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Abstract: The article presents the results of research on the production of effective inorganic fillers and
chemically resistant composite polymer-mineral materials based on industrial waste. The aim of the work is to
develop the technological foundations for the production of inorganic fillers and highly filled filling
compositions for use in chlorine-containing media. Materials with high resistance to hydrochloric acid are
graphite and quartz sand. Thermal power plant (TPP) ash was used as an acid-resistant filler in the
compositions. The simplex lattice planning method was used to determine the areas of compositions with the
best properties. Two components were selected: formaldehyde rubber resin and mineral filler (TPP ash) as a
binder. As the third component, hydrolytically active fillers were used - anhydrite, phosphogypsum and
phosphorus production slag. A preliminary operation was performed to remove hygroscopic moisture from
the filler. The influence of the nature of mineral fillers on the chemical stability and durability of the obtained
composites is investigated. The nature of the interaction of mineral fillers with a polymer binder was
determined, and chemical interaction of the hydroxyl groups of the filler and the methyl groups of the polymer
took place. The mathematical planning method was used to optimize the chemical resistance and durability of
the compositions of the studied substances. Based on the results of this study, optimal compositions of
compositions, anhydrite, phosphogypsum and phosphoric slag were selected. These composites, with the
highest possible degree of filling, have high target characteristics.

Keywords: composite material; mineral filler; phenol formaldehyde; anhydrite; phosphogypsum;
phosphate slag

1. Introduction

The creation and production of effective structural materials based on local natural and
technogenic raw materials remains an urgent problem for Kazakhstan. This is especially true for
multifunctional materials, combining high chemical resistance, strength, electro-physical properties
[1].

Currently, the production of polymer products from polypropylene (PP) has been increased
[2,3,5]. The growing interest in polymer is not accidental. PP has a good combination of physical and
mechanical, thermophysical, electrical properties, as well as good processability compared to other
thermoplastics, which creates a strong competitive position in the world market'“. However, large
market demand puts forward new requirements for general and technical products obtained from
polymer: an increase in hardness, stiffness, impact strength, and heat resistance. The use of mineral
fillers allows you to adjust the technological and thermal deformation parameters, reduce cost,
increase strength characteristics, give decorative properties. Modification of PP is usually achieved
in the process of polymer processing, by introducing filler into the polymer melt, which allows to
optimize the process of obtaining products with desired performance properties. Widespread as
mineral fillers for PP are: talc, chalk, asbestos, mica content of which is 20 - 40% of the mass.

Mineral fillers are used primarily to reduce shrinkage, residual stresses and tendency to crack,
as well as increase the strength characteristics [8,9,19,21].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Powdered polymers, such as polyvinyl chloride, polyethylene, polyformaldehyde,
polytetrafluoroethylene, etc. can also be used as dispersed fillers [15,16,29]. They increase chemical
resistance, and together with other dispersed and fibrous fillers, they improve wear resistance,
friction coefficient, and dielectric characteristics. Their efficiency increases if, during the process of
obtaining and processing PCMs, they do not melt, but are stored as particles of an independent phase
[31-33].

In this work, the initial prerequisite for the choice of fillers was the introduction of a number of
substances into their composition that can systematically change the binding rate of the water
released in the polycondensation process, that is, thereby directly affect the rate and depth of
polymerization of the binder and curing of the composition.

Materials and Methods

Resol phenol - formaldehyde resins (RPFR) are widely used in the production technology of
composite materials for various purposes [4,7,10,11,30]. These resins, along with the availability,
cheapness and simplicity of the technology for preparing compositions, have a number of
disadvantages [12,14,17,18,24].

The ash of Almaty TPP was used as an aluminosilicate acid-resistant filler [22,23,25]. As a binder
in polymer-mineral filling compositions, phenol-formaldehyde resin of a resol type was used, in
particular “arzamite-solution” of various grades [13,20].

Phosphorus production resins are characterized by a rather stable chemical composition, which
mainly turns off the following components, wt.%: SiO2-41.0 - 4.0; CaO-45.4 - 47.2. Phosphogypsum
contains, wt.%: CaO-30.0 - 33.0, SOs-42.0 - 45.0. The chemical composition of the raw materials used
is presented in Table 1.

Table 1. Chemical Composition of Raw Materials.

The name of Composition,mass%
material SiO2 Al Os CaO MgO  Fetotal SOs P20s >
Phosphogypsum  11.0 7.5 32.4 - - 42.5 6.0 99.4
Phosphorus 43.4 1.2 47.6 3.7 0.3 0.6 1.5 98.3
resins - - 41.2 - - 58.0 - 99.2
Anhydrite C tim
Ash of TPP 61.3 29.3 0.9 0.7 3.2 3.6 - 99.0

Before introducing into the filling composite, it is necessary to perform preliminary operations
associated with the removal of hygroscopic moisture from the filler, grinding and sifting it. To
determine the optimum dehydration temperature, a differential - thermal analysis of all starting
materials and their mixtures was carried out.

The process of preparing powdered fillers included the following operations: drying at a
temperature of 200 °C, grinding in a ball mill, sifting through a No. 008 sieve. Pre-calcined ashes of
TPP at a temperature of 900 °C  to remove unburned particles and activate the surface. Fillers are
mixtures of various substances, with the exception of anhydrite, which is a monomineral slow-setting
gypsum binder (CaSOs) [27]. The use of anhydrite along with phosphogypsum, as well as phosphoric
resins and ash from TPP, expands the ability to control the speed and depth of curing of the binder
[33,34].

Based on the indicated mineral fillers, composites with a 50% filling were prepared, containing,
in addition to the filler, a polymer binder - Arzamit-5 phenol-formaldehyde resole resin and
hardener-benzenesulfonic acid dissolved in ethylene glycol - BSA + EG.

Filling composites were prepared as follows. Bulk components and arzamite solution were
weighed out. The mixture was thoroughly mixed until a homogeneous mass was added to which the
hardener was added. The resulting mixture was re-mixed for another 10-15 minutes. A homogeneous
mass was poured into a vibroform without lubricating it. Vibration was carried out for 10-30 minutes
at a vibration frequency of 100 Hz. The cured samples were removed from the vibroforms, adjusted
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by mechanical processing to the specified sizes, and their properties were studied by various
methods.

Further research was devoted to the search for new compositions of mineral fillers and filling
composites based on them, with the aim of improving both the strength properties of composite
materials and corrosion resistance [6].

Previously, the chemical resistance of a number of mineral fillers was determined, because,
despite the polymer enveloping the filler grains, in some cases it may be in direct contact with an
aggressive environment®.

Results and Discussions

The materials with high resistance to hydrochloric acid include graph, quartz sand. Good
resistance is characterized by the ash of TPP, which was used as an acid-resistant filler in the
compositions. In order to determine the areas of compositions with the best characteristics and
establish optimal ratios of the components of the casting compositions, we used the simplex - lattice
planning method of the experiment. In the composition of the compositions, the two components
remained constant - this is a binder (PFR) and a mineral filler (ash from TPP). Hydrolytic active fillers
- anhydrite, phosphogypsum, and phosphoric resins- were used as the third component [26,28]. For
each series of compositions, 15 composites were prepared with different ratios of components.

Table 2 presents the planning matrix. which includes the ratio of components and the results of
measuring the properties for the composite “arzamite (Xi) - ash (X2) - anhydrite (Xs)”. The
optimization of the composite of the casting compositions was carried out according to two main
target characteristics - the chemical resistance of the cured composites in 30% HCl and strength
(breaking stress under compression). To obtain initial data for mathematical processing experimental
determinations of the indicated properties were carried out using 15 composites.

Table 2. Planning matrix and results of measurements of chemical resistance and strength of the
composite "PFR-ash-phosphogypsum" at 20 °C.

Component, fractionofunits Chemical .
. . Tensile strength
No. X1 Xz Xs Persistencein under compression, MPa
30% HCl,% ’
1 1 0 0 98.0 95.0
2 1 0 85.4 50.2
3 0 0 1 52.2 424
4 Y2 1/2 0 90.6 75.1
5 Y2 0 1/2 71.0 54.8
6 0 1/2 1/2 48.8 40.5
7 Y4 1/4 0 93.2 68.8
8 Va 3/4 0 80.3 60.1
9 Ya 0 1/4 75.1 754
10 Ya 0 3/4 524 54.9
11 0 3/4 1/4 60.7 45.1
12 0 1/4 3/4 50.1 50.5
13 Y2 1/4 1/4 95.3 70.6
14 Ya 1/2 1/4 84.6 55.4
15 V4 1/4 1/2 65.0 50.2

Similar experiments were carried out for the remaining composites. A composite composition-
property diagram for the three studied composites is shown in Figure 1. Chemical resistance contours
of 30% HCI at 95% for the three composites are shown by solid lines and the strength contours (30.
40. 50. 60 MPa) for the composite "arzamite-ash-anhydrite" are indicated by a dotted line. As follows
from comparing the data for various composites compositions with satisfactory properties are limited
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to the areas located at the bottom of the diagram. This indicates that the content of component X3
should be minimal (no more than 20%). The optimal compositions for the composites "arzamite-ash-
anhydrite" show a wider area of the chart, compared with other composites. Moreover, the
composites with maximum strength and chemical resistance overlap well in the region of a rather
high total filler content (40-60%).

A
AVAVAYASAVAYAYAN
WAV, A AW

Figure 1. Diagrams of the "composition-property” of the filling composite. PFR (XI) - ash of
TPP (X2) - anhydrite (X3). 1 - "Composition - Chemical Resistance in HCI", %; 2-"Composition -
Strength," MPa.

The region of the highest compressive strength values of the cured composites (60 MPa) is
located near the X1 angle (PFR).The regions of the compositions with maximum strength (60 MPa)
and chemical resistance (95%) overlap well within a rather high aggregate filler content (40-60%).
Thus, regions of optimal composites of the PFR-ash-anhydrite system have been determined. These
compositions comprise indicated components in the following proportions, mass %: PFR 40-60; ash
20-40; anhydrite 10-25.

Similar studies have been carried out for the composite material in the system "arzamite-ash-
phosphogypsum." The composition-property diagrams for the composites of the arzamite-ash-
phosphogypsum system are shown in Figure 2. Isolines are built on diagrams "composition-
property”" of equal values of chemical resistance (75,80,85,90, 95%) in 30% HCI and strength
(30,40,50,60MPa) corresponding to destructive stress at compression of cured composites.
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Figure 2. Diagrams of the "composition-property" of the filling composite. PFR (XI) - ash of
TPP (X2) - phosphogypsum (X3). 1 - "Composition - Chemical Resistance in HCI", %; 2 -
"Composition - Strength," MPa.

The range of phosphogypsum filling composites having high chemical resistance (not less than
95%) to hydrochloric acid is more limited than for anhydrite compositions.

The isothermal section at 20 °C (Figure 2a) also showed a clear pattern of a decrease in the
chemical resistance of cured filling composites as the content of hydrolytically active filler
phosphogypsum increases. Thus, as the phosphogypsum content increases from 20 to 40 mass %, the
chemical resistance of the composites in 30 % hydrochloric acid decreases from 95 to 75%, i.e. the
addition of 1% by mass of phosphogypsum to the composite causes (as with anhydrite) 1% reduction
in the chemical resistance of the material.

In the case of using phosphorus slag as an active filler (Figure 3), there is also a noticeable shift
in the areas of compositions with high chemical resistance towards the angle X1 (PFR). The content
of phosphorus slag in the area of the highest chemical resistance values (95%) is limited to 10-15 wt%.
The amount of aluminosilicate filler added - TPP ash - can also be varied in a narrower range - from
25 to 40 wt%. The amount of binder (PFR) ranges from 45 to 60% by weight.
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Figure 3. Diagrams of the "composition-property" of the filling composite. PFR (XI) - ash of TPP (X2)
- phosphoric slag (X3). 1 - "Composition - Chemical Resistance in HClI", %; 2 - "Composition -
Strength," MPa.

The dependence of strength on qualitative and quantitative composition of cured composites
has a similar character. When adding phosphorus slag to the casting composite in the amount from
15 to 40%, there is a monotonic decrease in the strength of the cured composite material from 60 to
30 MPa. There is a shift of isolines of high values of strength (40, 50, 60 MPa) towards increasing
concentrations of binder (PFR) in composites.

The region of highest strength values (60 MPa) is located near the angle X1 (PFR).

At combination of diagrams "composition-chemical resistance" and "composition-strength" for
composites of system "arzamite - ash - phosphorus slag" the areas of compositions with maximum
strength (60 MPa) and chemical resistance (at the level of 95%) overlap within the limits of the total
content of hydrolytically active and acid-resistant fillers 35-45%. Thus, the areas of optimal
compositions of composites of PFR-ash-phosphorus slag system were determined. These
compositions include the specified components in the following ratios, mas. %: PFR 40-60; ash 20-40;
phosphorusslag 10-15.

Thus, using the method of mathematical planning of the experiment, the areas of optimal
compositions for three composite systems were determined, including mineral hydrolytically active
fillers (anhydrite, phosphogypsum, phosphorus slag), acid-resistant filler (TPP ash) and polymer
phenol-formaldehyde binder (PFR - resin "arzamite-5").

Analysis of the diagrams showed that the areas of compositions with optimal properties for all
studied composites occupy small areas on the concentration triangle and are concentrated at the
bottom of the diagrams. There is an increase in properties for all composites as the content of
hydrolytically active fillers in the casting composites decreases, as well as a shift of isolines with high
properties towards the angle of the binder XI (PFR).
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The permissible limits of the content of each of these components in chemically resistant casting
composites were indicated, at which the target characteristics of the cured test composites are at a
fairly high level: their chemical resistance in 30% hydrochloric acid is not less than 95% and the
compressive strength is not less than 60 MPa.

The conducted studies allowed us to determine the areas of compositions of composites with
optimal properties (Table 4).

Table 4. Components and properties of optimal composites.

The contents of the composites, mass%

Components 1 > 3 1 5
Phosphogypsum 15.0
Phosphorusresins 15.0
Anhydrite 15.0 15.0 15.0
Ash of TPP 20.0 20.0 20.0 25.0 30.0
PFR + BSA 65.0 65.0 65.0 60.0 55.0
Cureconditions
Temperature, °©C 120 120 100 110 120
Time,min 240 200 120 160 180
Chemicalresistance,%
30% H2S0 4 96.6 98.8 97.0 98.5 99.3
30% HCl 96.2 97.4 96.0 97.5 98.0
20% NaOH 96.0 96.7 96.0 97.1 97.5
Tensilestrength, MPa
Atcompression 45.3 53.0 50.2 57.0 60.2
Atbending 18.7 23.4 21.1 25.3 28.0

The most limited range of compositions with optimal property values are those with phosphoric
resins. Compositions using phosphogypsum in this respect occupy an intermediate position. Thus.
the areas of composition compositions with satisfactory target properties - chemical resistance and
strength - were determined.

The nature of the interaction of mineral fillers with a polymer binder was studied, and it was
shown that during the curing of the composition at the binder - filler interface. chemical interaction
of the hydroxyl groups of the filler takes place. the chemical interaction of the hydroxyl groups of the
filler and the methyl groups of the polymer with the formation of Si-O-R and Ca-O-R bonds. The
method of simplex - lattice planning was used to optimize the chemical resistance and strength of the
compositions of polymer - mineral casting compositions. to determine the areas of optimal
composition of compositions using ash from TPP, anhydrite, phosphogypsum and phosphoric slag.

The next step was the study of various factors on the properties of the compositions and the
determination of the most promising compositions of compositions within certain optimal areas.

The properties of PFR and compositions based on them are directly dependent on the degree of
curing. The higher the degree of cure of the resin,the better its heat resistance. Physicomechanical
and dielectric properties however, according to the literature, the maximum degree of cure is not
always the best option for composite materials based on PFR of the resole type. On the contrary, it is
not recommended to achieve very hardened curing, as this can lead to shrinkage of the material, the
appearance of external and internal cracks in it. In this regard, a more objective assessment of the
compositions can be obtained by comparing their properties. especially strength characteristics and
chemical resistance.

One of the products of the polycondensation process as you know, is water, the presence of
which adversely affects the properties of the composition. The introduction of hydrolytically active
substances that bind water should lead, according to the Le-Chatelier principle. To a shift in the
equilibrium of the polycondensation reaction to the right, i.e. to increase the degree of cure [34—
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36]. Indeed, as follows from Figure 4. when the content of anhydrite,phosphogypsum and
phosphorus resins in the compositions is calculated, the degree of curing of phenol-formaldehyde
resin increases to a certain limit, after which the degree of curing remains almost unchanged with an
increase in the content of fillers.
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Figure 4. Effect of the content of anhydride,phosphogypsum and phosphorus resins on the degree of
cure of phenol-formaldehyde resins.

For all studied fillers, the effective content of hydrolytically active components in the
compositions is 15-20% with a total degree of filling at the level of 40-45%.

Figure 5 shows the dependence of the chemical resistance of the resin-ash composition with
anhydrite,phosphogypsum and phosphoric resins with 50% filling on the content of the introduced
hardener. As the amount of hardener introduced increases to a certain limit, the chemical resistance
of the composites also increases, after which the value of the properties decreases. Optimum for
compositions with anhydrite is a hardener content of 2.5-3.0% of the total weight of the composition.

95

~ (] [0} (e}
ol o ol o

Chemical resistance

-~
o

0.5 15 2.5 3.5
content of the curing agent

Figure 5. The dependence of the chemical resistance of the composites on the content of the
introduced hardener.

For compositions with phosphoric resins and phosphogypsum the optimum norms of hardener
are 2.3% and 3.3%. respectively.

This is obviously due to the different hydrolytic activity of the introduced fillers. Which take part
in the polycondensation of PFR. We explain the decrease in chemical resistance for all samples by a
high degree of curing of the binder, which causes internal stresses in the sample, the formation of
microcracks, violation of encapsulation and other structural defects of the composites.
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The dependence of the strength and chemical resistance on the degree of filling is shown in
Figure 6. At first, there is a slight increase in both corrosion resistance and compressive strength and
then with an increase in the filler content above 50% these indicators decrease. This is due to data
from petrographic analysis with insufficient wetting of the filler particles with a binder, violation of
their encapsulation, uneven distribution of fillers in the sample mass.

120
——1

110 ——2

&

2100

=

=, 90

c

8

3 80 — P —e
70 - ——
60

20 25 30 35 40 45 50
degree of filling

Figure 6. Dependence of the strength and chemical resistance of composites on the degree of filling.

According to the results of the studies, it can be concluded that the content of chemically
unstable hydrolytically active fillers in the compositions should be limited and the content of
chemically stable minerals should be maximum.

It is known that the filler content in the composite has a great influence on its strength and
deformation properties. In this case, the optimal degree of filling substantially depends on the nature
and dispersion of the filler, the method of its introduction into the composition.

To study the influence of the degree of filling on the properties of the compositions, ash and
hydrolytically active fillers were selected. The content of hydrolytically active fillers in all
compositions was 15%. The total degree of filling varied from 15 to 60 %wt.
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Figure 7. Dependence of compressive strength on the degree of filling of composites. I - composite
with anhydrite, 2 - composite with phosphogypsum

Ch.,r%
100
90
J0 1 | | 1 -
20 30 40 50
Filling, %

Figure 8. Dependence of chemical resistance of samples on the degree of filling of composites.

The results of experimentsshow that with an increase in the curing temperature to 120°C the
chemical resistance and strength of the composites increase, curing of samples at higher temperatures
leads to a deterioration of these properties. This is due to the fact that when the liquid composites are
heated, their viscosity decreases, gas and vapor evolution, compaction of the structure and porosity
decrease are facilitated.

Above 120 °C a sharp acceleration of the curing reaction occurs, internal heating of the sample,
expansion and deformation of the mass, which leads to numerous defects that reduce the properties.
According to published data, at temperatures above 150 °C the polymer matrix is degraded.Thus, the
optimum temperature range of curing for the studied compositions is 100-120 °C.

Based on the results of the studies, the optimal compositions were selected, shown in table 5.
These composites at the highest possible degree of filling, have high target characteristics.

The optimal composites of these compositions were subjected to long-term tests of chemical
resistance in acidic and alkaline environments. The test duration was up to 30 days at room
temperature. The nature of the dependences of chemical resistance on exposure time for all samples
is similar. Weight loss of the samples is observed in the initial period of exposure to an aggressive
environment. and then the mass stabilizes. No visible changes in the surface state of the samples were
observed.

For the composites obtained during testing, some basic physical and mechanical characteristics
were determined, the indicators of which are given in Table 5.
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Table 5. Characteristics of experimental casting composites.
Number of composites
. Indi

No ndicator name 1 > 3 1 5
1 Density, g/cm? 137 138 138 137 1.39
2 Heat resistance according to Martens, °C 159 142 156 151 164
3 Linea rexpansion coefficient 107 400 441 48.0 50.7 48.0
4 Temperature of destruction, °C 250 255 250 260 250
5 Water absorption, mg 37 - 34 39 38
6 Shrinkage, % 047 046 041 047 042
7 Beats volumetric Electronresistance, Om 3.6 7.4 8.8 9.1 1.3

Beats on top
8 Electron Resist, Om/cm 74 95 6.2 8.7 76
Electric strength,
9 MV/m 20 177 178 183 183
Conclusion

The possibility of using local non-deficient technogenic mineral fillers to obtain polymer-mineral
casting chemically composite materials has been investigated. The decisive influence of the nature of
the mineral fillers of the casting compositions on the chemical stability and strength of the resulting
composites is shown.

As follows from the data presented, the materials obtained on the basis of developed fillers and
casting compositions have good strength, thermal, electrophysical properties, which are at the level
of requirements for such materials.

The effect of hydrolytically active mineral substances on the process of polycondensation of the
polymer matrix, the properties and degree of cure of composite materials are studied.It is established
that as a result of the process of binding of polycondensation water with a hydrolytically active filler,
the properties of the cured composite increase, which is obviously due to an increase in the adhesion
of mineral fillers to the binder.Based on the optimal compositions, casting compounds are
synthesized, their physical and chemical,physical and mechanical, thermal, electrical and other
operational characteristics are determined.

Pilot production tests of the developed technology carried out at scientific-research institute
Stromproekt JSC confirmed the correct choice of composites and technological parameters, as well as
the prospects for the production of polymer - mineral casting composites.
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