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Abstract. Methods of direct and indirect assessment of the quality of mixing dispersed solid-phase components in a lig-
uid polymer binder are considered. It is shown that a number of methods for the quantitative estimation of mixing (associated
with the extraction of solid-phase components), which have been developed in other areas of the technology of materials,
are not suitable for controlling an energy-saturated heterogeneous composite material (EHCM). An experimental method
revealed the criteria values (a range) of the EHCM density and determined the main groups of the EHCM characteristics,
ensuring their acceptable operational properties. By means of modern research equipment using proven methods, a series of
studies was carried out to establish the uniformity of the distribution of particles of solid-phase components in the EHCM,
the presence, the shape, sizes and distribution in the volume of defects in the structure of the material, the physicomechanical
properties of the EHCM after polymerization. According to a comparison of the results of instrumental determination of the
main characteristics of the EHCM (structural, physical) with the operational properties of the material, depending on the
duration of the mixing process on a specific equipment under otherwise equal conditions, it was found that for the successful
solution of technological tasks it is acceptable to assess indirectly the quality of mixing according to the results of density
determination of the EHCM after its polymerization. This can provide operational output quality control of the final product
that does not require significant material and time costs during the development of technological processes and during the
production of the EHCM.
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KOHTPOJIb KAYECTBA CMEHIUNBAHUSA KOMIIOHEHTOB DQHEPI'OHACBIIEHHOI'O TETEPOI'EHHOI'O
KOMIIO3MITUOHHOI'O MATEPHUAJIA

AnHoTanus. PaccMoTpeHs! CrocoObl HEMOCPEACTBEHHOW M KOCBEHHOI OIEHKHM KauecTBAa CMELIMBAHMS JUCIIEPCHBIX
TBepA0(ha3HBIX KOMIIOHCHTOB B JKHMJKOM IIOJIMMEPHOM CBsi3yromeM. [lokazaHo, 94To psia MONTYYHBIINX Pa3BHTHE B APYTUX
00JacTsAX TEXHOJIOIMH MAaTEPUAIOB CIIOCOOOB KOJMYECTBCHHOMH OLEHKH CMEIINMBAHMs (CBS3AaHHBIX C DKCTPAKLUEH TBEPIO-
(ha3HbIX KOMIIOHEHTOB), HE NMPHUIOJICH JJIi KOHTPOJIS SHEPrOHACHIIEHHOTO I'eTEPOreHHOr0 KOMIO3UIIMOHHOIO MaTepHaa
(BT'KM). DkcneprMeHTaIbHBIM CIIOCOOOM BBISIBIICHBI KpUTEpUaIbHbIC 3HaUeHHs (Auana3zon) miaotHocT D' KM u onpene-
JICHBI OCHOBHBIE Irpynnbl xapakrepuctuk DI'KM, obecrieunBaromux npremiieMble KCITyaTallHOHHBIE CBOWCTBA JJAHHOTO
Mmarepraia. C HCIONB30BaHUEM COBPEMEHHOTO0 000pYAOBAaHMUS IO alipOOMPOBAHHBIM METOAMKAM HMPOBEJCH KOMILIEKC HC-
CJIEIOBAHUH 110 YCTAHOBJIEHHUIO CTENEHU paBHOMEpHOCTH pactpeneneHus B O’ KM vacTun TBepaoda3HbIX KOMIIOHCHTOB,
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Hanu4us, GOPMBL, Pa3MEpPOB U pacupeeieHus B 00beMe IepeKTOB CTPYKTYPBl MaTepHaa, pU3HKO-MEeXaHUIECKUX CBOWCTB
OI'KM nocne nmonuMepunsanuu. Ha ocHOBe comocTaBiIeHHUs pe3ylnbTaToB HHCTPYMEHTAIBHOTO ONPECNICHUsS] OCHOBHBIX Xa-
pakrepuctuk OI' KM (CTpyKTypHBIX, GU3NUECKUX) C IKCILTYaTallHOHHBIMHU CBOMCTBAMH MaTepHala B 3aBHCHMOCTH OT JUIH-
TEJBHOCTH IPOIlecca CMEMIMBAHUS Ha KOHKPETHOM 00OpPYJOBaHHH IIPU NMPOYMX PABHBIX YCIOBHUSX yCTAaHOBIJICHO, UTO IJIS
YCHENTHOTO PEIICHHS] TeXHOJIOTUYECKUX 3a7ad MPUEMIIEMBIM SIBISIETCS CIIOCO0 KOCBEHHOI OICHKH Ka4eCTBA CMEUIMBAHMUS
1o uroram omnpezaeneHus mwiotHoctn DI'KM mocie ero noammepuzannu. DTUM MOXET OBITH 00ecIedeH OnepaTHBHEII BbI-
XOJIHOI KOHTPOJIb KaueCcTBa KOHEYHOTO IIPOJYKTa, He TPeOYIOINH 3HAUUTEIbHBIX MaTePHaJIbHBIX U BPEMEHHBIX 3aTpPaT, IPH
pa3paboTKe TEXHOJIOTMUECKUX MPOLIECCOB U B Xoe nmpousBoacTea I KM.

KnroueBnle cjioBa: OHEProOHACBIIICHHBIEC T€TEPOr€HHBIC KOMIIO3UIITUOHHBIE MAaTC€pHUaJIbl, KOMIIOHEHTbBI, KAYE€CTBO CME-
MIMBaHUS, KOHTPOIb, METOABI UCCIEIOBAHNS, KPUTEPUU OLIEHKU

Juasi uutupoBanus: Kpusonoc, O.K. KoHTponp kauecTBa cMEIIMBAaHHMS KOMIIOHEHTOB SHEPrOHACHIIICHHOTO TeTe-
porenHoro kommosunnonHoro marepuana / O.K. Kpusonoc, A.®. Unsromenko, E. E. [lerromuk // Bec. Han. akan. HaByk
Benapyci. Cep. ¢i3.-oxH. HaByk. —2020. — T. 65, Ne3. — C. 263-271. https://doi.org/10.29235/1561-8358-2020-65-3-263-271

Introduction. Energy-saturated heterogencous composite materials (EHCMs), used as an ener-
gy source in technical systems operating on jet thrust, are produced by mixing polydisperse particles
of solid-phase components in one or more liquid-phase binders. After mixing all the components of
EHCM, the resulting composition is formed and its liquid phase is polymerized. Changing the perfor-
mance characteristics of the product produced after polymerization becomes impossible (except for ad-
justing the size and shape).

Therefore, mixing of the components is one of the most critical technological operations in the ge-
neral diagram for producing EHCM, which determines the quality of the final product. This circum-
stance makes it necessary to control the quality of mixing of EHCM components.

Formulation of the research task. For the production of EHCM, solid-phase powder components
chosen in accordance with the approaches described in [1] are introduced into the composition of the
polymer binder in a certain sequence. In order to obtain the densest packing of particles of these compo-
nents, as a rule, fractions of various sizes are selected, forming a structure with minimal cavities during
mixing [2], which are filled with a liquid-phase binder.

Much attention is paid to the quality of mixing powder solid-phase components in powder metallur-
gy, pharmaceuticals, agriculture, construction and other industries, where the preparation of structurally
similar composite systems is carried out. In these industries, appropriate methods for controlling the
uniformity of mixing of components have been introduced into the production process [3, 4]. The main
part of these methods involves the use of various instrumental methods for separating fractions or com-
ponents of a mixture according to their characteristic features and assessing the number of each of them
in the selected sample.

Due to the presence of a polymer in the composition of EHCM, which is a liquid phase at the mix-
ing stage, the research results carried out in Ref. [3, 4] cannot be fully used to assess the uniformity of
the distribution of solid-phase components. Mixing of a polymer with polydisperse particles of a solid
phase, which are introduced to strengthen it, is carried out in the construction, machine, tractor, aircraft
and other industries to produce polymer-based construction materials. The mixing process of such mate-
rials was investigated in Ref. [5, 6, etc.]. Most of the traditionally used methods for assessing the quality
of mixing the components of a highly filled polymer involve the burning of the binder component or the
extraction of solid phase components, followed by a quantitative assessment of the extracted powder ma-
terials. The use of such methods in the technology for producing EHCM is impossible due to the reactive
nature of some of its components, which are prone to chemical decomposition at relatively low tempera-
tures (¢ > 150 °C). This can cause uncontrolled combustion of the mixed mass.

The use of methods for non-destructive control of polymer-based composite materials, considered in
Ref. [7], requires their adaptation due to the increased reactivity of EHCM and the peculiarities of the
technological stages of its production. Also, for the application of non-destructive control methods, a sta-
tistical database is needed to compare the results obtained with the one already available in it. Taking
into account the foregoing, the task of the study is to select methods for assessing the quality of mixing
of EHCM components, determine the algorithms for their application, verify these methods using the
example of the existing technology for producing EHCM, formalize the input data and the resulting final
values, as well as develop rules for interpreting the results obtained.
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Research materials and discussion. To conduct a study and determine approaches to control the
quality of mixing in accordance with the thermodynamic calculations carried out in Ref. [1], the com-
position of EHCM was chosen, in which the liquid phase is 14 wt.%. The solid phase is particles of
micro- and nano-size. For a visual representation of the objective function of the process of mixing the
components of EHCM in Ref. [§], a geometric model of a unit cell with a coordination number of 12 was
developed, which is formed with a hexagonal dense packing of solid phase particles. When developing
this model, in order to achieve the densest packing of the oxidant particle (the main component of the
solid phase), two fractions were picked up, the median sizes of which were 240 and 50 pm.

Taking into account the characteristics of the unit cell in Ref. [1], the calculated values of the mixing
quality of the EHCM components were determined, which are subsequently used for instrumental con-
trol at all stages of its production. Based on the results obtained in the course of calculations and mode-
ling, the input requirements for the EHCM components are formulated, in accordance with which they
are selected and the following characteristics are controlled:

the chemical composition of the components, which determines the required stoichiometrys;

particle size distribution and morphological properties of powder components;

physicochemical properties of the polymer binder (molecular weight, number of functional groups,
viscosity, moisture, and etc.).

After analyzing the measurements of the characteristics of the EHCM components, some operating
modes of the technological equipment or the sequence of technological operations of the mixing process
can be refined.

In the course of mixing the components of EHCM, a complex of tasks is solved. According to the
results its operational properties are formed. First of all, these tasks are following [1]:

achieving a uniform distribution over the volume of EHCM of all solid-phase components and prepa-
ration of a homogeneous composition;

obtaining the densest packing of particles of the solid phase due to their rational distribution in the
volume of EHCM, depending on the linear dimensions and properties;

filling cavities formed in the packing of particles of solid-phase components with a liquid poly-
mer binder;

wetting the entire surface of the solid-phase particles with liquid-phase components.

Due to the uniform distribution of the components, the stability of the performance characteris-
tics of the product made of EHCM is achieved, and, accordingly, the stability of technical system that
includes this product. The absence of cavities in the packing of particles of solid-phase components
reduces the probability of an uncontrolled increase in the area of combustion of EHCM, and the densest
packing gives the best value of the energy properties per unit volume of the resulting composite mate-
rial. By wetting the entire surface of the particles, the formation of a structure-forming matrix with the
required value of adhesion strength is achieved, which provides the specified physical and mechanical
properties for the EHCM product.

Taking into account the importance of each of the above tasks in the formation of the operational
properties of EHCM in Ref. [1], the characteristics were investigated and evaluation criteria were pro-
posed that determine the degree of their fulfillment. These characteristics include:

the degree of uniformity of particle distribution of solid-phase components in EHCM;

absence/presence of cavities in the EHCM product, their sizes, shapes and volume distribution;

the density of the resulting EHCM;

physical and mechanical properties of EHCM after polymerization.

Their measurement is carried out taking into account the physicochemical properties of the compo-
nents and EHCM as a whole, typical for each stage of the technological process of its production.

Experimental set up and analysis of results. To determine the methods of studying the properties
that characterize the degree of fulfillment of mixing tasks, an experimental composition of EHCM was
produced. In the process of its production, the results of producing EHCM at each of the technological
stages were investigated and the methods of their control were considered. Production technology of the
experimental composition, due to the presence of nanoscale antioxidant powders in the composition of
solid-phase components, assumed the production of EHCM in two stages.
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Dynamics of surface area At the first stage, the preparation of powder
components was carried out, during which
Component Speific |weight,| %% | nanoscale components (anti-oxidizing agent)

2 kg 2 : :
area, m’/g area,m”|  from an alcohol suspension were deposited onto
Before adhesive deposition the surface of particles of the large fraction of
Oxidizing agent (large fraction) 0.425 |2.9851417.9 the oxidizing agent (240 pwm). The deposition of
Anti-oxidizing agent 430 | 0.015| 6450 nanoscale particles was carried out in accordance
After 2 h of adhesive deposition with the technology described in Ref. [9].
Oxidizing agent (large fraction) In the course of deposition, the uniformity of
with deposited anti-oxidizing agent | 2.17 3 | 6491 the distribution of nanoscale components on
After 4 h of adhesive deposition the surface of the large fraction particles of the
Oxidizing agent (large fraction) ammonium salt of perchloric acid and the change
with deposited anti-oxidizing agent | 1.965 | 3 | 5868 | ip the surface area of the particles of the mixed

EHCM components were studied.

To assess the uniformity of distribution, collection of samples was carried out from time to time
and changes in the surface area of the interacting particles were analyzed. The assessment of changes
was carried out by measuring the specific surface area and calculating the surface area of the particles
intended for subsequent wetting with a liquid-phase binder. The specific surface area was measured
by the BET method on SA 3100 surface area and pore size analyzer (Beckman Coulter, Inc., USA).
The results of measuring the specific surface area and total area of the particles of the selected samples
of the oxidizing agent (large fraction) and anti-oxidizing agent before deposition, after 2 h and 4 h of
deposition are presented in Table.

The results were evaluated taking into account changes in the surface morphology of large fraction
particles of the oxidizing agent. The surface morphology was surveyed using high-resolution scanning
electron microscope Mira (Tescan, Czech Republic). Thus, the results of the morphological analysis of
the surface of the large fraction particles of the oxidizing agent before deposition (Fig. 1, a), after 2 h and
4 h of deposition of the anti-oxidant particles are shown in Fig. 1.

The analysis results showed that after two hours of adhesive deposition, the total surface area of the
particles decreased by 17.5 %. At the same time, during the study of the surface morphology of the oxi-
dant particles, the presence of agglomerates (Fig. 1, b) of the anti-oxidizing agent on their surface was
revealed. Taking into account the obtained values, the process of mechanical impact on the deposited
surface and nanoscale anti-oxidant particles continued until their relatively uniform distribution was
obtained. Thus, over the next 2 h, the total surface area of the particles decreased by another 6.7 %, and
a more uniform distribution of anti-oxidant particles over the deposited surface was obtained (Fig. 1, ¢).

At the second stage, solid-phase powder components were mixed in the medium of a polymer binder,
including powders of the large fraction of the ammonium salt of perchloric acid, with nanoscale anti-
oxidant particles deposited on the surface of their particles. The components were mixed in SP-15 plane-

MIRA3 TESCAN MIRA TESCAN
b

100 pm

218 Performance in nanospac

100 pm

Digital Microscopy Imaging

Fig. 1. The results of morphological analysis of the surface of the large fraction particles of the oxidizing agent: a — before

the deposition of nanoscale additives, b — after 2 h of operation of the technological equipment, ¢ — after 4 h (completion of
adhesive deposition) of operation of the technological equipment
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tary mixer (Russian Federation) with two mixers. The mixing bowl diameter is 335 mm and the working
volume is 2.375 1. During mixing, the uniformity of the distribution of components in the volume of the
EHCM was assessed by sampling, polymerization of the liquid-phase binder, and evaluation of:

the formed structure and homogeneity of EHCM afterwards;

density of the produced EHCM and its compliance with the calculated value;

physical and mechanical properties of the material.

To study the structure formed during mixing, samples were taken at intervals of 5 min. Further
mixing was resumed after setting up the required pressure and temperature in the mixer bowl. After
polymerization of the binder, the selected samples were subjected to fracture along the cross section and
application of a conductive coating. The conductive layer on the fracture surface was applied by catho-
de spraying of chromium in a vacuum, and the coating thickness required for contrast was formed for
10 s of deposition.

The morphology of the samples was studied using high-resolution scanning electron microscope
Mira (Tescan, Czech Republic). The accelerating voltage during the survey was 15 kV. The results of
the morphological analysis of the composition obtained at various stages of mixing the components are
shown in Fig. 2.

According to the results of the morphological analysis of the samples taken in the 5th minute, the
presence of large (significantly larger than the particle size of powder components) cavities in their
structure was determined (Fig. 2, @). With further mixing, an ordered structure of EHCM is formed due
to a denser packing of particles of powder components and filling the cavities with the polymer binder

Performance in nanospace

10/1419 Performance in nanc

Fig. 2. Morphology of the fracture surface of polymerized EHCM samples: a — after 5 min of
mixing, b — after 10 min of mixing, ¢ — after 15 min of mixing, d — after 20 min of mixing
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(Figs. 2, a—c). The best value is typical for a sample taken in the 20th minute of mixing (Fig. 2, d).
Further mixing of the components after the ordered structuring of the EHCM led to an increase in the
load on the rotating blades of the mixing equipment (it was characterized by an increase in the power
output at the drive) and the destruction of particles. The morphological analysis of a sample taken in
25th minute of mixing the components revealed the presence of destruction of large fraction particles of
powder components in the composition of the material. The processes (wetting, cladding, rearrangement
of particles, adhesive interaction, etc.) occurring with continued mixing after the formation of a relative-
ly ordered structure of EHCM (after 20—-22 min) require additional research.

According to the results of morphological analysis, it was found that for the selected mixing equip-
ment and the composition under consideration, mixed at a temperature in the mixing chamber 7= 303—
308 K, a pressure in the bowl P = 0.075 MPa, and a blade rotation speed 20 rpm, the most preferred
mixing time is in the interval of 20—22 min.

Along with the morphological analysis of structure formation during the second stage of producing
EHCM, the dynamics of changes in the density of the material, resulted at various stages of mixing
the components, was investigated. The EHCM components were mixed for 32 min. Sampling was per-
formed every 2 min of mixing. The other conditions and operating modes of the mixing equipment were
identical to those described above when carrying out morphological analysis. The density of the samples
was measured with a PZh-2 pycnometer. The dynamics of the change in the density of the material with
the mixing of the EHCM components with the approximation reliability R? = 0.9976 is shown in Fig. 3.

1750 -
1700 -
1650 -
1600 -
1550 -
1500 4

1450 -

Density, kg / m®

1400 -

1350 -

1300 T T T T T T T T T T T T T T T T 1

Time of mixing, min

Fig. 3. Dynamics of the EHCM density during mixing of the components

It was found that the best value of the density (1687 kg/m?, which is 0.97 of the calculated one) of the
experimental EHCM was achieved at the 22d minute of mixing its components. As can be seen from the
diagram, further mixing of the components does not give a significant increase in density. In this regard,
the most preferred mixing time of the EHCM components was determined, which was 22 min.

Relatively identical results of the most preferred mixing time under the specified operating modes
of the technological equipment confirmed the possibility of using both control methods (study of the
morphology of the fracture surface of the material sample and the material density) for assessing the
mixing quality. At the same time, a method that evaluates the quality of mixing by measuring the den-
sity of a sample is more accurate, since it can quantify the measured property. Also, the assessment of
the quality of mixing by measuring the achieved density of EHCM is a less costly method of control,
since it does not imply the obligatory production of a witness sample, which must subsequently be
disposed of in the prescribed manner. However, within the framework of adapting this method for the
production of specific products, it is necessary to determine the evaluation criteria. The comparison
of the measured density values will make it possible for the manufacturer to decide on the quality of
the produced EHCM.
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To study homogeneity and establish criteria for assessing the quality of mixing of EHCM compo-
nents, X-ray control of produced samples with different relative densities was carried out. X-ray control
was carried out using ERESCO MF4 X-ray generator (Germany) at a voltage and current on an X-ray
tube of 65 kV and 1.0 mA, respectively; a focal distance is 1000 mm and an exposure time is 0.5 s.

In the course of the radiographic analysis of samples taken from the 18th to 22d minute with a rela-
tive density of 3 = 0.95-0.97, the homogeneity of the structure of the resulting EHCM was confirmed.
The results of radiographic analysis for the sample with 3 = 0.95 are shown in Fig. 4.

9
=
‘2
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o

3556
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Fig. 4. Radiographic image of the EHCM sample with a relative density of 3 = 0.95

The deviations of the intensity of the measured product transmitted radiation throughout the entire
cross section due to the different density were within the normal range. This confirmed the conclusion
about the suitability of the resulting EHCM for operation as part of a technical system.

The study of the homogeneity of the samples taken in the 14th and 16th, as well as 24th and 26th
minutes of mixing, revealed the presence of defects in the EHCM structure. The most typical examples
for defects of this group of EHCM samples are shown in Fig. 5.

The reasons for the appearance of such defects can be insufficient wetting of the surface of the par-
ticles of solid-phase components with a liquid polymer binder, whereby the required contact area and,
accordingly, the adhesive interaction at the phase boundary are not provided. Further mixing of the
components allows such defects to be minimized. The second group of defects, which is most typical
for samples taken in 24th and 26th minutes of mixing, may be a consequence of an increase in the shear
stress typical for a dilatant fluid [10]. It is assumed that for this reason, the particles of the powder com-
ponents are destroyed and rearranged.

To confirm the effect of the homogeneity of the EHCM structure on its operational properties, the
strength and energy characteristics of the selected samples were measured. The strength of the samples
was investigated in accordance with GOST 11262-2017 (ISO 527-2:2012) “Plastics. Tensile test method”.
During the tests, it was found that the samples with a relative density of 3 = 0.95-0.97 showed a result
that meets the requirements (tensile strength o, = 4-10 MPa; relative elongation € = 5-10 %). Specimens
made of EHCM taken in 14th and 16th, as well as 24th and 26th minutes and having hidden structural
defects, corresponded in 50 % of cases to the lower limit of the specified range of admissible strength
values, and the rest was destroyed at loads significantly lower than the lower threshold value.

The second group of operational properties, involving the use of EHCM products as part of a tech-
nical system, was studied on a stand that simulates the real conditions of its operation. In order to elim-
inate the probability of destruction of the technical system, samples made of EHCM after 14th and 16th,
as well as 24th and 26th minutes as part of the technical system were not tested. The reasons for the
occurrence and the nature of various defects in the operation of a technical system, which includes an
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Defects

7 S

Fig. 5. Examples of defects in EHCM samples taken in 14th and 16th minute, as well as in 24th and 26th minute of mixing: a —

the signs of lack of homogeneity and the presence of hidden defects in the product made of EHCM, b — the most characteristic

hidden defects in the structure of EHCM (cavities formed as a result of the destruction of large fractions of the oxidizing
agent, the absence of adhesion between the surface of the particles of solid-phase components and the polymer material)

EHCM product, requires additional research. Testing of products made of EHCM with a relative density
of 3 =0.95-0.97, as part of a technical system, confirmed their compliance with the requirements.

Taking into account the results obtained in the course of the study, it was shown that the density
of EHCM is the most representative property characterizing the quality of mixing of its components
and the formation of an ordered structure. In this case, the criterion value characterizing the degree of
achievement of the required mixing quality is the relative density of the material. Its value should be in
the range of 0.95 < 3 < 1.

Conclusion. The paper defines the main properties of EHCM, which characterize the mixing quality
of its components. Taking into account the approaches in other industries, the possibility of applying the
methods used to control these properties is assessed. According to the results of the assessment, it was de-
termined that the density of EHCM can be considered as the most representative property characterizing
the quality of mixing of EHCM components. The efficiency of this choice is confirmed by the example of
the manufacture of an experimental EHCM composition by other instrumental control methods. The me-
thods of interpretation of the obtained research results have been experimentally run out. The use of in-
strumental control methods contributed to the optimization of technological operation modes of mixing
equipment for EHCM manufacture.

An evaluation criterion has been run out to control the quality of mixing of EHCM components by
analyzing the relative density of the material. The feasibility of the defined value of the mixing quality eval-
uation criterion is confirmed by strength and full-scale tests. It was found that going beyond the limits of the
material density evaluation criterion indicates the presence of defects in the structure of the EHCM product.
The possibility of using EHCM with a density lower than the defined value requires additional research.

Thus, the proposed approach to assessing the relative density of the produced material and the pro-
posed interpretation of the results of its use makes it possible to exclude the use of a product with inter-
nal defects and thereby ensure the required quality of the sample as a whole.
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