific value of the dis-

tribution of the polymer binder to the size of the particle 

surface of the HFPCM solid phase will be 2.6·10-4 l/m2. 

This is equivalent to a coating of 260 nm. 

Further on, to simplify the calculations, we will 

consider not all components of the solid phase, but 

only particles of bakelite powder and two fractions 

(coarse and fine) of calcium carbonate. We denote the 

particles of bakelite powder and a coarse fraction of 

calcium carbonate as n1= 1 and n2 = 12, respectively. 

As was shown during the construction of the unit cell, 

the voids between these particles are filled with parti-

cles of a fine fraction of calcium carbonate in an 

amount of n3. In real terms, n3 varies in the range from 

39 (provided that at least one particle of a fine fraction 

of calcium carbonate gets into each formed void) up to 

143. The volumes of these particles are denoted by V1, 

V2 and V3, respectively, and the volume of the formed 

voids is V0. Then the volume of the entire HFPCM (Vс) 

mixture will take the value 

 

c 0 1 2 3 .lV V V V V V      

 (9) 

The constructed model of the unit cell is the basis 

for the formalization of the process of mixing compo-

nents and obtaining a HFPCM mixture. 

 

2. Formalization of the mixing process of the 

HFPCM. 

The process of mixture formation can be repre-

sented as a random process of filling an elementary cell 

with particles of three types and liquid polymer mate-

rial, where the following tasks are solved: 

To obtain a uniform distribution of all solid-phase 

components in the HFPCM volume and creating rela-

tively the same composition; 

To reach the densest packing of particles of the 

solid phase due to their rational distribution in the 

HFPCM volume; 

To ensure the most complete filling of voids 

formed in the particle packing of solid-phase compo-

nents with a liquid polymer; 

Bakelite powder particle 

Fine fraction of calcium carbonate 

Coarse fraction of calcium carbonate 
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To clad the entire surface of the particles of the 

solid phase with liquid-phase components. 

This process will be reproduced using the “metal 

annealing” algorithm [8]. 

We assume that the volume (v1) of an individual 

particle of the first type, which is part of the unit cell, 

with an average diameter d1, will be 

 

1
1

3

,
6

d
v




   (10)
 

the volume of particles of the second (v2) and 

third (v3) type, included in the unit cell, with average 

diameters d2 and d3, will be 

 

2
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и
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v
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3
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 (11)
 

 

And the total volume of particles in the unit cell, 

according to the specific example shown in table 1, 

will be 

1 2 3
3 3 3

1 2 3
( )12 143

.
6

d d dv v v
  

  

 (12)

 

Provided that in the considered task d1=d2, we 

simplify expression (12) by designating the particle di-

ameter of the first and second type d1,2 

1,2 3
3 3

1 2 3
13 ( )11

.
6

d dv v v
 

  

 (13)

 

The volume of polymer material vl in the unit cell, 

according to expressions (4) and (9) and under the con-

dition v0→0, as well as in our example Db = d1,2, will 

be: 

3
1,2

3
3 143

2,36 ,
6

l p
dv d v


  

 (14)

 

Considering the distribution of particles in the in-

itial material to be uniform, we estimate the probability 

that a particle of bakelite powder will get into the cell 

at the beginning of this process 

1 1

1,2 3

3

1 3 3
1 2 3

.
13 ( )11

v d
p

V V V d d
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For the probability of particles of coarse and fine 

fractions of calcium carbonate entering the unit cell, 

we can write down, respectively  

2 3

1,2 3 1,2 3

3 3

2 33 3 3 3
,  .

13 ( ) 13 ( )11 11

d d
p p

d d d d

 
 

   
    

(16)

 

From the normalization condition, the probability 

of the formation of voids within the chosen unit cell 

will take the value 

0 1 2 31 .p p p p        

   (17) 

The process of compaction of a cell is the search 

for such a combination of particles to be chosen, in 

which the volume of voids (v0) is the smallest, that is 

0 0v  . This event corresponds to the smallest vol-

ume of the cell itself, that is 
min

c cv v . In accordance 

with expression (9), the voids in the unit cell are filled 

with the liquid-phase HFPCM component. In this case, 

the part of the polymer material remaining after filling 

the voids is intended for cladding the surface of the 

particles of solid-phase HFPCM components. The vol-

ume of this part of the liquid phase spent on the com-

plete cladding of all particles will be proportional to 

the surface area of the particles of each type, their 

quantity, as well as the thickness of the cladding layer 

and will be 

1 1 2 2 3 3           ( s + s s ) , p cv h n n n hs  
(18)

 

where cs – total surface area of the particles of 

solid-phase components of the unit cell; 

1s , 2s , 3s – particle surface area of the correspond-

ing type (taken from the table); 

h – thickness of the cladding layer. 

The cladding process is a search for such a com-

bination of the distribution of the fuel binder, where 

the area of the cladding layer ( рs ) will correspond to 

the surface area of the particles of the solid-phase com-

ponents of the unit cell, i.e. р cs s
 
 

Thus, the cyclic step-by-step (i=1,2,…) procedure 

for obtaining the required cell consists in: 

the formation of the densest packing of particles 

of each type with the volumes and quantities n1, n2 and 

n3 chosen for them; 

the maximum filling of the space between the par-

ticles of the solid phase with the liquid-phase HFPCM 

component, minimizing the volume of voids 0 0v   

(or minimizing the volume of the cell itself, that is 
min
ccv v ); 

cladding the surface of each of the particles with 

the liquid-phase HFPCM component, the area of 

which for the considered cell will be cs . 

 

The required cell, representing the final solution 

of the task, will be characterized by a vector that has 

coordinates 

0
opt

1 2 3[ , , , ].0, р cvX X n n n s s    (19) 

The solution to the optimization task will lie in 

the search for particular solutions that satisfy the 

abovementioned conditions for obtaining the required 

cell, and their subsequent coordination to choose the 

most appropriate approach to prepare the required 

mixture of the HFPCM. 

 

3. Development of an algorithm for construct-

ing a particular solution  

The procedure for forming the contents of a unit 

cell is represented by the following steps. 

We denote the number of particles of the first, 

second, and third type, respectively, randomly chosen 

into the unit cell during mixing at the i step. Such a cell 

will be characterized by a vector having coordinates 

1 2 3 0[ , , , ].i i i i i iX X n n n v  

Then it can be written 

3 3 3
1 1 1 2 2 2 3 3 3

1 1 1
,  ,  .

6 6 6

i i i i i iv n d v n d v n d       (20) 
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To obtain the value of the void volume, we use 

the relation 

0 1 2 3( ).i i i i i
cv v v v v       (21) 

 

Using a random number sensor, we choose a 

number   uniformly distributed over the interval 

[0;1].  

If 1[0, ]p , then we make a decision on getting 

particles of the first type into the unit cell. 

If 1 2[ , ]p p , then we make a decision on getting 

particles of the second type into the unit cell. 

If 2 3[ , ]p p , then we make a decision on getting 

particles of the third type into the unit cell. 

If 3[ ,1]p , then we make a decision that not a 

single particle gets into the unit cell (that is, the pres-

ence of a void in this cycle of the procedure). 

The abovementioned calculations are repeated N 

= n1 +n2+ n3 number of times corresponding to the 

number of all particles that should be part of the future 

“ideal” cell. As a result, a unit cell will be formed at 

the first step of the iterative procedure, characterized 

by the vector 
1 1 1 1 1 1

1 2 3 c[ ,  ,  ,  ],X X n n n v  and its 

volume will take the value 
1 3 1

сc 6,5 .2 ,b iV v D     (22) 

According to the given scheme, unit cells with a 

random structure are formed at each i step of the itera-

tive procedure. That is, the so-called particular i solu-

tion is being framed, which, in accordance with the 

metal annealing algorithm, should be further improved 

(the cell will become denser) while it is mixed. 

The quality of the resulted cells (the efficiency of 

each particular solution Xi) will be characterized by the 

proximity of the vector Xi to the vector 
opt min

1 2 3 c[ , , , ].X X n n n v  The value is calculated 

for this 
2 3 2 3 2 3

1 1 1 2 2 2 3 3 3[( ) ( ) ( ) ],i i i
iE n n r n n r n n r      (23)

  

and the difference is determined at each subse-

quent (i+1) step 

 
1, 1 – .i i i iE E E     (24) 

The algorithm for framing a particular solution is 

shown in Fig. 4. 

Based on the considered algorithm for framing a 

particular solution, an algorithm is synthesized that im-

plements the “annealing” procedure and the search for the 

best solution. Such a solution will be when the unit cell 

contains the smallest volume of voids and at the same 

time the surface of all particles was clad with the liquid-

phase component of the HFPCM. 

The subject matter of this procedure includes the 

following actions: if ΔEi+1,i<0, then the new solution is 

better than the previous one and is remembered. Oth-

erwise, before discarding it and proceeding to the next 

iteration, the probability of maintaining the resulting 

“bad” solution is estimated. This probability depends 

on the so-called "annealing temperature". An analogue 

of the "annealing temperature" is the volume of the 

unit cell 
1

c ,i 
 which decreases from iteration to iter-

ation. It is proposed to adopt the law of changing the 

volume of the mixture (i.e., the law of compaction of 

the unit cell) as follows: 
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Figure 4. Algorithm development of a particular solution 

 

c co
1

[1 ],  1,2,...
1

i

a

v v i

i

     (25) 

Here α[1; 2; 3] is a tuning factor, regulating the 

annealing rate; vcо is a limit value of the unit cell vol-

ume. 

At the end of each i iteration, the volume vc
i is 

adjusted (in accordance with the expression 

c co
1

[1 ]
1

iv v

i

  ) and the probabilities of choosing 

particles of each type are recalculated according to the 
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following formulas 

1 2 31 1 1
1 2 3

c c c

,  ,  .
i i i

i i i

i i i

v v v
p p p

v v v

      

In accordance with the normalization require-

ments 
1 1 1 1

0 1 2 31 .i i i ip p p p        

The process of forming the contents of the unit 

cell is repeated, i.e. (i+1) iteration is performed. 

The calculations continue until the value 1,i iE 

with a predetermined accuracy approaches zero, i.e. 

1, 0.i iE    

The number of iterations (mixing cycles) i, under 

which the above condition is fulfilled, characterizes 

the required mixing time of bakelite powder and two 

fractions of calcium carbonate. A comparison of the 

values resulted during the modeling with the measured 

values of the mixing results on a specific mixer will 

make it possible to form a suitability scale of the mod-

eling results to the operating modes of technological 

equipment. 

 

4. Verification of mixing model of the HFPCM 

In order to assess the functional completeness, accu-

racy, and reliability of the simulation results using the 

proposed optimization method, a model was developed 

that describes the mixing of the HFPCM and its verifica-

tion was carried out. The model is based on the optimiza-

tion task 
opt min

1 2 3 c[ , , , ]X X n n n v  of finding the 

conditions for obtaining the minimum unit cell volume 

for a given number of particles of each of the solid-state 

components of the HFPCM. 

Modeling was carried out for a volume of a mixture 

of 2.375 l, which is mixed in a SP-15 planetary mixer 

(Russian Federation) with two mixers and a diameter of a 

mixing bowl of 335 mm. Similarity criteria for the chosen 

mixing equipment (Reynolds, Frood, Euler, and Weber 

criteria) were calculated in accordance with the ap-

proaches described in Reference [9] for dispersed sys-

tems with a particle diameter of 180 μm. Based on the 

calculation results, the following modes for mixing were 

determined: blade rotation speed – 20 rpm; the tempera-

ture of the mixed mixture – (T) 303-308 K; pressure in 

the bowl – (P) 0.075 MPa. 

The resulted simulation values showed that for 

given mixing modes, the smallest unit cell volume 

(8,29∙10 -11 m3) will correspond to 20,5 – 21 minutes of 

mixing. The dynamics of a decrease in the unit cell vol-

ume during mixing is shown in Fig. 5 a. 

Verification of the model was carried out by com-

paring the results obtained from the simulation results 

with the data obtained in the study of samples taken dur-

ing mixing the components of the experimental composi-

tion of the HFPCM. Sampling was carried out every two 

minutes of mixing. As a comparable parameter, the den-

sity of the mixed composition was measured as the recip-

rocal of its volume, formed by a set of unit cells (simu-

lated parameter). During the mixing of the experimental 

composition, it was found that the maximum density 

(1922 kg / m3) was achieved from 21 to 22 minutes of 

mixing. The dynamics of changes in the density of the 

mixed composition is shown in Fig. 5 b. 

 
 

Figure 5. Verification results of the mixing model: a) dynamics of obtaining the minimum unit cell volume; b) 

the dynamics of changes in the density of the mixture  

 

  

a) 
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A comparison of the diagram characterizing the dy-

namics of the change in the unit cell volume obtained dur-

ing the simulation and the diagram reflecting the nature 

of the change in the density of the mixed composition 

makes it possible to conclude that the model matches the 

real mixing conditions. 

Conclusions 

The approach of modeling the process of mixing 

the HFPCM components, based on the use of one of 

the heuristic methods, i.e. "metal annealing", is consid-

ered. The process of a uniform distribution of all com-

ponents in the HFPCM is formalized. When formaliz-

ing the mixing process, the probabilities of obtaining 

the densest packing of particles of solid-phase compo-

nents, cladding of their surface with polymer material 

were taken into account, and the possibility of mini-

mizing voids by filling them with a liquid-phase com-

ponent of the HFPCM was analyzed. 

The proposed modeling method avoids local er-

rors in the study of the formation process of the densest 

packing of particles of solid-phase components during 

their mixing, filling the formed voids with a liquid-

phase polymer material and cladding the surface of the 

mixed particles with it. The presence of such a model 

makes the mixing process more predictable, providing 

the HFPCM manufacturer with the required technolog-

ical information. This makes it possible to improve the 

technological process by obtaining appropriate modes 

at the stage of its development and thereby obtain the 

methodological basis for the formation of a quality 

management system in production. 
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