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Synthesis of nickel nanostructured microfibers
to increase the electrochemical activity of nickel electrodes
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Abstract: At present, the investigation of the properties of nanostructured materials for electrochemical applications, in
particular for the development of promising supercapacitors, is of current interest. In this regard, a special interest is
directed to the study of new methods for the synthesis of nickel microfibers nanostructured materials. The research focuses
on the fact that the existing synthesis methods are complicated and require either specialized equipment or a large number
of chemical reagents for the synthesis of nickel nanostructured materials. The aim of this work is to determine the
influence of the reagents, nickel chloride as an oxidizer and hydrazine hydrate as a reducing agent, on the parameters of
nickel microfibers — length and surface development. Using this technique, nickel nanostructured microfibers were
obtained depending on the oxidizer concentration. The morphology of the obtained products was characterized by optical
microscopy and scanning electron microscopy. It was shown that the morphology of the microfibres changes smoothly
with changes of the oxidizer concentration, which provides controllability of the product characteristics, adjustment of the
required length of nickel microfibers in the range from 20 to 150 um. The method of X-ray phase analysis confirmed that
the final products of the synthesis are nickel microfibers without any side impurities. The high electrochemical activity of
nickel electrodes modified by the synthesized structures in alkaline electrolyte was shown. The results obtained can be
used in the electrochemical current sources, including batteries and supercapacitors, as well as in other applications where
a developed surface is required, for example, in sensors and catalysis.

Keywords: nickel microfiber; synthesis of nanostructured nickel; nickel chloride; hydrazine hydrate; nickel electrodes;
oxidizer concentration; electrochemical activity of the electrode; supercapacitor.
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CuHTe3 HUKeJIeBbIX HAHOCTPYKTYPHUPOBAHHBIX MUKPOBOJIOKOH
JJISA MOBBILIEHHUS 3JIEKTPOXUMHYECKOH AKTHBHOCTH HUKeEJIEBbIX JJIEKTPO10B
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AHHoTauusi: B HacTosmee BpeMs aKTyaJbHBIMH SABISIOTCS HCCIICAOBAHHS CBOWCTB HAaHOCTPYKTYPHPOBAHHBIX
MaTEpHAJIOB UIS 3JICKTPOXUMHIYECKUX MPUIOKEHUH, B YACTHOCTH, VIS pa3pabOTKH MEPCIEKTUBHBIX CYIEPKOHIEHCATOPOB.
B cBsi3u ¢ 3TUM 0COOBII MHTEpEC HANPaBJIEH Ha UCCIIEI0OBAaHHE HOBBIX CIIOCOOOB CHHTE3a HUKEJIEBBIX MUKPOBOJIOKOHHBIX
HAHOCTPYKTYPUPOBAaHHBIX MaTepuanoB. [Ipobiema uccienoBaHusi 3aKIHOYAeTCsl B TOM, YTO CYLIECTBYIOIIME CIIOCOOBI
CHHTE3a CIIOXHBI M TPeOYIOT WIIM CHELUATU3MPOBAHHOTO OOOpYJIOBaHHMS, WIIM OOJIBIIOTO KOJIMYECTBA XUMHUYECKUX
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PEaKTUBOB AJIsI CHHTE3a HHKEJIEBBIX HAHOCTPYKTYPHUPOBAHHBIX MarepuaiioB. Llenb paboThl — ompenesneHue BIWSHUSA
pEareHTOB XJOPHAA HHUKEIsl B KaueCTBE OKUCIHUTENS W TWAPA3HHTHIpAaTa B Ka4eCTBE BOCCTAHOBUTEIS HA MapaMeTpshl
HUKEJIEBBIX MUKPOBOJIOKOH — [UIMHY U Pa3BUTOCTh NMOBEPXHOCTU. C MOMOIIBIO JTaHHOW METOAMKHU IOJIyYeHbl HUKEIEBbIC
HAHOCTPYKTYPUPOBAaHHbIE MHKDPOBOJIOKHA B 3aBUCHMOCTH OT KOHIIEHTpalUWH OKHCIuTeNs. Mop(oiorusi moiy4eHHbIX
MPOAYKTOB OXapaKTepu30BaHa METOJAaMH ONTHYECKOH MHKPOCKONHH W CKAHHUPYIOMIEH 3JeKTPOHHOW MHKPOCKOIHUH.
[TokazaHo, uyTO MOpQOJIOTUS MHUKPOBOJOKOH IIABHO MEHSETCS C M3MEHEHHUEM KOHIEHTPAlMd OKHUCIUTENS, YTO
o0ecrieunBaeT ynpaBiIsieMOCTh XapaKTepPUCTUKAaMH NPOJYKTa, HACTPOMKY TpeOyeMOi JUIMHBI HUKEIEBBIX MUKPOBOJIOKOH
B nuarnasone ot 20 mo 150 mMxM. MertogoMm peHTreHo(]a30BOro aHajaM3a MOJATBEPIKAECHO, YTO KOHEUHBIMH HPOIYKTaMU
CHHTE3a SIBIISIIOTCS HHKEJEBble MHKPOBOJIOKHA 0e3 Kakux-inbo mo0o4yHbIX mnpuMeced. Iloka3zaHa BbICOKas
NIEKTPOXUMHUYECKAss aKTHBHOCTh HHKEJIEBBIX JJIEKTPOJIOB, MOIM(DHUIIMPOBAHHBIX CHHTE3UPOBAHHBIMU CTPYKTYPaMH,
B IIEJIOYHOM 3eKTposute. [lomydeHHbIe pe3ysbTaThl MOTYT OBITH HCIIOJIB30BAHBI B JIEKTPOXMMUYECKHX HCTOYHHKAX
TOKa, B TOM YHCJIE aKKyMyJIATOpaX M CYHNEPKOHAEHCATOpaX, a TaKKe B JPYTHX IMPWIOKEHHSX, TaM, TAe TpeOyercs
pa3BHTas IOBEPXHOCTh, HAIPHMED, B CEHCOPAX U KaTalunse.

KirodeBble cji0Ba: HUKEIEBOE MUKPOBOJIOKHO; CHHTE3 HAHOCTPYKTYPUPOBAHHOTO HMKENS; XJIOPUI HUKENS; THAPa3HH
TUApAT; HUKENEBbIE JJIEKTPOJAbl; KOHLEHTPALMs OKUCIUTENs; JJIEKTPOXUMHUUYECKass AaKTHUBHOCTb  3JIEKTPOJa;
CYIIEpKOHJICHCATOPHI.

Jnsi muTtupoBanus: Morozov MV, Mansurov RN, Drobyshev SV. Synthesis of nickel nanostructured microfibers to
increase the electrochemical activity of nickel electrodes. Journal of Advanced Materials and Technologies. 2023;8(4):260-

269. DOI: 10.17277/jamt.2023.04.pp.260-269

1. Introduction

The ever-increasing requirements for unique
combinations of properties of substances, including
thermal and electrical conductivity, strength and
ductility, stability and reactivity are the main driving
force in the field of architecturing new materials.
This necessitates both the synthesis of new materials
and the investigation of conditions for the fabrication
of new products based on them [1, 2]. In the creation
of electrodes for modern chemical sources of
current, nickel and nickel-oxide materials for lithium-
ion batteries are of particular interest [3-5].
Nanostructuring of nickel materials allows increasing
their specific surface area, which is especially
important in the development of supercapacitors
because it increases their capacity and power [6—15].

The problem with the synthesis of nickel
materials with developed surface area is that the
existing synthesis methods are complex and require
either specialized equipment or a large number of
chemical reagents for the synthesis of nickel
nanostructured materials, and thus it is a relevant
issue. On the other hand, the application of porous
electrode frameworks in chemical current sources
(CCS) has been efficient. This shows that an
important parameter is the particle length, which is
necessary to create porous electrode frameworks
from these particles, so it is important to learn how to
produce long nickel microfibers resistant to alkaline
environment. At the same time, the mechanism of
synthesis of nanostructured nickel coatings is rather
complex, and it is necessary to study reactions with
a minimum set of reagents, which will also reduce the

amount of impurities in the synthesized product.
Therefore, the aim of this work is to determine the
effect of reagents including nickel chloride as an
oxidizing agent and hydrazine hydrate as a reducing
agent on the parameters of nickel microfibers —
length and surface development under the condition
of a minimum set of reagents. Next, we consider
promising methods for the synthesis of nickel
materials requiring a small set of reagents and low
temperatures with a developed surface [16-20].

In [18], 80 % N,H4-6H,0O solution was mixed
into the 1.9 M of NiCl, aqueous solution, which led
to the formation of Ni complexes between NiCl, and

N,Hy (pale purple precipitate), and the temperature of
the solution increased due to the exothermic reaction.
These complex compounds that gave this colour were

identified as [Ni(NH3)6]C12 and [Ni(N2H4)2]C12 [21].
It is also known that [Ni(NH3)¢]Cl, is formed when
[Ni(N,H4)»]Cl, is heated to high temperature
(~65 °C) [22]. The decomposition of Ni complex
compounds in a strongly alkaline environment
(pH~13) will lead to the formation of Ni(OH), [23, 24],

and it can be reduced by NoH4 [25-28]. Thus, under
the above synthesis conditions, intermediate nickel
complexes and nickel hydroxide are formed due to
the presence of alkali in the reagents, and excessive
amount of hydrazine is needed for its reduction.
The final product of the reaction is nickel, and the
synthesized nanoparticles are of spherical shape,
which is inefficient for the use in CCS.

In [19], a precursor solution was firstly prepared
by adding the corresponding NiCl,, ammonium
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citrate and sodium hydroxide to the reactor.
Polyvinylpyrrolidone and silver nitrate were added to
the above solution as a protecting agent and
nucleating agent to enhance the reaction rate.
The reduction reaction took place immediately after
the addition of NoH, and precipitation of black Ni
particles. The results of X-ray phase analysis showed
that nickel hydroxide was formed first and then it was
reduced to metallic nickel by NoHy. In view of these
experimental results, it is believed that the reactions
of Ni(OH), formation and its reduction to nickel
particles by hydrazine are two competing reactions [19].
Thus, under these conditions, nickel hydroxide,
which is an undesirable reaction product, is also
formed, and the shape of nickel particles is spherical,
making it inefficient for the application in CCS.

Template-based approaches have been widely
used for the synthesis of magnetic metallic
micro/nanofibers and wires. Many magnetic metallic
fibers have been synthesized using porous anodic
aluminium oxide or polycarbonate membrane as
matrix [29, 30]. However, this method involves a
complex manufacturing process and results in low
product yields. Nickel microfiber can also be
obtained by oxalate precursor precipitation-thermal
decomposition-reduction process using ammonia
as a coordinating agent [31]. Obtaining oxalate
precursor occurs at high pH (= 9), which will lead to
equipment deterioration and environmental pollution.

A chemical method for the synthesis of nickel
microfibers in an acidic environment can be
considered, but this synthesis takes place at high
temperature and requires additional equipment, which
increases the cost of synthesis [32]. The method of
synthesis in an alkaline environment is known [33],
but the use of chemical reagents, in addition to
oxidizing and reducing agents, in the synthesis of
nickel materials leads to the formation of side
reactions [18, 19, 25-28]. For example, when NaOH
is used, the by-product Ni(OH), appears; this involves
an additional amount of hydrazine hydrate, which
increases the cost of the synthesis itself. From [34]
it is known that surfactants (surfactants) are used in
the synthesis of nickel microfibers, but the cost of
surfactants is high, which again affects the cost of
synthesis of nickel materials. Therefore, the existing
synthesis methods do not solve the identified research
problem because they are complex and require either
specialized equipment or a large number of chemical
reagents for the synthesis of nickel nanostructured
materials. In order to solve the problem of synthesis
of nickel microfibers with developed surface, the
present study has been carried out.

2. Materials and Methods

2.1. Synthesis of microfibre structures
and electrodes

Nickel microfiber structures were prepared by
mixing solutions of NiCl, (oxidant) and hydrazine
hydrate (reducing agent). Four samples were
synthesized using 600, 900, 1200 and 1500 mg of
nickel chloride. Nickel (II) chloride was dissolved in
40 mL of water and heated to 60 °C, then hydrazine
hydrate solution was injected into the resulting
solution dropwise at a rate of 3 mL-min "' to form
a homogeneous solution obtained by dissolving 5 mL
of hydrazine hydrate in 40 mL of distilled water. This
reaction solution was thermostated for 40 minutes at
95 °C. After this time, the reaction was stopped, the
products were removed from the solution and washed
with distilled water several times and dried in an oven
at 70 °C for at least 12 hours. Separately, for the
samples using 1200 and 1500 mg of nickel chloride,
the reaction was carried out with a thermostat time of
60 minutes to determine the completion time of the
synthesis under these conditions.

Nickel electrodes modified with nickel
microfiber were obtained by mixing solutions of
nickel (I) chloride and hydrazine hydrate. 240 mg of
nickel (II) chloride was dissolved in 40 mL of water
and heated to 60 °C, then an industrial-type porous
nickel foil electrode was placed in the solution and
hydrazine hydrate solution was injected dropwise at a
rate of 3 mL-min ' to form a homogeneous solution
obtained by dissolving 5 mL of hydrazine hydrate in
40 mL of distilled water. The final solution was
thermostated for 1 hour at 95 °C. After one hour, the
reaction was stopped and the electrode with nickel
microfibers was removed from the solution and
washed with distilled water several times and dried in
an oven at 70 °C for at least 12 hours.

2.2. Analytic Methods

The morphology of the products obtained during
the synthesis, including their overall structure and
surface area, was examined by scanning electron
microscopy (SEM) on an Auriga Crossbeam
workstation (Carl Zeiss, Germany) with a thermal
field emission cathode. Also the overall structure of
the microfibers was investigated by optical
microscopy on an Axio Imager.Z2m microscope
(Carl Zeiss, Germany). The phase composition of the
products was investigated by X-ray phase analysis on
a research grade Shimadzu XRD-7000 X-ray
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Reference

electrode
Working ‘ Counter
electrode electrode

Fig. 1. Three-electrode cell

diffractometer (Shimadzu Corporation, Japan) with
a vertical 0-6 goniometer. Energy dispersive X-ray
analysis spectra were obtained on the Auriga
Crossbeam workstation for elemental analysis of
products.

2.3. Electrochemical measurements

A series of cyclic voltammetry experiments were
carried out to characterize the relationship between
the surface development of the synthesized materials
and the electrochemical activity of nickel electrodes
modified with the synthesized structures, in alkaline
electrolyte. For this purpose, a three-electrode cell
setup was used (Fig. 1).

An electrode with synthesized microfiber
structures with dimensions of 3x3 cm or a porous

nickel foil electrode of industrial type without
microfibre structures was used as a working
electrode. A silver chloride electrode was used
as a reference electrode and a platinum wire was used
as a counter electrode. After that, voltammograms of
the electrodes in alkaline electrolyte in 0.1 M caustic
potassium solution were taken in the potential range
from —1 to 1 V at a sweep speed from 5 to 60 mV-s '
on an Autolab PGSTAT302N potentiostat/
galvanostat (MetrohmAutolab, Netherlands).

3. Results and Discussion

3.1. Synthesis of nickel microfibre structures at
different reagent concentrations

Table 1 shows the optical microscope images of
washed and dried microfibers.

The results of the microfiber length study are
presented in Table 2.

From the optical microscopy data, it is observed
that the length of microfibers decreases with the
increasing oxidizer concentration (Table 1). The same
is observed visually and shown in Table 2. At lower
concentrations of nickel chloride, the fibers
grow in solid and large pieces, unlike at higher
concentrations [3].

Table 3 shows the SEM images of microfibers in
dependence of the oxidizer concentration.

Analyzing the images from Table 3, it can be
concluded that with the increase of the oxidizer
concentration, the length of microfibers decreases and
the obtained structures are agglomerates of particles,
which corresponds to the conclusions of [3].

Table 1. Microfiber images obtained using an optical microscope,
depending on the mass of the oxidizer

Mass of the

1 Overview
oxidizer, mg

Images of separate fibres

600
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Continued Table 1

Mass of the
oxidizer, mg

900

Overview Images of separate fibres

1200

1500

Table 2. Results of optical microscopy image analysis

Sample number Ig&jﬁjlﬁi (Ijlid;?]ie (Ilj;;ieéﬁllll(;);jielg Microfiber length range, pm
1 600 145 £ 10
2 900 65+ 10
3 ’ 1200 38£8
4 1500 22+5
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Table 3. SEM images of nickel microfibers, depending on the mass of the reactant

Sample
number

Smaller scale image (magnification 20 000)

Larger scale image (magnification5000)

1

The synthesized microfibers (Fig.2) have
a developed surface covered with nanospikes, which
indicates that their use in supercapacitors 1is
promising [6—15]. The length of the nanospikes as
estimated from Fig. 2 is 100-250 nm, and their
dimensions in the transverse direction are much
smaller than those in the longitudinal direction. Thus,
the nanospikes provide a developed surface for
electrodes based on synthesized nickel nanostructured
microfibers.

In the experiments in which a large amount of
oxidant (1200 and 1500 mg) was used, it was
observed that some powder inclusions did not react
completely and remained after the completion of the
synthesis. SEM images show that the inclusions are
non-electrically conducting hollow spherical particles
(Fig. 3), which appear as a light blue powder in the
microfiber structure. Energy dispersive X-ray
analysis shows that this substance consists of at least
nitrogen, chlorine and nickel (Fig. 4).
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Fig. 3. SEM images of powder inclusions
at magnification 7000

1 2 3

Full scale 1026 impulses.

Sources [35] indicate that nanostructured nickel
is formed by the decomposition of Ni(NH3)sCly.
Presumably, this substance in the form of light blue
particles is observed in the obtained SEM images,
which is confirmed by the presence of chlorine,
nitrogen and nickel in the particles according to the
results of energy dispersive X-ray analysis.

To determine the phase composition experiments
were repeated with samples 1, 2, 3 and 4 using X-ray
phase analysis (XRD). For samples 3 and 4, it was
decided to increase the experiment time to complete
the synthesis (maintaining at 95 °C for 60 min) and
intermediate powder samples were taken to identify
the inclusions.

8
keV

Fig. 4. Results of energy dispersive X-ray spectroscopy of powder inclusions
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Fig. 5. Diffractogram of samples with different oxidizer
mass after the completion of synthesis

As can be seen in Fig. 5, all samples consist of
only nanostructured nickel and contain no other
phases. Meanwhile, samples 3 and 4 obtained after
1 hour of thermostating at 95 °C do not contain any
inclusion.

3.2. Investigation of the electrochemical activity
of the synthesised nickel-based electrodes
in alkaline electrolyte

Figure 6 shows cyclic voltammetry obtained for
nickel foil and electrode with microfiber structures in
0.1 M KOH solution in the potential range [-1.0-1.0]
V at potential sweep rate v =20 mV-s . It was noted
in [36] that in the considered potential range nickel
oxide NiO and B-nickel hydroxide (B-Ni(OH);) can
be formed. Presumably, the presence of a cathodic
peak in the 0.1 V region for the electrode with
microfiber structures is because the developed nickel
surface is transformed and additional nickel
hydroxides are formed on the electrode surface,
which can be reduced at the cathodic peak.
Accordingly, the more developed the surface is, the
more intensive is the process of hydroxide formation
[36]. The absence of this peak for nickel foil is
explained by the absence of a developed
nanostructured surface on it, and microstructured
nickel particles are much less susceptible to
conversion to hydroxides. It should be noted that the
bend on the cyclic voltammetry image at potentials of
1 V and more corresponds to the region of oxygen
release, and the bend at potentials less than —1 V
corresponds to the region of hydrogen release [36].

Current, mA

Nickel electrode
with microfibre

Nickel electrode

30

201

10 4

10

=20 4

=30 4

-1,0 0,5 OI.O 0:5 1:0
E. regarding Ag/AgClL, V

Fig. 6. Cyclic voltammograms obtained for nickel foil
and electrode with microfiber structures in 0.1 M KOH
solution in the range of potentials [-1.0-1.0] V
at the potential sweep rate v =20 mV-s '

4. Conclusion

In this work, the synthesis of nickel
nanostructured microfibers was carried out at
different concentrations of reagents. The synthesis of
coatings was carried out using a technique with a
minimum set of initial reagents to reduce the cost of
synthesis technology and avoid the occurrence of
residual impurities. To obtain nickel materials with
developed surface using the proposed methodology, it
is necessary to carry out the synthesis for at least one
hour. The hydrazine hydrate solution should be added
dropwise at a rate of 3 mL-min ' to create a
homogeneous solution. By methods of optical
microscopy and scanning electron microscopy the
morphology of the obtained intermediate and final
products of synthesis was investigated. It was found
that a decrease in oxidant concentration is required to
increase the length of the microfibers, which provides
length tuning in the range from 20 to 150 pum. It was
confirmed by X-ray phase analysis that the final
products of the synthesis are nickel microfibers.
The electrochemical activity of nickel foil electrodes
modified by the synthesized structures exceeds the
activity of the original foil electrodes by about five
times. In the future it is planned to investigate in
detail the electrochemical activity of the synthesized
structures, to determine the optimal synthesis
conditions and to develop a method of creating
supercapacitor electrodes with nickel nanostructured
materials. Also, the results obtained can be used in
the creation of batteries, as well as in other
applications, where a developed surface is required,
for example, in sensors and catalysis.
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Abstract: The paper considers the stages of preparing a compacted highly porous carbon material (HPCM), which
involves alkaline high-temperature activation of the initial carbonizate at a temperature of 400—7500 °C for a duration of
2 hours. As a result of activation, a material was produced with a specific surface area of 2600-2700 mz-gfl and a pore
volume of more than 1.3 cm3~g71. The activated material was compacted using binders, which were basalt fiber
(HPCM/BF), polyvinyl alcohol (HPCM/PVA) and polyvinyl acetate (HPCM/PVAC). Conditions for compacting were as
follows: pressure in the range from 25 to 1600 kgf~cm‘2, temperature 75-1900 °C and duration between 30 and
150 minutes. As a result, the compacted material had a specific surface area of 1550-2000 mz-gfl and a specific pore
volume of 0.693-0.849 cm3-g71. For the final samples, the sorption capacity for molecules of the organic dye methylene
blue (MB) was determined. The kinetic studies showed that the absorptive capacity of h the initial material HPCM was
1691 m-gﬁl, while that of compacted samples of HPCM/PVAC, HPCM/BF and HPCM/PVA was 1611, 1000, and
1270 mg~g_1, respectively. In this case, the time for the onset of adsorption equilibrium was 15 min. The presented results
show that the compacted carbon material can be a promising sorbent of organic pollutants from aqueous solutions.

Keywords: highly porous carbon material; compaction; specific surface area; adsorption; methylene blue; kinetics.
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IlepcnekTHBHBIE COPOEHTHI HAa OCHOBE
KOMIIAKTHPOBAHHOI0 BbICOKOIOPHUCTOr0 YIJIEPOAHOI0 MaTepuaja
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AHHoTanMs: PaccMOTpeHBI 3TaIbl MOTy4YeHHS! KOMIAKTHPOBAHHOTO BRICOKOIIOPHCTOTO YTIIIepoaHOro Matepuaia (BYM),
MPeAyCMaTPUBAOIINE MPOBEACHUE IIEJIOYHOW BBICOKOTEMIIEPATYpHOI AaKTHBAllMM HCXOJHOTO KapOoHM3aTa Ipu
temnepatype 400...750 °C mpoao/nKUTENIBHOCTRIO 2 4. B pesysibrare akTHBAlMU TMOJIyYEH MaTepuai, o0Jagaroiiuit
yaensHON moBepxHOCTRIO 2600...2700 MYT U 06BeMOM mop Oonee 1,3 oM/ AKTUBUPOBAaHHBIM MaTepuai
KOMITAaKTHPOBAH C NMPUMEHEHHEM CBS3YIOIINX, B KaUeCTBE KOTOPBIX MCIIOJIB30BANINCH Oa3anbToBoe BOJIOKHO (BYM/BB),
noyuBuHUIOBBIH cnupt (BYM/IIBC) n nomusuamnanerar (BYM/IIBA). VYcnoBus npoBeneHHs KOMITAKTHPOBAHUS —
JIaBJIEHUE MPECCOBaHMs B auana3zone oT 25 mo 1600 Krc/CMz, temreparypa 75...190 °C u npogomxurensHocTs OT 30
qo 150 mun. B pesynbrare KOMIAKTHPOBaHHBIM MaTepwai obOjanan yIeiabHOW moBepxHocThio 1550...2000 Mr
u yaenpHBIM oO0beMom mop 0,693...0,849 oM/ Jis KOHEUHBIX OOpas3IoB ONpeAercHa COPOIHMOHHAS E€MKOCTh II0
MOJIEKYJIaM OpraHuueckoro kpacurenss metwieHoBoro cunero (MC). B pesynbTate KHMHETHYECKHMX HCCIEIOBaHUN
BBISIBJICHA IOTJIOTUTENbHAsI CIIOCOOHOCTh Kak HMcXxonHoro marepuana BYM — 1691 wmr/r, Tak U KOMIAaKTUPOBAaHHBIX
obpasoB BYM/IIBC — 1611 mr/r, BYM/BEB — 1000 mr/r, BYM/IIBA — 1270 mr/r. IIpu 3ToM BpeMsi HAaCTYIUICHHS
a/ICOPOILIMIOHHOTO PaBHOBECHsI COCTaBUJIO ~ 15 MuH. [IpecTaBieHHble pe3ysbTaThl IOKa3bIBAIOT, YTO KOMIIAKTHPOBAHHBIN
YIJIEPOIHBIN MaTepHal MOXKET SBJISTHCS MEPCIIEKTUBHBIM COPOCHTOM OpraHMYECKHX MOJUIIOTAHTOB U3 BOJHBIX PACTBOPOB.
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1. Introduction

The development and study of promising highly
porous carbon materials with a large specific surface
and porosity with a predominance of micro- and
mesopores are of interest for many studies, the results
of which are in demand in a number of branches of
modern industry. These materials seem to be the most
promising as universal sorbents for various liquid and
gaseous media, devices for storing and transporting
fuel, as catalysts, fertilizer carriers, fuel cells, as well
as solving environmental problems in such industries
as petrochemistry, power engineering, radio
electronics, medicine, and agriculture. This is
explained primarily by the presence of a balanced
combination of a developed system of micro- and
mesopores, with a significant specific surface area,
corresponding accessible pores and their large
volume, with the presence of sufficiently large
transport pores that ensure rapid diffusion of sorbed
substances, chemical inertness, and stability under
real conditions of the use of such materials [1-4].

To produce highly porous carbon materials,
various pre-carbonized initial carbon raw materials,
including phenol-formaldehyde resin, hydroquinone,
carboxymethylcellulose, natural coals, furfural,
dextrin, urotropine, carbon nanotubes, graphene, or
their combinations are activated with various gas-
phase or liquid-phase reagents, such as various acids
or alkalis, water vapor, etc. [S—11].

Thus, the authors in [12-16] conducted a study
of the impact of activation parameters of the initial
carbon raw material and the modes of its subsequent
compaction on the sorption characteristics of a highly
porous carbon material (HPCM), noting their direct
relationship and the possibility of scaling the results
of laboratory studies in relation to the possibilities of
real production.

The use of graphene in the preparation of a
highly porous carbon material with a hierarchical
pore structure for potential applications in electronics,
catalysis, and sorption is the subject of studies [17],
where the authors pointed out the promise of the
obtained materials, the presence of a significant
surface area, and the possibility of chemical doping
and functionalization.

The evaluation of the adsorption properties of
highly porous materials with the determination of

Materials  and

Technologies.  2023;8(4):270-278.  DOL:

their structural characteristics was the subject of
research in [18, 19], which considered the
mechanisms of adsorption and phase behavior of
liquids in ordered nanoporous materials with a well-
defined pore structure and prove the importance of
studying these mechanisms for improving the
characteristics of physical adsorption.

The activation process aimed at increasing and
improving the volume of micropores, while
maintaining a clear network of mesopores was
studied in [20]. It was proven that the applied
activator — potassium hydroxide — had the biggest
impact on the material characteristics, directly
contributing to an increase in the volume of
micropores. It was shown that alkaline activation is
a suitable method for increasing the adsorption
capacity of carbon while maintaining a mesoporous
structure.

The study of microporous carbon modified with
organic substances as fillers to improve thermal and
mechanical properties was conducted in [21].
The prepared sorption material showed a significant
increase in characteristics when used in thin-film
composite direct osmosis membranes.

The prepared highly porous carbon materials can
be used in various forms: in the form of powder,
granules, films or fibers, both for absorption,
separation, purification of various liquid and gaseous
substances, and as carriers for catalysts, medicines,
etc. However, high requirements are often imposed
on them in terms of the possibility of molding into
blocks or granules for the convenience of further use
in finished products and improvement of its sorption
characteristics [22-26].

They are a type of materials with a high specific
surface area, large pore volume, and a hierarchical
porous structure [27]; they are environmentally
friendly, economical, nontoxic, and selective, which
makes them good candidates for adsorption of
organic and inorganic pollutants from aqueous media,
including heavy metals and dyes [28, 29]. They can
also be used for drug delivery, catalysis, storage and
transportation of gaseous media, ecology, etc. [30].

In modern industry, various dyes are widely
used, one of the most common representatives
of which is methylene blue (MB), which has

the chemical formula C;gH;gCIN3S, which is
a representative of the group of quinoneimine dyes
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Table 1. Comparative characteristics of MB dye molecules on various carbon nanomaterials

Experiment conditions Adsorption
Adsorbent - Initial concentration, Sorbent Time, capaci:c?f, Ref.
p mg-L™ weight, g min mg-g

Nanocomposite
of saponified polymethyl
acrylate with grafted dextrin 73 - 20 mg 45 315.40 [36]
with embedded nanosilica
Activated charcoal from seed 316 0.055 193 436.68 137]
husks ’ ) ’
Nickel alginate
aerogel/activated carbon a 1000 10 mg 48h 465.12 [38]
Activated charcoal derived 1 10 1.4 50 90 % 139]
from corn stalks
Actwa@d chgrcoal made 10 B 0.05 24t 714 [40]
from olive pits
Blochar obtained frorp leaf 12 3 3 3 101.27 [41]
litter by slow pyrolysis
Activated charcoal from
walnut shell — 50 10 mg 540 632 [42]
Activatedcarbon/cellulose 6.9 100 - 24 h 103.66 [43]
Activated charcoal from ] 50 0.2 180 61.60 [44]

barley husks

containing a phenothiazine ring [31]. MB is a cationic
dye that is not considered highly toxic to human
health at low doses and short-term contact [32].
However, long-term exposure or high levels of MB in
water can cause detrimental effects on human health.
The toxic effects of methylene blue include
permanent damage to human eyes, nausea, diarrhea,
skin irritation, and possibly cancer [33, 34].
In connection with the development of anthropogenic
activities, a large number of toxic contaminants,
including the MB dye, affect the environment due to
improper disposal of wastewater from various
enterprises. In this regard, the problem of purification
of aqueous media from industrial dyes, including
MB, the decomposition process of which is very
complicated, becomes especially urgent [35].

Currently, materials that are used as sorbents for
these purposes and their characteristics are presented
in Table 1.

On the basis of preliminary studies, the authors
of the paper developed and investigated a compacted
highly porous carbon material to solve this
environmental problem.

Thus, the purpose of this paper is to study the
sorption characteristics of a compacted highly porous
carbon material with respect to the organic dye MB.

2. Materials and Methods

2.1. Reagents and method for preparing
a compacted highly porous carbon material

At the first stage of research aimed at obtaining
a compacted highly porous carbon material, the
issues of chemical activation were worked out, which
made it possible to determine rational operating
parameters and materials: the initial carbon raw
material for carbonizate is a mixture of dextrin
(Dekstrinzavod CJSC, Murom, Russia) and graphene
oxide (Nanotechcenter Ltd., Tambov, Russia), an
activator is potassium hydroxide (RM Engineering,
Moscow, Russia), the ratio of components of the
reaction mixture of carbonizatewas potassium
hydroxide: 1:3, activation temperature range
400-750 °C, the duration of the main stage was
2 hours [7, 9].

Basalt fiber (HPCM/BF) (KamennyVek Ltd.,
Dubna, Russia) in the amount of 1-10%, polyvinyl
alcohol (HPCM/PVA) (TK Spektr-Khim, Moscow,
Russia) and polyvinyl acetate (HPCM/PVAC)
(JSC Pigment, Tambov, Russia) — 10-30 % were
used as a binder.

272 Shubin I.N., Mkrtchyan E.S., Ananyeva O.A.



Journal of Advanced Materials and Technologies. 2023. Vol. 8, No. 4

2.2. Characterization

The diagnostics of the characteristics of the
activated carbon material before compaction, i.e., its
specific surface area and porosity, was carried out on
the analytical complex Nova Quantachrome E1200
(Quantachrome, Boynton Beach, USA). As a result,
a material was obtained with a specific surface area
of 2600-2700 mz-g71 and a pore volume of more than
1.3 em’g ' [7, 9].

2.3. Adsorption studies

To analyze the efficiency of sorption of the
synthetic organic MB dye on compacted carbon
sorbents, batch experiments were carried out.
The sorbent weighing 0.01 g was placed in 30 mL of
MB solution with Cy= 1500 mg-Lf1 according to the
Russian standard 4453-74. Each test tube with the
solutions to be purified and the sorbent was
continuously shaken on a programmable rotator Multi
Bio RS-24 (Biosan, Riga, Latvia) for 5, 15, 30, and
60 min. The equilibrium C, concentration of MB
molecules was determined from the optical density
measured on a PE-5400V  spectrophotometer
(Ekros, St. Petersburg, Russia) at a wavelength of
A =815 nm.

The static sorption capacity of (. sorbents,
rng-g_l, was calculated by the formula:

Cy—-C.)V
Qe :( 0 e) ’ (1)

m

where Cj and C, are initial and final concentrations
of substances in solution, mg-Lﬁl; V is the volume of
the solution, L; m is the sorbent sample weight, g.

2.4. Compaction of activated
carbon material

For compaction of the activated carbon
material, a laboratory setup was developed based on
the “IP 100 M — Auto” testing press (Plant of testing
instruments and equipment “ZIPO”, Armavir, Russia)
(Fig. 1).

During this stage, compaction modes were
investigated; they included several series of
experiments with different pressing pressures,
temperatures, and process durations. The amount of
the binder was established as a result of preliminary
studies by the authors and analysis of literary sources.

For the next stage of research (determination of
sorption activity), the samples prepared under the
compaction parameters given in Table 2 were used.

|
2\\ ':lﬁuq:'{ |
N ! gl
| [ ]
N 1 )%
[ ] | |

Fig. 1. Laboratory setup for studying the compaction
modes of a highly porous carbon material:
1 —press; 2 — heated mold; 3 — press control cabinet;
4 — monitor for setting and displaying the operating modes

Table 2. Compaction mode parameters and characteristics of the prepared samples (blocks)

Parameter
HPCM/PVA

Composites

HPCM/BF HPCM/PVAC

Step wise heating and 75 °C,3.5kN, for 15min 75 °C, 3.5 kN, for 15 min 75 °C, 1.5 kN, for 1 min

pressing 90 °C, 7.5kN, for 60 min 90 °C, 7.5 kN, for 60 min 90 °C, 3.5 kN, for 1 min
120 °C, 7.5 kN, for 60 min 120 °C, 7.5 kN, for 60 min 130 °C, 7.5 kN, for 1 min
190 °C, kN, for 120 min 190 °C, kN, for 120 min
Mold  cooling  and Up to 40-50 °C,

pressing-off placing the sample in an

oven for 120 min
at a temperature of 80 °C

32-33
(33-234) x 40

Up to 40-50 °C Up to 40-50 °C

16.3-16.8
(24.5-25,5) x 40

24.5-25.5
(24-25) x 40

Block weight, g

Height x diameter, mm
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3. Results and Discussion

3.1. Finding specific surface area
and porous structure parameters

The resulting compacted carbon materials had
the following characteristics: specific surface area
1550-2000 mz-gfl, specific micropore volume
0.693-0.849 cm’-g .

An analysis of the causes of the difference in the
physical and structural characteristics of the resulting
materials requires additional research and the
accumulation of experimental data, since the
mechanism of the binder impact on the carbon
material is not fully understood at the moment. At the
same time, the authors are inclined to believe that
polymeric binders (PVA and PVAC) form a certain
spatial structure that provides relatively good
permeability and contact surface of the block. In the
case of a fiber (BF), it is assumed that a rigid spatial
framework is formed in a compacted sample,
practically without transport pores.

At the same time, the parameters of compacted
materials confirm the correctness and promise of this
line of research and can be considered a starting point
for further work within this stage, which involves
further testing of the pressing parameters and the
study of binders, including combinations of polymers
with fibers.

3.2. Kinetic studies

As a result of kinetic studies in a static mode,
graphs of the dependences of the adsorption capacity
of the synthesized materials on the time of contact
with a pollutant, the MB dye, were plotted (Fig. 2).

As a result of kinetic studies, it was found that
the initial HPCM has an absorption capacity of
1691 mg-gﬁ1 when removing MB dye molecules. When
a binding agent is added, the compacted carbon sorbent

2000
1800
1600
1400
1200
1000

800

Adsorption, mg-g”'

—&— HPCM
600 —e— HPCM/PVAC

400 —a— HPCM/PVA
—e— HPCM/BF

200

0 5 10 15 20 25 30 35 40 45 50 55 60 65
Time, min

Fig. 2. Adsorption kinetics of MB dye molecules on
compacted carbon sorbents HPCM, HPCM/PVA,
HPCM/PVAC, HPCM/BF

HPCM/PVA exhibits the highest absorption capacity —
1611 mg-gﬁl. In turn, when using basalt fiber
(HPCM/BF) and polyvinyl acetate (HPCM/PVAC),
the adsorption capacity is 1000 and 1270 mg-gfl,
respectively.

To describe the process of sorption of MB
molecules (Table 3), namely, the mechanisms
involved in the transfer of sorbate to the surface and
inside the structure of sorbents, the obtained
experimental data were processed by equations of
known kinetic models (equations of pseudo-first and
pseudo-second order, the Elovich equation and the
intraparticle diffusion equation) [45].

The pseudo-second order model has high
correlation coefficients R* = 0.9999 for all compacted
carbon sorbents HPCM, HPCM/PVA, HPCM/PVAC,
HPCM/BF. Accordingly, we can conclude that the
reaction between the adsorbate and the functional
groups of the sorbent proceeds strictly
stoichiometrically (one molecule occupies one

Table 3. Description of the sorption process of MB dye molecules

Pseudo-first order

Pseudo-second order

K 11
Sorbents log(Q. - 0,) =logQ, — t —= 5 +—1
2.303 O kO O
2 2
§2e kl R £2e k2 R
HPCM 362 -0.0014 0.1387 1666 0.0120 0.9999
HPCM/PVA 400 -0.0062 0.4072 1666 0.0018 0.9999
HPCM/PVAC 232 0.0009 0.3039 1250 —0.0032 0.9999
HPCM/BF 141 —0.0066 0.3716 1000 0.0050 0.9999
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Continued Table 3

Elovich equation

Intraparticle diffusion equation

Sorbents 0 = ! In (af) + ! In¢ 0, =ky 1" +C
p p
o B R’ k; C R?
HPCM 40,28:10°  0.0478 0.3859 6.9197 1616.4 0.2519
HPCM/PVA  22,95-10°  0.0136 0.7397 28.866 1516.4 0.564
HPCM/PVAC 96,6510  —0.4771 0.0559 —1.6535 1270.0 0.1711
HPCM/BF 11,72:10"  0.0351 0.7113 11.113 925.43 0.5335

Note: Qe is the number of adsorbed dye molecules on the adsorbent surface at the moment of equilibrium, mg~g_1;

0Oy is the number of adsorbed dye molecules on the surface of the adsorbent at time £, mg-g '; ki is the pseudo-first

order adsorption rate constant, min'; k> is the pseudo-second order adsorption rate constant, g-(mg-min) '; o is the
constant adsorption constant, (min'mgogfl)fl; B is the degree of surface coverage and chemisorption activation energy,
g~mg71; kiq 1s the internal diffusion coefficient, (mg-(gmin)ﬁl)*l; C is the thickness of the boundary layer, mgogfl.

log(Qe — 0))
*
26{ M # r o
- &  a —1
244 a & & A
221 @
2.0 - N«;
1.8 1 R2=0,1387 W HPCM
1.6 - Rz2=0,4072 ® HPCMPVAC
14 R2=0,3039 A HPCM/PVA
. R2=0,3716 ® HPCMBF
1.2 y . T
0 20 40 60 Time, min
1 (a)
0, mg-g
1700 1 7-,41
1500 *
1300 i .
- - - A
11004
900+ R#=0,3859 Wupcm
R2=0,7397 * upcMPVAC
700+ R2=0,0559 A HPCM/PVA
R2=07113 @ HPCM/BF
500 - — T

2 3 4
(c)

In(7)

/0,
0.06 4
0.05 4
0.04 4
0.03 4
0.02 1 R2=0,9999m HPCM
R2=10,9999 ¢ HPCM/PVAC
0.014 R2=0,9999 A HPCM/PVA
R2=0,9999 @ HPCM/BF
0 40 60 Time, min
1 ()
O, mg-g
1800+
?-_._-;/’/:-ﬁ
1600+
*
1400+
12004 - o “ A
10004 Y S S
L ]
800 - R2=0,2519llll-'('.\1
R2=0,564 *HPCMPVAC
600 - RZ=0,1711 & HPCMPVA
R2=0,5335 ® HPCMBF
400

5 7 5 min

(d)

Fig. 3. Results of mathematical processing of experimental kinetic data:
a — the pseudo-first order model; » — the pseudo-second order model;
¢ — the Elovich equation model; d — the intraparticle diffusion equation model
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position on the sorbent), i.e. a chemical interaction
occurs between the dye molecules and the functional
groups of the sorbent.

Analyzing the differences in the adsorption
characteristics of the studied samples, it can be
assumed at this stage of research that when PVA is
used as a binder, a certain stable spatial structure
is formed that ensures good transport permeability of
the adsorbed substances, when PVAC is used, such
a structure is formed somewhat worse, with the
possible closure of part of the pores directly by the
binder. In the case of application as a binder fiber,
a significant drop in the sorption capacity can be
explained by the formation of a rigid spatial
framework in a compacted sample without the
formation of transport pores, i.e. only the outer
surface of the sample remains active.

4. Conclusion

The conducted studies have shown the relevance
of the development of compacted carbon materials
for their use as sorption materials. The main stages of
obtaining these materials were determined, which
included the selection of the initial carbon raw
material, the activator and process parameters for
high-temperature chemical activation, the
establishment of process modes for compacting the
prepared activated carbon material (pressure, duration
and temperature) — for which a laboratory setup was
developed and various binders were selected (for
which polyvinyl alcohol, polyvinyl acetate and basalt
fiber were used).

The characteristics of the compacted carbon
material were found: the specific surface area and
pore volume amounted to 1550-2000 rnz'g_1 and
0.693-0.849 cmS-gfl, respectively. The maximum
adsorption capacity for methylene blue for the initial
HPCM was 1691 mg-gfl, while for materials with
binding agents HPCM/PVA, HPCM/BF, and
HPCM/PVAC it was 1611 mg-g_l, 1000 rng-g_l, and
1270 mg-gﬁl, respectively. The time of adsorption
equilibrium of the process when using carbon
sorbents HPCM, HPCM/PVA, HPCM/PVAC,
HPCM/BF was ~ 15 minutes. Also, experimental
kinetic data were described using the known
equations of kinetic models (the pseudo-first and
pseudo-second order equations, the Elovich equation
and the intraparticle diffusion equation). As a result,
it was found that the experimental dependences have
high correlation coefficients R* with the calculated
values obtained using the pseudo-second order
model. This brings us to the conclusion that chemical
sorption of the MB dye has a predominant effect on

compacted carbon sorbents. A direct dependence of
the sorption capacity of compacted samples and their
strength characteristics on the type and content of the
binder used and compaction modes was established,
which can be explained by the obtained structure of
the material, however, these areas are separate stages
of research that are not included in this study.

Thus, it can be concluded that the compacted
carbon material prepared with various binders can be
an effective adsorbent of pollutants from aqueous
solutions, which makes it a promising material for
solving environmental problems.
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Abstract: Obtaining high-purity single-crystalline aluminum tris(8-hydroxyquinolinate) (Alqs) in significant volumes is
a topical task both for OLED technologies and for its use as a promising electron-pumped laser material. This article
proposes a simple, convenient and ecologically friendly “one-pot” synthesis based on the interaction of high-purity
aluminum powder and 8-hydroxyquinoline in an aqueous solvent of ammonia with high yield. The method allows for the
selective synthesis of an a-polymorphic modification of the meridional isomer Alg;. An electron microscopic study of the
a-phase powder mer-Alq; was carried out. It has been determined that the substance has a uniform morphology of a tree-
like branching structure formed from rod-like linear crystals. The structure of the resulting compound was characterized by
X-ray diffraction, Raman spectroscopy, and electron spectroscopy. Qualitative and semi-quantitative analysis of chemical
elements was carried out using energy-dispersive X-ray spectroscopy (EDX method). The optical absorption spectra of
Alq; solvents in eight organic solvents were studied: DMSO, CH;CN, EtOH, i-PrOH, TEP, CHCl;, 1,4-dioxane, and
toluene. The molar extinction coefficients of a-Alq; in organic solvents were calculated in the short-wave and visible
regions of the spectrum. The solvatochromic effect in the studied systems was assessed. A methodologyfor the quantitative
determination of Alqs in organic solvents and standardization of its solvents has been developed by the spectrophotometric
method.
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AnHotanus: IlodydeHne BBICOKOYMCTOTO MOHOKPHUCTAJUIMYECKOTO TPHUC(S-THIPOKCUXWHOIMHATA) amoMuHuSI (AlQ3)
B 3HAYUTEIBHBIX 00BbEMax SBJSICTCA aKkTyanbHOW 3amauell kak it OCUJ[-TexHONOrui, Tak W JUIsl €ro MPUMCHCHHUS
B KaueCTBE MEPCIEKTHBHOTO JIA3EPHOTO MaTepuaia ¢ 3JICKTPOHHOW HaKaykoW. B cTaThe MpEemIokKeH MPOCTOH, YAOOHBIH
Y SKOJIOTHYHBINA «one-poty CUHTE3, OCHOBAHHBIN Ha B3aUMOJICHCTBUU MOPOLLIKA BHICOKOYUCTOIO aTIOMUHUS U 8-THIPOKCH-
XUHOJIMHA B BOJHOM pacTBOpPE aMMMaKa C BBICOKMM BBIXOJOM. METO/ MO3BOJISIET OCYILIECTBISATh CENIEKTUBHBINA CHHTE3

o-rmoauMopHOit  MomUdUKaMKU MepuaMoHaNbHOrO m3omepa  Alqs. IIpoBeneHO 3IEKTPOHHO-MHUKPOCKOIINYECKOE

Belov D.V., Belyaev S.N., Yunin P.A., Radishev D.B. 279



Journal of Advanced Materials and Technologies. 2023. Vol. 8, No. 4

uccienoBaHue nopoinka o-daser mer-Alqs. OnpezeneHo, 4To BEUIECTBO UMEET OJHOPOIHYI0 MOP(OIOr IO PEBOBUIHON
BETBSAIICHCS CTPYKTYpHI, OOpa30BaHHONH W3 CTEPKHEBUIHBIX JIHHEHHBIX KpHUCTALIOB. CTpyKTypa MOIYYCHHOTO
COCIIMHEHUS 0XapaKTEPH30BaHA METOJaMHU PEHTICHOBCKON TU(PPAKIIUK, CIIEKTPOCKOIMHA KOMOWHAIIMOHHOTO PaCcCEUBAHHUS
CBETa W 3JICKTPOHHOW CIIEKTPOCKOMUU. MEeTOIOM SHEPrOAMCICPCUOHHON PeHTIeHOBCKOU criekTpockonuu (EDX-mero)
MIPOBEICH KAYeCTBCHHBI M IMONYKOJIMYECTBEHHBIH aHANN3 XMUMHUYECKHX AJIEMEHTOB. V3y4eHBI CHEKTPHI ONTHYECKOTO
MOrJIoIIEHUsT pacTBOpoB Alg3 B BocbMu opranudeckux pacrtBopurersix: JJMCO, CH3CN, EtOH, i-PrOH, TO®, CHCl;3,
1,4-mnokcaH, Toiyon. PaccumTtanbl kK0d(D(OUIMEHTH MOIJSIPHON SKCTUHKIMH o-Alq3 B OpraHHYECKUX PaCTBOPUTEISX
B KOPOTKOBOJIHOBOH ¥ BHIOMMOH 00JacTAX crekrpa. IIpoBemeHa OICHKAa COIBBATOXPOMHOTO 3(PQeKTa B HM3YIECHHBIX
cuctemax. PaspaboTaHa MeToaWKa KOJMYECTBEHHOTO ompeaeneHus Alqs B
U CTaHAapPTH3ALUHU €r0 PACTBOPOB CHEKTPOPOTOMETPUICCKAM METOIOM.

OPTaHWYECKUX PACTBOPHUTEIIX

KaioueBbie cjoBa: «one-poty CHHTE3; TPHUC(8-TUIAPOKCUXMHOJIMHAT) allOMUHUS, mer-AlqQ3; 8-THIPOKCHXHUHOJINH;
KP-cnexrpockonust; UV/VIS; OCHUJL; OLED.

s murupoBanus: Belov DV, Belyaev SN, Yunin PA, Radishev DB. Obtaining method and physicochemical properties
of aluminum tris(8-hydroxyquinoline). Journal of Advanced Materials and Technologies. 2023;8(4):279-293. DOL:

10.17277/jamt.2023.04.pp.279-293

1. Introduction

The studies of Tang and Van Slyke in 1987 [1],
who discovered the intense electroluminescence of
aluminum tris(8-hydroxyquinolinate), began the era
of developing new light-emitting devices — Organic
Light Emitting Diodes (OLEDs). Recently, technical
products based on the wuse of organic
electroluminophores have become of great practical
importance. Based on them, new highly efficient light
sources and information display devices are being
developed.

Compared to fluorescent lamps and inorganic
light-emitting diodes (LED), OLED devices have a
number of advantages: smaller dimensions, weight
and power consumption with comparable brightness,
better color rendering, low power dissipation of the
luminous surface and the ability to create large
luminous surfaces (flat displays).

Aluminum tris(8-hydroxyquinolinate) (Alqs) is
one of the most widely used compounds in OLED
technology. Due to its thermal stability, ease of
synthesis and purification, and exceptional electron
transport and electroluminescent properties in thin
films, Alqs is wused as a green organic
electroluminescent phosphor and an electron
transport layer in the manufacture of OLED devices.

Alg; is an organometallic coordination
compound that emits green light with a
photoluminescence wavelength of about 500 nm.
In metal hydroxyquinolinates, hydroxyquinolines act
as bidentate ligands and attach to the aluminum atom
through oxygen and nitrogen atoms with
a coordination number of six. The luminescence
ability of Alqsis responsible for the 1 — ©* electronic
transition from the HOMO of the ligand, localized on
the phenoxyl ring, to the LUMO, located on the
pyridine ring.

Today, the existence of two isomers is known:
meridional mer-Alqs and frontal fac-Alq; which
crystallize in five polymorphic modifications
of Alqz — a, B, v, 9, € [2-5]. Each such phase is stable
under certain thermodynamic conditions and has its
own spectral characteristics [6].

It is currently known that three of the five
polymorphic modifications of crystalline Alqgs (o, B, €)
are composed of mer- isomers (meridional) with C1
symmetry [3], and two polymorphic modifications
(v, &) are composed of fac- isomers (facial) with C3
symmetry [6]. The phase and impurity purity of Alqs
determines both the basic functional properties of the
compound (luminescence, electron-hole conductivity,
etc.) and the durability of the product as a whole.

Various methods for the synthesis of Alqs are
presented in the literature [7-9], but there is no easy-
to-implement method of directed synthesis with
controlled phase composition. The task of obtaining
high-purity Alqs in significant volumes is relevant
not only for OLED technologies, but also for further
studies of single-crystal Alqs, which is used as
a promising electron-pumped laser material.

The purpose of this work is to obtain Alqs; in
a new, convenient way and to study its structural and
optical properties using Raman spectroscopy and
UV-visible spectrophotometry.

2. Materials and Methods

2.1. Alqjs synthesis

Sample I. To synthesize the product, the well-
known technique proposed in [10] was used.
The product was obtained from 8-hydroxyquinoline
(HQ) and aluminum salt in an aqueous medium. For

this purpose, 1 g of aluminum nitrate AI(NO3)3-9H,O
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was dissolved in 100 mL of deionized H,O.
The solvent was heated to 60 °C. 1.5 g of HQ was
dissolved in a mixture consisting of 20 mL of H,O
and 4 mL of glacial acetic acid. The HQ solvent was
slowly added drop wise to the aluminum nitrate
solvent. The pH of the resulting solvent was then
increased to 8 by adding ammonia solvent to
precipitate the product Alqs. The resulting precipitate
was thoroughly washed with hot water (60 °C).
The bright yellow powder with a melting point
>300°C was dried in a vacuum oven at
a temperature of 130 °C. The yield of Alqs was no
more than 95 %.

Sample II. 1 g of Al,O3 was added to 100 mL
of 1 M HCI solvent and heated to 50-60 °C.
The solvent was filtered while hot. A 10 % excess of
the reagent was added to the resulting filtrate, then
a freshly prepared 2 M solvent of CH3COONH,4 was
slowly introduced until a non-disappearing yellow
precipitate appeared and an additional 25 mL was
added for complete precipitation. The precipitate was
filtered, washed with hot water and dried at 120 °C.
The reagent was prepared as follows: 12.5 g of HQ
was added with stirring to 25 mL of glacial acetic
acid with low heating until dissolved. The resulting
solvent was poured into 450 ml of deionized H,O
heated to 60 °C. The solvent was cooled, filtered and
diluted to 500 mL.

Sample III. Alqs synthesis was carried out
according to the method [5] in isopropyl alcohol
(i-PrOH).

Sample IV. Metallic aluminum powder (“PA-HF”,
99.99 wt. %) and a 25 % aqueous solvent of ammonia
hydrate NH3-H,O (“special purity grade”, 99.9 wt. %)
were used as starting materials. Alqs synthesis was
carried out in one step. Aluminum powder was
poured (25 °C) into a NH3-H,O solvent, the mixture
was heated until its activation it and stirred until
intense gas evolution began. A solvent of HQ in
a 10 % aqueous solvent of ammonia hydrate was
added to the resulting mixture in a molar ratio of
Al:HQ=1:3. The initial reagent HQ (pure grade,
99.9 wt. %) was recrystallized from absolute EtOH
and dried in vacuum (Tiye = 74.5-75 °C).
The reaction vessel was then placed on a heating
device and kept at boiling temperature for
60 minutes. The synthesis was carried out with
constant stirring at a speed of at least 300 rpm.
Over time, the solvent became discolored and
a yellow-green precipitate formed. The resulting
precipitate was filtered, washed with water and dried
at a temperature of 120 °C in an argon atmosphere.

The synthesis product was a yellow-green crystalline
powder  (Tiert = 300 °C).
carried out from chloroform.

A comparison was made with commercially
available Alqs (Sigma-Aldrich) with a purity of at
least 99.995 %.

During the studies the following organic
solvents were used: EtOH (> 99.8 %, special purity),
i-PrOH (=99.8 %, special purity, 11-5 OP-1, JSC
“EKOS-1”, Russia), CH3CN (>99.8 %, analytical
grade, JSC “EKOS-1”, Russia), dimethyl sulfoxide
(DMSO) (=99.8 %, UFS, JSC “EKOS-1”, Russia),
CHCIl3 (> 99.8 %, reference, JSC “EKOS-1”, Russia),
1,4-dioxane (>99.8 %, analytical grade, JSC “EKOS-17,
Russia), toluene (>99.8 %, analytical grade, JSC
“EKOS-17, Russia), triethyl phosphate (TEP)
(>99.8 %, JSC “EKOS-1”, Russia). All solvents
were purified, dehydrated, and distilled using
standard methods before use.

Recrystallization was

2.2. Analytic methods

X-ray diffraction analysis of powdered samples
was carried out on a Bruker D8 Discover
diffractometer (CuKo radiation) in Bragg-Brentano
geometry with a LynxEye linear position-sensitive
detector. The analyzed powders were placed in
identical fused quartz cuvettes, and diffraction
patterns were recorded by 0/20 scanning in the
angular range from 3° to 50° along the 20 angle.

The morphology of the synthesized samples was
studied using a VEGA 3 XMH (TESCAN) scanning
electron microscope (SEM) with a LaBg lanthanum
hexaboride cathode. The samples were applied to
adhesive conductive tape without prior manipulation
or mechanical impact. Qualitative and semi-
quantitative analysis of chemical elements was
carried out by energy dispersive X-ray spectroscopy
(EDX method) wusing an energy dispersive
spectrometer based on a semiconductor silicon drift
detector with nitrogen-free cooling manufactured by
OXFORD INSTRUMENTS, with an accuracy of the
mass fraction of elements of 0.1 %, mounted on
a scanning electron microscope column with range of
detectable elements from Be(4) to Pu(94).

Micrographs of the synthesized Alqs samples
were obtained using a ZEISS Axio Imager Vario
optical microscope. The following researchmethods
in reflected light were used: bright field, dark field,
polarization contrast, differential interference contrast
(Nomarski DIC), circular differential interference
contrast (C-DIC).
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Raman spectroscopy (Raman spectra) was
performed on a Renishaw InVia Reflex instrument
(Renishaw plc, UK) with a Leica DMLM confocal
microscope with a resolution of up to 2.5 pm.
The laser radiation wavelength was 514.5 nm, the
radiation power was 0.1-1.0 mW at the measurement
point, and the diameter of the analyzing laser beam
was ~1 pm.

Electronic absorption spectra (UV/VIS spectra)
of Alqs were recorded using a UV-3600i Plus
spectrophotometer (Shimadzu, Japan) (with a quartz
cuvette absorbing layer thickness of 10 mm in dual-
beam mode).

3. Results and Discussion

3.1. Crystal structure of synthesized compounds

Figures 1 and 2 demonstrate X-ray diffraction
patterns of the synthesized Alq; samples. Figure 1
shows diffraction patterns of the synthesized
products: samples [—III. All samples differ from
each other in the location of the characteristic peaks.
However, none of them corresponds to the spectrum
characterizing the pure Alqs phase. Unidentified and
additional peaks can be seen in the spectra.
For example, the diffraction pattern shown in Fig. 1
(curve 2) contains a number of additional peaks in the
20 range at 8.5-11°, 17-18°, 21-23°, 24°, 31-35°,
The presence of additional peaks, their modification
and disappearance indicates the presence of
impurities and residual solvents [11].

Figure 2 (curve 2) shows the diffraction pattern of
Alg; (sample 1V) obtained by the proposed method.

/

For comparison, Fig. 2 also demonstrates a powder
diffraction pattern (curve /) calculated in the
“Diffrac. Topas” software package based on CCDC
data # 1241652 for single crystals of the a-phase
Algs [12]. When calculating the diffraction pattern
from the cif file data in “Diffrac. Topas” and fitting it
to the experiment, the fundamental parameters
approach was used. At the same time, instrumental
parameters were set, i.e. dimensions of the slits
(0.6 mm equatorial slit on the primary beam and the
axial Soller slit 2.5°), detector parameters (a position-
sensitive one-dimensional LynxEYE detector with an
aperture of 2° at the angle 20 was used), taking into
account the axial and equatorial divergence of the
beam and spectral composition of radiation
(CuK, doublet). When fitting, the parameters of the
powder microstructure were varied — the sizes of the
regions of coherent scattering and microdeformation
(50 nm and 0.2 %, respectively), as well as the
approximation of the instrumental background by
a 5™ order Chebyshev polynomial.

Figure 2 (curve 3) also shows a diffraction
pattern of a commercial sample of the a-polymorphic

phase mer-Alq; (Sigma-Aldrich). One can see an
almost complete coincidence of the diffraction
pattern of the synthesized a-Alqs; (sample IV) with
the calculation results and the diffraction pattern of
the commercial sample.

The crystal structure of the a-phase Alqs has
triclinic symmetry, space group P-1, unit cell
parameters: a=6.2586(8) A, bh=12914(2) A,
c=14.7432) A, a=109.66(1)°, PB=289.66(1)°,
v =97.68(1)° [12].
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Fig. 1. X-ray diffraction patterns of Alqs powder samples: sample I (/), sample II (2), sample III (3)
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Fig. 2. Powder diffraction patterns of Alq3: according to the results of calculation in the “Diffrac. Topas” software package

based on the data of [12] (1), synthesized sample IV (2), commercial sample of a-phase Alqz “Sigma-Aldrich” (3)

According to the powder diffraction data (Fig. 2,
curve 2), the synthesized Alqs (sample 1V)
corresponds to the commercial preparation and
calculated data, as indicated by the presence of three
intense, well-resolved peaks in the range
6° <20 < 8°. It is also possible to identify two well-
resolved peaks in the range 10° <26 < 13°, two peaks
in the range 13° <20 <17°, a characteristic peak at
18° and three well-resolved peaks in the range
23° <20 <26°. The data obtained are consistent with
previously published works [12—15].

Figure 3 shows the structure and crystal packing
of the a-phase of the geometric mer-Alqs isomer.

Figure 4 shows photographs of mer-Alqs powder
(sample IV). The product crystals have a rod shape
with a random distribution. The maximum size of
rods is about 100 pm. There are no obvious defects

visually observed on the surface of the crystals,
which indicates a sufficiently high quality of the

resulting mer-Alqs powder.
Electron microscopic research of the a-phase

powder of mer-Alqs was carried out. Figure 5 shows
the corresponding microphotographs. It was
determined that the substance has a uniform
morphology of a tree-like branching structure formed
from rod-like linear crystals. The results of
microscopy indicate the absence of impurities that
differ in particle shape from the bulk of the
substance, and the results of energy-dispersive
elemental microanalysis confirm the formation of a
powder of the mer-Alq; a-phase which is
homogeneous in chemical composition. In Table 1
shows the data of EDX analysis of the synthesized
Alqs powder (sample IV).

(a)

(b)

Fig. 3. Chemical structure (a) and type of crystal packing of the geometric mer-Alqz isomer (b)
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Fig. 4. Micrographs of mer-Alqs a-phase powder (sample IV):
%20, 0.5 HD DIC M27 (a); x50, 0.8 HD DIC (b); x100, 0.9 BD DIC (c¢); x100, 0.9 BD DIC (d)

(b)
Fig. 5. Morphology of mer-Alq3 a-phase powder crystals

Table 1. Results of Alq; EDX analysis (molecular formula C7H;gAIN3O3, molecular weight 459.42)

Element C Al N O
Found (powder), wt. % 70.6+0.01 5.7+0.01 9.2+0.01 10.5+0.01
Calculated, wt. % 70.6 5.7 9.2 10.5
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3.2. Raman spectroscopy of HQ and Alq3

Figure 6 shows the Raman spectra of the
synthesized sample of the mer-Alqs (sample 1V) (1)
a-phase and the original reagent of 8-hydroxyquinoline

(HQ) ().
Tables 2 and 3 show the interpretation of the
Raman spectra of the synthesized compound, i.e. mer-

Il

20000

15000

10000

5000

Algz (sample 1V) a-phase and 8-hydroxyquinoline
(HQ).

Raman spectrum of Alqs (Table 2). According to
literature data [16], about 150 normal modes can be
distinguished in the Raman spectrum of Alqs, which

include vibrations of the hydroxyquinoline fragment
and vibrations of the Al-O and Al-N bonds.

o
-3

1387

1437

1410

=
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e
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Fig. 6. Raman spectra: a-polymorphic phase of mer-Alqs, sample IV (7), 8-hydroxyquinoline (HQ) (2)

Table 2. Line frequencies in the Raman spectrum (Fig. 6, spectrum 1)
and Alqs vibrational mode assignment (sample V)

v, cm Vibrational modes Line assignment
1609  CC ring stretching, CN ring stretching Vring(C—C) + v(C-N)
1595  Ring stretching, CH wagging Viing T 0(C—H)

1507  Ring stretching Viing

1478  CH wagging, ring stretching O(C—H) + Vying
1471  CH wagging, ring stretching O(C-H) + Viing
1424  CH wagging, ring stretching O(C—H) ~+ Vying
1396  CH wagging, ring stretching O(C—H) + Viing
1331  Ring stretching, CO stretching, CH wagging Viing T V(C-0) + 8(C-H)
1285  CO stretching, CH wagging v(C-0) + 6(C-H)
1245  CN stretching, CH wagging v(C-N) + 6(C-H)
1236  CN stretching, CH wagging v(C-N) + 6(C-H)
1223  CN stretching, CH wagging v(C-N) + 6(C-H)
1213 CN stretching, CH wagging v(C-N) + 6(C-H)
1177  CH wagging 6(C-H)

1132 CH wagging O8(C-H)

1115  CO stretching, CH wagging v(C-0) + 6(C-H)
1054  Ring stretching, CH wagging Viing T 0(C-H)
1035  Ring stretching, CH wagging Viing + 0(C—H)
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Continued Table 2

v, cm Vibrational modes Line assignment

1001  CH wagging Owagging(C—H)

981 Ring deformation RD

956  CH wagging Owagging(C—H)

919  Ring deformation, AIN stretching RD +v(Al-N)

860  CH wagging Owagging(C—H)

822  CH wagging Owagging(C—H)

802  Ring deformation RD

795  CH wagging Owagging(C—H)

750  Breathing, ring Vring (breathing)

740  AIN stretching v(Al-N)

656  CH wagging Owagging(C—H)

649  AlO stretching, ring deformation v(Al-O) + RD

625  AlO, AIN stretching, ring deformation v(Al-0) + v(Al-N) + RD

591 CH torsion (C—H)orsion

570  Ring deformation, AIOC wagging RD + 3(A1-0-C)

548  AlO, AIN stretching, ring deformation V(Al-O) + v(Al-N) + RD

540  AlO, AIN stretching, ring deformation v(Al-O) + v(Al-N) + RD

523  Ring deformation, AlO stretching RD + v(Al-0)

504  Ring deformation RD

470  Ring deformation RD

460 CH torsion (C—H)orsion

445 CH torsion (C—H):orsion

420  AIN stretching, AIOC wagging v(AlI-N) + §(Al-0-C)

405  ring deformation, AlO stretching RD + v(Al-0)

393  ring deformation, AIN stretching RD + v(Al-N)

353  ring deformation, AIOC wagging RD + 5(Al-0-C)

302  AIN stretching, CCO wagging v(AI-N) + §(C-C-0)

295  Ring torsion RT

288  Ring torsion RT

282  Ring torsion RT

227  Ring wagging Owagging(C—C)

210  Ring wagging Owagging(C—C)

Table 3. Line frequencies in the Raman spectrum (Fig. 6, spectrum 2)
and correlation of vibrational modes HQ
v, cm’! Vibrational modes Line assignment

1609  CC ring stretching, CH wagging Viing(C—C) + 8(C-H)
1590  CC ring stretching, CH wagging Viing(C—C)+ 6(C—H)
1480  CC ring stretching Viing(C—C)
1437  OH wagging, CC stretching 3(O—H) + Vyjn(C—C)
1410  CC stretching, CC wagging Viing(C—C) + 8(C-C)
1387  CC stretching, CC wagging Viing(C—C) + 8(C-C)
1352 CC stretching, CO stretching, CH wagging Viing T Viing(C—0) + 8(C-H)
1281  CH wagging, CN stretching O(C—H) + vying(C-N)
1263  CH wagging o0(C-H)
1232 CC stretching Viing(C—C)
1212 CN, CO stretching Viing(C—N) + V;in(C-0)
1170  CH wagging o(C-H)
1140 CH wagging o0(C-H)

286

Belov D.V., Belyaev S.N., Yunin P.A., Radishev D.B.



Journal of Advanced Materials and Technologies. 2023. Vol. 8, No. 4

Continued Table 3

v, cm’’ Vibrational modes Line assignment

1106  CC stretching, CH wagging Viing(C—C) + 8(C-H)

1067 CH wagging Owageing(C—H)

1040  CH wagging Owagging(C—H)

957  CH wagging Owagging(C—H)

900 CH wagging Owagging(O—H)

896  CH wagging Owagging(C—H)

872 CH wagging Owagging(C—H)

825 Ring wagging Opending(C—C)

814  Ring deformation RD

780  CH, OH wagging Owagging(C—H) + dyagging(O—H)

752  Breathing, ring wagging Obending(C—C)

723 Ring torsion RT

644  Breathing, ring stretching, CH wagging Viing T 0(C—H)

585  CO, CH wagging 3(C-0) + &(C-H)

553  Ring deformation RD

493  Ring torsion and deformation RT+ RD

479  CO wagging Owagging(C—O)

272  Ring torsion RT

180  Ring torsion RT

167  Ring torsion RT

The modes between 1609 and 1035 cm ' are
mainly due to the stretching of C—C bonds of
hydroxyquinoline rings and the bending vibrations of
C-H bonds (C-H rocking plane vibration, scissor
vibration). The characteristic lines in Alq; spectrum
(Fig. 6, spectrum /) at 1595 and 1396 cm !
correspond to the vibrational modes of the aromatic
ring [Vring + 6(C-H)] of 8-hydroxyquinolinate (HQ)
ligand, while in the Raman spectrum of HQ (Fig. 6,
spectrum 2) the last peak is shifted to shorter
wavelengths and has a maximum at 1387 cm .
Stretching vibrations of the C—C bond, accompanied
by rocking and shear vibrations of the C—H bond are
responsible for the lines at 1478-1396 cm . In the
region of 1213-1285 cmﬁl, stretching vibrations of
C—N and C-O bonds are observed. The lines at 1177
and 1132 cm " are attributed to wagging vibrations of
C-H bonds. The lower frequency line at 750 cm’!
belongs to the mode characterizing Al-O vibrations
and breathing vibrations of the benzene and pyridine
rings. The spectra of coordination compounds at
wave numbers around 740 cm | exhibit vibrations of
AI-N bonds [17], which are absent in the spectrum of
the original HQ. The modes at 625, 548, 540 and
530 cm ' correspond to combined vibrations
[V(AI-O) + v(Al-N) + d1ing); the modes at 504
and 470 cm’ correspond to vibrations of ring
deformations. According to [18], vibrations indicating
the formation of Al-O chemical bonds in

hydroxyquinolinate molecules appear in the range of
500-520 cm . The line at 570 cm ' refers to
wagging vibrations of the benzene and pyridine rings
and torsional vibrations of Al-O—C. The line at
520 cm ' is attributed to vibrations of Al-O bond
stretching and deformation of hydroxyquinoline
fragments attached to metal atoms (breathing
vibration of benzene and pyridine rings).
The frequency of the Al-O stretching vibration mode
at 520 cm ' is in satisfactory agreement with the
observed value of 523 cmﬁl, which characterizes the
meridional isomer. In turn, this value for the
fac-isomer is 534 cm’' [19]. Torsional vibrations of
Al-O and wagging vibrations of the benzene and
pyridine rings are characterized by the line at
504 cm . The vibrational mode observed at 750 cm'
can be attributed to the breathing mode of the HQ
fragment, while the line at 802 cm ! is attributed to
the deformation mode of the HQ ring [20]. The lines
at 591, 460 and 445 cm | characterize the torsional
vibrations of the C—H bond. The line at 405 cm ' can
be attributed to vibrations of ring deformation and
Al-O bond stretching.

The Raman spectrum of HQ (Table 3) has a
more pronounced vibrational structure compared to
Algs spectrum (Fig. 6, spectrum 2). Symmetrical
vibrations of aromatic rings are characterized by high
intensity. Thus, symmetrical vibrations of C—C bonds
are active in the regions of 1590 and 1410 cm'.

Belov D.V., Belyaev S.N., Yunin P.A., Radishev D.B. 287



Journal of Advanced Materials and Technologies. 2023. Vol. 8, No. 4

The peak at 1480 cm ! characterizes the C—C bond
stretching mode. The HQ vibration peak located at
1437 em ' is characterized by &(C-O-H) wagging
and C—C bond stretching modes. Three intense bands
at 1352, 1387 and 1437 cm | characterize vibrations
of ring stretching, C—O bonds, and wagging of O-H
bonds. The HQ peak located at 1281 em ! s
characterized by C-H bond wagging and C-N
stretching modes. The peak at 1232 cm’!
characterizes the stretching vibrations of C—C bonds,
and at 1212 cm ' it characterizes the stretching
vibrations of C-N and C—O bonds. The vibration
lines at 800 and 550 cm ' are attributed to the HQ
ring deformation mode [20]. The line at 752 cm!
is attributed to the HQ breathing mode. The band at
723 cm’ corresponds to highly symmetrical
vibrations of the quinoline rings [21]. The spectrum
contains a band at 644 cm_l, which characterizes
vibrations of ring stretching and wagging of C-H
bonds. The lines at 585 and 479 cm " are responsible
for the stretching vibrations of C—O bonds. The bands
at 272, 180 and 167 cm ' are responsible for the
torsional vibrations of the quinoline rings.

3.3. Spectrophotometric study
of Alqs solvents

UV-visible absorption spectroscopy has been
used to characterize solvents of Alqs in various
organic solvents [22-26]. The spectra were obtained
under the same conditions. Figure 7 shows the
UV/VIS absorption spectra of Alqs in the short-
wavelength region of the spectrum in the following
solvents: EtOH, i-PrOH, TEP, toluene.

Solvents of a-Alqs absorb significantly in the
UV region and have several absorption lines here.
Table 4 shows the spectral characteristics of a-Alqs

T

300 A, nm

200 250

Fig. 7. UV/VIS absorption spectra of Alqs
(c= 8.0-10°° M) in organic solvents:
EtOH (/), i-PrOH (2), TEP (3), toluene (4)

(C= 8.0-10°° M) in various solvents in the UV region
of the spectrum. The lines of electronic transitions are
located in the mid-UV region from 226 to 285 nm.
The clearest absorption line is observed at 255-258 nm
and has g, from ~59000 to 102000 L-(mol-cm)fl.

Figure 8 shows the absorption spectra in the
range of 300500 nm of solvents of a-Alq; (sample V)
with a concentration of C=1.7-10 © M in eight
solvents: DMSO, CH;CN, EtOH, i-PrOH, TEP,
CHCls, 1,4-dioxane , toluene.

Table 5 shows the spectral characteristics of
a-Alqsz in various solvents (C = 1.7.10° M) in the
wavelength range of 300-500 nm. The spectra
contain two bands with insignificant absorption:
Xmaxl is in the range of 315-320 nm, €' takes values
from 2676 to 4765 L-(mol-cm) '; Amax is in the
range of 330-335 nm and ¢ takes values from 2824
t0 4412 L-(mol-cm) ' (Table 4).

Table 4. Spectral characteristics of a-Alqs; (C = 8.0-10°° M) in various solvents

Amax, M / A EtOH i-PrOH TEP Toluene
Amax» nm / A" 228/0.62 226/0.78 241/0.74
¢!, L-(mol-cm) ' 77500 97500 92500
Amax nm / A" 255/0.82 255/0.77 258/0.47
&, L-(mol-cm) ! 102500 96250 58750
Amax L, nm / A 285/0.13" 285/0.11" 285/0.10" 283/0.43
™, L-(mol-cm) 16250 13750 12500 53750

* shoulder.
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Fig. 8. UV/VIS absorption spectra of Alqs in the visible region of the spectrum (C = 1.710°* M) in organic solvents:
DMSO (7), CH3CN (2), EtOH (3), i-PrOH (4), TEP (5), CHCI3 (6), 1,4-dioxane (7), toluene (8)

Table 5. Spectral characteristics of a-Alqs (C = 17107 M) in various solvents

Amax, M / A DMCO CHiCN  EtOH  i-PrOH  TEP™  CHCl; 14-dioxane Toluene
Rel. diel. solvent 46.7 375 24.6 17.9 8 438 23 2.4
permeability, €
Dipole moment i, D 3.9 3.45 1.68 1.66 3.03 1.15 0.45 0.43

?\maxl, nm / A"
sl, L-(mol-cm)71

319/0.56 317/0.54 315/0.50
3294 3159 2912

i I
Amax ,nm/ A

e, L-(mol-cm) 3706 3565 3000

il 1
Amax »,nm/ A4

SHI, L‘(mol~cm)71

386/1.15 383/1.07 375/0.98
6765 6265 5782

317/0.46 318/0.81 318/0.52 319/0.49 320/0.68
2676 4765 3024 2882 4000

333/0.63 332/0.61 330/0.51° 330/0.48" 332/0.75 334/0.55 334/0.56 335/0.72

2824 4412 3206 3294 4235

379/1.02 388/0.62 386/1.06 392/1.06 391/1.24
5965 3647 6206 6235 7294

* — shoulder; ** — triethylphosphate.

These bands correspond to m— w* electronic
transitions, which is due to the presence of double
bonds in the ligand molecule.

Under the influence of a polar solvent, the
absorption maxima caused by © — ©* transitions shift
to the bathochromic (red) side. However, it is
impossible to establish an unambiguous pattern in the

systems under consideration. Thus, in the most polar
I

solvent we are considering, in DMSQO, Apax =319 nm,
and in toluene KmaXI =320 nm. The situation is
similar with the values of 7\maXH.

The absorption bands that appear at higher
wavelengths in the range 375-392 nm correspond to

n — m* electronic transitions and can be classified as
ligand-centered electronic transitions. These lines are
characterized by a molar extinction coefficient in the
range of 3647-7294 L-(mol-cm)fl. In polar solvents,
such absorption lines should shift hypsochromically
to the blue region of the spectrum. However, for Alqs
an unambiguous conclusion about the dependence of
the shift of absorption lines on the polarity of the
solvent cannot be made.

Electronic n — w* transitions are a consequence
of the presence of heteroatoms with a lone electron
pair in the ligand structure. They are realized as a
result of electron density transfer from the highest
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occupied molecular orbital (HOMO), which is mainly
localized on the phenoxyl ring of HQ ligands, to the
lowest unoccupied molecular orbital (LUMO) located
on the pyridine ring.

As is known, with increasing solvent polarity,
characterized by the  Kirkwood  function
(e—1/2e+1), the lines of m — w* transitions shift
bathochromically due to greater stabilization of more
polar excited states in comparison with the ground
states; polar proton-donor solvents cause a blue shift
of n — m* transitions due to greater stabilization of
the ground state due to the formation of complexes
with hydrogen bonds. Apparently, the intermolecular
interaction of Alqs in solvents of organic solvents (Sol)

is of decisive importance. The nature of Alqg;—Sol
intermolecular interactions ultimately determines the
spectral characteristics of Alqs solvents.

Figure 8 shows characteristic a-Alqs absorption
lines with maxima in the intervals: Apay = 315-320,
M = 330-335  and A =375-392  nm.
The spectra were obtained for sample IV with
a concentration of C=1.7-10" M. The molar
extinction coefficients are in the range: for
M. = 26764765, for Apax = 28244412 and for
Lmaxm =3647-7294. For comparison, according to
[27], a solvent of Alqs in CH,Cly at Apax = 388 nm is
characterized by the value € %~ 7000 L-(mol-cm)fl.

In this case, it should also be noted that with a
decrease in the polarity of the solvents (from DMSO
to toluene), no clearly defined bathochromic shift is
observed in the absorption spectra. As a result of the
solvatochromic effect, a change in the position and
intensity of the absorption lines characteristic of Alqs

quinoline ligands can be observed. Table 5 shows the
wavelengths and intensities of the corresponding
absorption lines.

3.4. Quantitative determination of Alq;
in i-PrOH solvent

To carry out quantitative analyzes of Algs
solvents by the spectrophotometric method and
standardize its solvents in organic solvents, a series of
dilutions of a standard Alqs sample in i-PrOH was
prepared in the concentration range (1.6—15.0)-1075 M,
at which the Bouguer-Lambert-Beer law is observed.
Figure 9 demonstrates the spectra of a series of
dilutions of Algssolvents in i-PrOH. Table 6 shows
the data for constructing the calibration line
A=fC(a-Alqz) in -PrOH at the analytical
wavelength A = 379 nm.

1.0

L

A, NmM

Fig. 9. UV/VIS absorption spectra of a-Alqs in i-PrOH
for constructing a calibration line at Apax = 379 nm

Table 6. Data for constructing the calibration line 4 = fC(a-Alq3) in i-PrOH at Ay = 379 nm.
Calibration chart is on insert

y=6881.2x —0.0388
R*=0.9991

A C10°, M A4
0.08 1.57 L0
0.18 3.10
0.27 4.58 08
0.38 6.02 o
0.45 7.41 :
0.56 8.76 o
0.65 10.07
0.74 11.35 i
0.82 12.59
0.92 13.79 0,
1.00 14.97
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The findings show the possibility of
standardizing solvents of a-Alqs in organic solvents

and its quantification in solvents.

4. Conclusion

This work proposes a simple and original
synthesis of the mer-isomer of the o-polymorphic
modification of tris(8-hydroxyquinolinate) aluminum.
The phase composition of the o-phase mer-Alqs
powder obtained by the new method was determined
by X-ray diffraction analysis and is in good
agreement with the results of Raman spectroscopy.
The spectroscopic characteristics of Alqs in various
solvents were studied. The spectrum of Alg; in
triethyl phosphate (TEP) is of greatest interest.
The spectrum is characterized by the presence of
a strong absorption line at 318 nm, the intensity of
which is higher than the absorption line at 388 nm.
In all other solvents used in the work, the opposite
picture was observed. One of the reasons for this
behavior may be the formation of Alq;—TEP
complexes (solvates). The specific behavior of the
Alg; molecule in the solvent is determined by the
specific and universal solvation centers present in its
structure. In accordance with the types of
intermolecular interactions, it is customary to
distinguish nonspecific solvation, caused by van der
Waals interactions, and specific solvation, which
manifests itself as a result of electrostatic
interactions, coordination and hydrogen bonds.
The stability of specific solvates in the Alq;—TEP
system and, as a consequence, the shape of the
absorption spectrum, can be influenced by the
viscosity of the solvent. In addition, in viscous
solvents, the mutual transformations of different
solvates are difficult. All new facts and observations
obtained in this work require detailed study and
explanation, which will serve as a topic for further
research.
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and X-ray radiation absorbers
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Abstract: The article presents multifunctional composite absorbers of microwave and X-ray electromagnetic radiation
proposed and developed by authors. Compared with the analogs, these absorbers contain powdered activated charcoal as
the component absorbing microwave electromagnetic radiation energy and powdered barium sulfate as the component
absorbing X-ray electromagnetic radiation energy. The absorbers are three-layer ones. It was established that microwave
electromagnetic radiation absorption coefficient values of the absorbers containing the powdered activated birch charcoal
vary from 0.5 rel. units up to 0.92 rel. units in the frequency bands 3.5-7.0 GHz, 10.8—-14.2 GHz, and microwave
electromagnetic radiation absorption coefficient values of the absorbers containing the powdered activated coconut
charcoal vary within the specified limits in the frequency bands 5.0-7.5 GHz, 10.2-17.0 GHz. The values of X-ray
attenuation coefficient provided by the absorbers vary from 2.0 to 8.7 rel. units. These absorbers can be used to cover the
walls of rooms where X-ray machines are located. This will ensure a reduction in the degree of influence on these devices,
as well as computer equipment connected to them, of microwave electromagnetic radiation from external sources, as well
as a reduction in the degree of influence of X-ray radiation generated by these devices on electronic devices and on people
who are outside the specified rooms.

Keywords: absorption coefficient; powdered activated charcoal; microwave electromagnetic radiation; X-ray
electromagnetic radiation; barium sulfate.
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MHOFO(l)yHKHl/IOHaJILHbIe KOMITIO3UIMHOHHBIC YIJE€COAECPKAIIMNE MOTJIOTHTEIH
MHUKPOBOJHOBOT0 U PECHTIT€HOBCKOI'0 3JICKTPOMATHUTHOI'O U3JIYYCHUSA
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Annoramusi: [IpeacrasneHbl MHOroyHKIIMOHATbHBIE KOMIIO3HLMOHHBIE MTOITIOTHTEIN MUKPOBOJIHOBOTO M PEHTI€HOBCKOTO
9JIEKTPOMAarHUTHOTO HW3JIyYeHHMs, MPEAJIOKEHHbIE M pa3padoTaHHble aBTOpamu. [lo cpaBHeHHMIO C aHanoraMM JaHHBIC
MOTJIOTUTENN COJEP)KaT MOPOIIKOOOPa3HBIH aKTHBUPOBAHHBI Yroib B KadyecTBE KOMIIOHEHTa, O00ECICUMBAIOLIETO
MOTJIOLIEHNE JHEPIMH MHKPOBOJIHOBOTO 3JIEKTPOMAarHUTHOTO W3JIY4EHHs, M MOPOIIKOOOpa3HbIH cyibdar Oapus
B KauecTBE KOMIIOHEHTA, OOECIEUMBAIOLIETO IOTJIONICHHE 3HEPIMH PEHTTEHOBCKOTO 3JIEKTPOMArHUTHOTO H3ITyYeHHMS.
Takue TOMIOTUTENH SIBISIFOTCS  TPEXCIOMHBIMH. Y CTaHOBIEHO, 4YTO 3HA4eHWsA KOX(P(UIMEHTa IOTJIOICHUSA
MHUKPOBOJIHOBOTO 3JIEKTPOMAarHUTHOTO M3Iy4EHHs MOTJIOTHTENEH, COJEprKaluX MOPOIIKOOOPa3HbIl aKTUBHPOBAHHBINA
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Oepe3oBbIi yroib, H3MEHSOTCS B mpenenax ot 0,5 no 0,92 otH. ex. B monocax vactot 3,5...7,0 [T, 10,8...14,2 I'T,
a 3HavYeHHs KOA(PPHUIUECHTA NOTJIOMICHHS MUKPOBOJIHOBOI'O 3JICKTPOMATHUTHOTO M3JIyUeHHUs MOTJIOTUTENICH, COIepIKaIUX
MOPOIIKOOOPa3HbI aKTUBUPOBAHHBIN KOKOCOBBIM yrojb, WU3MEHSIOTCS B YKa3aHHBIX MpelesiaX B MOJ0CaX YacTOT
5,0...7,5 I'Ty, 10,2...17,0 I'Tu. 3Hayenust ko3ddunreHra ocnabieHuss PEHTTEHOBCKOTO H3IIy4YeHUs], 00eCIeunBaeMoro
MOTJIOTHTENISIMA, HW3TOTOBJICHHBIMA B COOTBETCTBMHM C pa3pabOTaHHOW TEXHOJOTHEH, H3MEHSIOTCS B IIpeaeiax
or 2,0 mo 8,7 oTH.en. JlaHHble MOMJIOTUTENH MOTYT OBITh HCIIOJNb30BAHBI ISl MOKPBITHS CTEH IOMELICHHIA, I/ie
pacroJiaratoTcsi peHTTCHOBCKHE ammaparthl. [Ipyu 3ToM o0OecreyrBaeTCsi CHUKCHUE CTCIICHH BJIMSHHUS Ha 3TH ammaparhl
U TIOAKJIKYCHHBIC K HHUM CpeHCTBa Bbl‘lPICJ'Il/ITC.H])HOﬁ TECXHUKU MI/IKpOBOHHOBOFO 3HeKTpOMaI‘HI/ITHOFO I/I3J'Iy‘leHI/I§I
OT BHCHIIHUX MCTOYHHKOB, 4 TaAKXXC CHHWXCHUC CTCIICHU BJIMAHUA peHTFeHOBCKOFO 143J1yqu1/1;1, reHepMpyeMoro JAaHHbBIMU
ammapaTaMu, Ha IPUOOPEI AIIEKTPOHHON TEXHHUKH U JIFOJICH, KOTOPBIC HAXOIATCS 3a MpeeiiaMy yYKa3aHHBIX TTOMEIICHUH.

KaioueBble ciaoBa: K03()(GUIMEHT MOMIONMIEHNUS; MMOPOIIKOOOPAa3HBIH AaKTUBHUPOBAHHBIA YTOJIb;
3JIEKTPOMArHUTHOE M3ITyUCHHUE; PEHTTEHOBCKOE JICKTPOMAarHUTHOE M3ITy4eHHE; Cysbdar 6apusl.
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Jnst mutupoBanus: Boiprav OV, Bogush VA, Grinchik NN. Multifunctional composite charcoal-containing microwave
and X-ray radiation absorbers. Journal of Advanced Materials and Technologies. 2023:;8(4):294-303. DOI:

10.17277/jamt.2023.04.pp.294-303

1. Introduction

Modern multifunctional materials that provide
microwave  electromagnetic  radiation  energy
attenuation are characterized by the following
properties: 1) thermal insulation [1-4]; 2) thermal
conductivity [5, 6]; 3) sound insulation [3, 7]; 4) fire
resistance [8, 9]; 5) optical transparency [3, 10];
6) controllability of the electromagnetic radiation
absorption coefficient (ERAC) value during absorber
use [11]; 7) self-cleaning [1]; 8) self-healing [12].

Research interest in the development of
multifunctional microwave electromagnetic radiation
absorbers is increasing every year. This statement is
based on information about the dynamics of changes
in the share of scientific publications devoted to these
absorbers from the number of scientific publications
devoted to microwave electromagnetic radiation
absorbers in general (Fig. 1).

We made the contribution to the research field
devoted to the development of multifunctional

40 A
35 A
30 4
25 A
20 A
15 -
10

Publications share, %o

microwave electromagnetic radiation absorbers based
on porous carbon-containing materials. This
contribution consists in conducting the research
aimed at the development and experimental
validation of microwave and X-ray electromagnetic
radiation absorbers. These absorbers were proposed
and developed given the research results presented in
[13, 14]. In particular, paper [13] presents composite
building materials based on powdered charcoal and
gypsum. It was shown that these materials provide
10.0-1000.0  times reduction of microwave
electromagnetic radiation power. In [14] composite
coatings based on powdered barium sulfate
and sodium silicate aqueous alkaline solution were
presented. It is shown that if the thickness of such
coatings is 0.2 cm, then they are characterized by
values of the X-ray attenuation coefficient of
2.0-8.7 rel. units (if X-ray electromagnetic radiation
voltage values vary from 50.0 to 150.0 kV).

0 I I

5
2018 2019

11|

2020 2021 2022

Year

Fig. 1. Dynamics of changes in the share of scientific publications on multifunctional microwave electromagnetic radiation
absorbers from the total number of those on microwave electromagnetic radiation absorbers
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The urgency of the development of the indicated
absorbers is due to the need to simultaneously solve
two problems related to improving the conditions
for the operation of X-ray machines: 1) reducing the
impact of microwave electromagnetic radiation from
external sources on X-ray machines, as well as
computer equipment connected to them; 2) reducing
the impact of radiation generated by X-ray machines
on electronic devices and people who are outside the
rooms where these devices are installed.

Thus, in this article, we developed and studied
three-layer multifunctional composite absorbers of
microwave and X-ray electromagnetic radiation. To
achieve the set goal, the microwave electromagnetic
radiation reflection coefficient (ERRC) and
electromagnetic radiation transmission coefficient
(ERTC) values of the made samples were measured,
microwave ERAC values of the made samples were
calculated; an analysis of the patterns of changes in
the values of microwave ERAC of the made samples
was carried out depending on the type of powdered
activated charcoal that was used during their making.

2. Materials and Methods
2.1. Absorber production technology

The proposed absorbers were developed using
the technology, comprising the following stages:

1. Cutting the (50.0 = 5.0) microns thick foiled
polymer film (KOTAR Ltd.,, Poland) into the
fragments. Geometrical shape and size of the
fragments should be relevant to the geometrical shape
and size of the made absorber.

2. Cutting (0.2 £ 0.05) cm thick cellulose sheets
(Spektr upakovki” factory, Belarus) into fragments.

Geometrical shape and size of the fragments should
relevant to the geometrical shape and size of the
made absorber.

3. Preparing the mixture with following
composition: powdered activated birch or coconut
charcoal (trade mark BAU-A, standard 6217-74,
Russia) or trade mark KAU-A (India), respectively —
20.0 vol. %, building gypsum (OJSC “BELGIPS”,
Belarus) — 30.0 vol. %, water — the rest.

4. Applying the (0.5 + 0.1) cm thick layer of the
mixture prepared during stage 3 to the one of the
surfaces of the fragment of foiled polymer film cut
during stage 4.

5. Preparing the mixture with the following
composition: barium sulfate (OJSC “Chemical Plant
named after L.Ya. Karpov”, Russia) — 30.0 vol. %,
sodium silicate aqueous alkaline solution (JSC
“DEKART”, Belarus) — the rest.

6. Applying the (0.2 £0.05) cm thick layer of
mixture prepared during stage 5 to the one of the
surfaces of the cellulose sheet fragment obtained
during stage 2.

7. Fixing the cellulose sheet fragment with
applied to it layer of mixture (stage 6) on the surface
of the mixture applied during stage 4.

7. Drying the resulting absorber under standard
conditions.

Thus, in this study, four groups of the samples
were made in accordance with the presented
technology.

The characteristics of the made samples are
presented in Table 1. Schematic images of the made
samples are presented in Fig. 2.

Table 1. Characteristics of the made samples

Name
of the samples group

Composition
of the sample first layer

Composition
of the sample second layer

Composition
of the sample third layer

Samples of group 1 Mixture of powdered
activated birch charcoal,

building gypsum and water

Mixture of barium sulfate
and sodium silicate aqueous
alkaline solution

Samples of group 2

Samples of group 3 Mixture of powdered
activated coconut charcoal,

building gypsum and water

Mixture of barium sulfate
and sodium silicate aqueous
alkaline solution

Samples of group 4

Foiled polymer film No

Mixture of powdered Foiled polymer film
activated birch charcoal,

building gypsum and water

Foiled polymer film No

Mixture of powdered Foiled polymer film

activated coconut charcoal,
building gypsum and water

296

Boiprav O.V., Bogush V.A., Grinchik N.N.



Journal of Advanced Materials and Technologies. 2023. Vol. 8, No. 4

o o e ©6 6 6 o o o o o °o o o I
e 6 o6 o o o o e 6 6 06 0 O 2
® 6 o o o ® © 6 6 o o
(a) )
3
2
®e 6 o o o [ J
o O e 6 o o e 6 6 06 606 o o ]

(b)

Fig. 2. Schematic images of the samples of groups 1 and 3 (a)
and the samples of groups 2 and 4 (b):

1 — foiled polymer film; 2 — layer based on the mixture
of powdered activated charcoal, building gypsum and water;
3 — cellulose sheet fragment; 4 — layer based on the mixture

of barium sulfate and sodium silicate aqueous alkaline

solution

As can be seen from Table 1 and Fig. 2, the
made samples of groups 1 and 3 were two-layer ones,
and the made samples of groups 2 and 4 were three-
layer ones. Stages 1 and 3 of the proposed technology
were used to make samples of groups 1 and 3, and 4.
All stages of the proposed technology were used to
make samples of groups 2 and 4. Samples of groups 1
and 3 were made to assess the degree of impact of
adding the layer based on barium sulfate and sodium
silicate aqueous alkaline solution to the structure of
absorbers based on powdered activated charcoal on
the microwave electromagnetic radiation reflection,
transmission and absorption characteristics of such
absorbers.

Ten samples of each group were made.
The samples of each group were made in the
specified quantity to create conditions for assessing
the reproducibility of the results of implementing the

presented technology (i.e., to assess the
reproducibility of microwave ERRC, ERTC and
ERAC characteristics of the absorbers made

in accordance with the presented technology).

1
0,9
0.8
0,7
0,6
0,5
0.4
0,3
0,2
0.1

0

2 3

A, rel. units

2.2. Determination of microwave ERRC, ERTC
and X-ray attenuation coefficient

The microwave ERRC and ERTC of the made
samples were studied using the measuring system
including panoramic meter of electromagnetic
radiation reflection and transmission coefficients
SNA 0.01-18 (manufactured by Belarusian State
University of Informatics and Radioelectronics), two
horn antennas P6-23M, personal computer with
special software for the measuring process
management. The description of the method used in
the course of the research was presented in[15].
The ERACs of the samples were calculated through
the ERRC and ERTC. The calculation algorithm was
described in detail in [15].

These measurements and calculations were
carried out in the frequency range 2.0-17.0 GHz.
This range was chosen because [16, 17]: frequencies
of unwanted emissions of many modern radio-
electronic  devices belong to the specified
range; modern devices for transmitting signals over
wireless media operate in the specified range.

The X-ray attenuation coefficient of the made
samples was studied using the measuring system
including the X-ray calibration installation UPR-
AT300 (“ATOMTECH” OJSC “MNIPI”, Belarus),

the precision dosimeter DKS-ATS5350
(“ATOMTECH” OJSC “MNIPI”, Belarus), the
ionization chamber TM23361 (PTW Freiburg,

Germany). The research methodology was described
in detail in [14].

3. Results and Discussion

The ERAC frequency dependences in the range
of 2.0-17.0 GHz for samples of groups 1 and 2 are
presented in Fig. 3.

4 5 6 7 8 9 10111213 14 15 16 17
f, GHz

Fig. 3. ERAC frequency dependences in the range of 2.0-17.0 GHz of group 1 samples (curve /) and group 2 samples (curve 2)
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As can be seen from Fig. 3, the ERAC values in
the frequency range 2.0-17.0 GHz for samples of
groups 1 and 2 vary from 0.05 rel. units up to
0.92 rel. units These samples are essentially
frequency-selective microwave absorbers in the
frequency range 2.0-17.0 GHz. Effective absorption
band of samples of group 1 is 3.5-17.0 GHz.
Effective absorption bands of samples of group 2 are
3.5-7.0 GHz, 10.8-14.2 GHz. That is, samples of
group 1 are broadband microwave absorbers in the
frequency range 2.0-17.0 GHz, and samples of group 2
are multiband microwave absorbers in the specified
frequency range. ERAC values in the frequency
bands 7.0-10.8 GHz and 14.2-17.0 GHz for samples
of group 2 are lower by 0.1-0.55 rel. units than
ERAC values in the indicated frequency bands of
samples of group 1. This feature is due to the
following:

— the ERRC values in the specified frequency
bands of group 2 samples were higher by 2.0-8.0 dB
than those of group 1samples (see Fig. 4);

— the ERTC values in the specified frequency
bands of groups 1 and 2 samples were practically
equivalent (from —15.0 to —35.0 dB), which is due to
the fact that this parameter value of the listed groups
samples was influenced to the greatest extent by the
foiled polymer film included in their structure.

The ERAC values in the frequency band 10.8—
14.2 GHz for samples of group 2 were higher by
0.15-0.22 rel. units than the ERAC values in the
specified frequency band of group lsamples. This is
due to the fact that the ERRC values in the specified
frequency band of group 2 samples were lower by
1.0-7.0 dB than those of group 1 samples (see Fig. 4),
provided that the ERTC values in the specified
frequency band of these samples were almost
completely equivalent.

The ERAC frequency dependences in the
frequency range 2.0-17.0 GHz of groups 3 and 4
samples are presented in Fig. 5.

It is seen from Fig. 5 that the ERAC values in
the frequency range 2.0—17.0 GHz for groups 3 and 4
samples vary from 0.1 rel. units up to 0.95 rel. units.

f, GHz

4 5 6 7

1,dB
=

& -12
-14
-16
-18
-20

8 9

10 11 12 13 14 15 16 17

Fig. 4. ERRC frequency dependences in the range of 2.0-17.0 GHz of group 1 samples (curve /) and group 2 samples (curve 2)

1
0.9
0,8 °
0,7
0,6
0,5
0.4
0.3
0,2
0,1

0

A, rel. units

2 3 4 5 6 7 8 9 101112 13 14 15 16 17

f, GHz

Fig. 5. ERAC frequency dependences in the range of 2.0-17.0 GHz of group 3 samples (curve /) and group 4 samples (curve 2)
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Fig. 6. ERRC frequency dependences in the range of 2.0-17.0 GHz of group 3 samples (curve /) and group 4 samples
(curve 2)

Effective absorption bands of group 3 samples are
2.0-3.0 GHz, 7.0-17.0 GHz. Effective absorption
bands of group 4 samples are 5.0-7.5 GHz,
10.2-17.0 GHz. Groups 3 and 4 samples, like group 2
samples, are multiband microwave absorbers
in the range of 2.0-17.0 GHz. The ERAC values in
the frequency bands 2.0-3.0 GHz and 7.5-10.2 GHz
for group 4 samples of are lower by 0.1-0.4 rel. units
than the ERAC values in the specified frequency
bands of group 3 samples. This is due to the fact that
the ERRC values in the specified frequency bands of
group 4samples are higher by 1.0-5.0 dB than the
ERRC values in the specified frequency bands of
group 3 samples (see Fig. 6), provided that the
ERTC values inthe specified frequency bands of
these samples are almost completely equivalent.
The ERAC values inthe frequency  bands
3.0-7.5 GHz and 15.0-16.5 GHz of samples of
group 4 are higher by 0.1-0.55 rel. units than the
ERAC values in the specified frequency bands of
group 3 samples. This is due to the fact that the
ERRC values in the specified frequency bands of
group 4 samples are lower by 1.0-10.0 dB than the
ERRC values in the specified frequency bands of
group 3 samples (see Fig. 6), provided that the ERTC
values inthe specified frequency bands of these
samples are almost completely equivalent.

The higher ERRC values of group 2 samples
compared to those of group 1 samples in the
frequency bands 7.0-10.8 GHz and 14.2-17.0 GHz
and the higher ERRC values of group 4 samples
compared to those of group 3 samples in frequency
bands 2.0-3.0 GHz and 7.5-10.2 GHz are due to the
following features of electromagnetic waves
interaction with these samples:

1) electromagnetic waves reflected from the
surfaces of the sample layers interact with each other;

2) the ERRC values of the samples depend on
the value of energy of electromagnetic waves
resulting from the interaction of electromagnetic
waves reflected from the samples layers surfaces
(if this energy is higher, electromagnetic radiation
reflection coefficient values are higher; if this energy
is lower, electromagnetic radiation reflection
coefficient values are lower);

3) in the above frequency bands, the difference
between the phases of electromagnetic waves
reflected from the surfaces of the layers of groups 2
and 4 samples is smaller than the difference between
the phases of electromagnetic waves reflected from
the layer surface of groups 1 and 3 samples.

The lower ERRC values in the frequency band
10.8-14.2 GHz of group 2 samples compared to those
of group lsamples, and the lower ERRC values in the
frequency bands 3.0-7.5 GHz and 15.0-16.5 GHz of
group 4 samples compared to group 3 samples is due
to features 1 and 2 described above, as well as the
following feature:

—in the listed frequency bands, the difference
between the phases of electromagnetic waves
reflected from the layer surfaces of groups 2 and 4
samples is greater than the difference between the
phases of electromagnetic waves reflected from the
layer surface of groups 1 and 3 samples.

Table 2 presents the results of the study of X-ray
attenuation coefficient of the made samples.

The proposed electromagnetic  radiation
absorbers are characterized by the ERAC values (4)
and the width of the effective absorption band (Af)
similar to the ERAC values and the width of the
effective absorption band of the analogs (microwave
absorbers based on porous carbon-containing
materials [18-23]) (see Table 3).
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Table 2. Results of study of X-ray attenuation coefficient of the made samples

Average X-ray energy, keV 35.0 40.0 45.0 50.0 55.0 60.0 65.0 70.0 75.0 80.0
X-ray attenuation
coefficient, rel. units 8.7 6.5 5.0 4.0 35 3.0 2.8 2.5 2.2 2.0

Table 3. Characteristics of microwave absorbers based on porous carbon-containing materials

Absorber name d’, cm A, rel. units Af, GHz f.", GHz
Proposed absorbers containing powdered 3.5; 5.2;
birch charcoal 09 0.5-0.92 3.4 12.5
Proposed absorbers containing powdered 2.5; 6.2;
coconut charcoal 0.9 0.5-0.95 6.8 13.6
Absorbers based on porous carbon and -
carbon nanotubes [18] 0.5 ~09 1.5 155
Absorbers based on carbon obtained from 0.5 0.5-0.9" 6.0 9.0
wood [19]
Absorbers based on porous carbon obtained 0.5 0.7-09"* 40 6.0
from biomass [20]
Absorbers based on carbon hollow
microspheres with a designed mesoporous 0.4 >0.9 4.8 8.2
shell [21]
Absorbers based on three-dimensional whox
carbon foams obtained from fish skin [22] 0.3 0.5-0.9 8.6 13.6
Absorbers based on nanoporous carbon 0.2 0.9 13 2.9

obtained from walnut shells [23]

" d — absorber thickness value.

" f. — value of the central frequency in the effective absorption band.
The values were estimated based on the energy losses of electromagnetic radiation due to its reflection.

In contrast to the analogs [18-23], the proposed
absorbers provide the absorption of X-ray
electromagnetic radiation energy along with the
absorption of microwave electromagnetic radiation
energy since their structure includes the composite
coating based on barium sulfate and sodium silicate
aqueous alkaline solution, which, as shown in [15], is
characterized by the X-ray attenuation coefficient
values of 2.0-8.7 rel. units (see Table 2). In addition,
unlike carbon-containing absorbers [18-23], the
proposed absorbers are multiband ones.

Thus, the main results for the experimental
verification of the proposed absorbers are as follows.

1. Adding a (0.2 = 0.05) cm thick layer based on
the mixture of powdered barium sulfate and sodium

silicate aqueous alkaline solution to the structure of
microwave absorbers based on powdered activated
birch charcoal, gypsum and water leads to:

—a decrease by 0.1-0.55 rel. units in the ERAC
values in the frequency bands 7.0-10.8 GHz and
14.2-17.0 GHz of the indicated absorbers, which is
due to an increase by 2.0-8.0 dB of their ERRC
values in the specified frequency bands provided that
their ERTC values almost do not change.

—an increase by 0.15-0.22 rel. units of the
ERAC values in the frequency band 10.8—-14.2 GHz
of the indicated absorbers, which is due to a decrease
by 1.0-7.0 dB of their ERRC values in the specified
frequency band, provided that their ERTC values
almost do not change.
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2. Adding a (0.2 + 0.05) cm thick layer based on
the mixture of powdered barium sulfate and sodium
silicate aqueous alkaline solution to the structure of
microwave absorbers based on powdered activated
coconut charcoal, gypsum and water leads to:

—a decrease by 0.1-0.4 rel. units of ERAC
values in the frequency bands 2.0-3.0 GHz and 7.5—
10.2 GHz of the indicated absorbers, which is due to
an increase by 1.0-5.0 dB of their ERRC values in
the specified frequency bands provided that their
ERTC values almost do not change;

—an increase by 0.1-0.55 rel. units of ERAC
values in the frequency bands 3.0-7.5 GHz and 15.0—
16.5 GHz of the indicated absorbers, which is due to
a decrease by 1.0-10.0 dB of their ERRC values in
the specified frequency bands provided that their
ERTC values almost do not change.

3. Effective absorption bands of the proposed

absorbers containing powdered activated birch
charcoal are 3.5-7.0 GHz and 10.8-14.2 GHz.
Effective absorption bands of the absorbers

containing powdered activated coconut charcoal are
5.0-7.5 GHz and 10.2-17.0 GHz. The average values
of the ERACSs in the effective absorption bands of the
first of these absorbers are practically equivalent.
The average value of ERAC in the band 5.0-7.5 GHz
of the second ofthese absorbers is higher on
0.2 rel. units than their average value of ERAC
in the band 10.2-17.0 GHz.

Based on the presented features, we can
conclude that proposed absorbers containing
powdered activated birch charcoal are advisable to
use in cases where the frequency value of
electromagnetic radiation, the energy of which must
be attenuated to a greater extent due to its absorption
than due to reflection, belongs to the S-band.
Proposed absorbers containing powdered activated
coconut charcoal are advisable to use in cases where
the frequency value of electromagnetic radiation, the
energy of which must be attenuated to a greater
extent due to its absorption than due to reflection,
belongs to the Ku-band.

4. Conclusion

The results of the experimental verification of
the proposed absorbers are positive. They are
multifunctional multiband ones in the frequency
range of 2.0-17.0 GHz. They provide absorption of
X-ray electromagnetic radiation along with
absorption of electromagnetic radiation energy in the
specified frequency range. These absorbers can be

used to cover the walls of premises where X-ray
machines are located. At the same time, these
absorbers must be fixed in such a way that their
layers based on foiled polymer film are adjacent to
the premises wall. This will ensure: i) reflection of
microwave electromagnetic radiation emitted by
external sources (i.e. from sources located outside the
specified premises), thus reducing the impact of this
radiation on X-ray machines, as well as computer
equipment connected to them; ii) absorption of X-ray
electromagnetic radiation generated by X-ray
machines, thus reducing the impact of this radiation
on electronic devices and on people who are outside
the specified premises; iii) absorption in a wide
frequency band of microwave electromagnetic
radiation emitted by computer equipment connected
to X-ray machines, thus reducing the level of passive

electromagnetic  interference in the specified
premises.
Based on the presented results, a patent

application has been filed for methods for making
microwave and X-ray electromagnetic radiation
absorbers [24].
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AlMg6-AlMg6 weld interface:
microstructure and mechanical properties after explosive welding
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Abstract: Due to their low density, high strength, and resistance to corrosion, Al-Mg alloys are widely used in the railcar
construction and shipbuilding, and other industries. The aim of this study was to carry out a detailed analysis of the
microstructure of the AIMg6-AlMg6 weld interface after explosive welding (EW). The results of this study are important
for a better understanding of the joint formation process in EW of AIMg6 with other metals and alloys.
The study included optical and electron microscopy of metallographic specimens with etched surfaces. Vickers hardness
tests and tear strength tests were carried out to determine the mechanical properties of the joint. Optical and electron
microscopy revealed a large number of adiabatic shear bands (ASBs) formed during EW and dark-etching structures
formed after etching. An increase in explosive welding parameters leads to an increase in ASBs in the flyer plate and
parent plate. The dark-etching structures are most likely the accumulations of structural defects and intermetallic
compound fragments. The tear testing of the weld joint showed that higher EW parameters lead to much higher tear
strength with a non-uniform distribution along the length of the plates. It was concluded that in order to achieve a joint
between AIMg6 and other alloys and metals with the highest strength, plastic deformation in the weld interface must be
sufficiently high, while heating must be minimal. The maximum joint strength was 150 MPa in mode 2 and 242 MPa
in mode 3, respectively.

Keywords: Al-Mg alloys; explosive welding; weld interface; microstructure.
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I'pannna coenunenuss AMr6—-AMro6:
MHKPOCTPYKTYpPa U MeXaHM4YeCKHe CBOMCTBA M0CJIe CBAPKH B3PbIBOM
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Annotanusi: CrutaBsl cucteMbl Al-Mg MIMPOKO HCIOJIB3YIOTCSl B CYAOCTPOCHUH, BarOHOCTPOCHUH M JPYT'MX OTPAaCIsX
MIPOMBIIICHHOCTH OJlarojapsi HU3KOW IUIOTHOCTH, BBICOKOM NPOYHOCTH M KOPPO3MOHHOH croiikocTH. Llenb paboTel —
MPOBEACHUE JI€TAbHOIO UCCIEI0BAHUS MUKPOCTPYKTYpBI IpaHuUllbl coeauHeHnss AMr6—-AMI'6 nocne cBapku B3pBIBOM.
Pe3ynpTaThl McCiieOBaHUS TO3BOIMIN Jy4lle MOHMMAaTh Mpolecc (GOPMUPOBAHHS COCOMHEHHWH MPH CBAapKe B3pPHIBOM
cmaBa AMr6 ¢ apyrumMu MeTallaMH W clulaBaMH. Metamnorpaduieckiue HccieoBaHMs 00pas3loB ITPOBOAMIN
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C TIOMOIIBIO ONTHYECKOM M DJIEKTPOHHOM MHUKpockomuu. [l WMccineoBaHMS MEXaHWYECKHX CBOMCTB IPOBEAEHBI
UCTIBITAHHUSI MPOYHOCTH HAa OTPBIB U U3MEPEHA MHKPOTBEPAOCTh ClloeB. OnTHuYecKas M AIEKTPOHHAS MHUKPOCKOIHUS
M0Ka3ana, 4To B MPOILIECCE CBAPKU B3PHIBOM B MaTepuasiax 00pa3yroTcs MOJIOCHI aauabaTHYECKOTO CABUTA. YBEJINYEHHE
MapaMeTpoB CBAPKH B3PBIBOM MPHUBOAUT K YBEJIMYEHHUIO MOJIOC aAMa0aTHYECKOro CBUra B METAEMOM U OCHOBHOM CIIOE.
Taxke Ha TIpaHMIE COEIUHEHHs ObUIM OOHAPY)KEHBI TEMHOTpABSIIUECS CTPYKTYPBHL. I[IpenronoxkuTesisHO Takue
CTPYKTYPBI TPEICTABIAIOT COO0M CKOIJICHUS Je(EeKTOB M WHTEPMETAJUIMYECKHX COCIUHEHHH. YCTaHOBJIEHO, 4TO JUIsl
TIOJIy4EHHsI ITPOYHOTo coeluHeHHss AMroé ¢ ApyruMHu MeTajulaMH U CIUIaBaMH HEO0OXOIMMO O0ECHEYHThH IUIACTHYECKYIO
nedopManunio cBapUBaeMbIX ITOBEPXHOCTEH NMpPU MHHHMAJIbHOM HarpeBe 30HBI COEAMHEHMs. MakcMMaibHas NPOYHOCTh
coequHeHus cocrasuna 150 MlIla no pexxumy 2 u 242 MIla no pexumy 3, COOTBETCTBEHHO.

KaroueBble cj10Ba: ciiaB AMI‘6; CBapKa B3pbIBOM; I'paHUlla COCAUHCHUA; MUKPOCTPYKTYpaA.

Jlas umruposanmsi: Malakhov AYu, Saikov IV, Denisov IV, Berdychenko AA| Ivanov SG, Niyozbekov NN.
AlMg6—-AlMg6 weld interface: microstructure and mechanical properties after explosive welding. Journal of Advanced

Materials and Technologies. 2023;8(4):304-315. DOI: 10.17277/jamt.2023.04.pp.304-315

1. Introduction

The metals and alloys that contribute to reducing
the weight of constructions have been in high demand
in the aerospace, shipbuilding, automotive and railcar
industries. Aluminum alloys are the most commonly
used materials for such applications due to their light
weight, suitable mechanical properties and corrosion
resistance, as well as good weld ability and
workability. Wrought non-heat treatable aluminum
alloys of the Al-Mg system are currently widely used
because of their good corrosion resistance in many
acids and seawater, as well as their high tensile
strength (up to 420 MPa). These excellent
performance properties are due to solid solution
strengthening.

It is not always advisable to make constructions
entirely of Al-Mg alloys due to their low stiffness
and low melting points compared to steel or titanium.
Therefore, the elements of a construction that
undergo significant mechanical stresses are often
made of steel or other alloys. For example, in the
shipbuilding industry, the ship hull is made of steel,
whereas chimney casings, wheelhouses and deck
bridges are made of Al-Mg alloys. This reduces the
overall ship weight up to 50-60 %, thus increasing
the deadweight tonnage and improving the overall
ship performance [1, 2]. In particular, the hovercraft
hulls are made entirely of Al-Mg alloys. In the
automotive industry, Al-Mg alloys are used in
manufacturing  various parts of  suspension,
transmissions, etc. [3]. This reduces the automobile’s
weight and fuel consumption and minimizes CO,
emissions [4]. In addition, Al-Mg alloys are used in
the production of cryogenic equipment used in the
transportation of liquefied gases [5].

Nowadays, various fusion welding methods are
used for joining Al-Mg alloys to steel work pieces [6].

Pressure welding produces stronger joints
between Al-Mg alloys and steels compared to fusion

welding. This is due to the fact that the joint is
formed in the solid phase, which significantly reduces

the number of brittle Fe,Al, IMCs at the weld
interface. The joint between Al-Mg alloy and steel
can be made by friction welding [7, 8], diffusion
welding [9], ultrasonic welding [10], cold rolling
[11], magnetic-pulse welding [12], hot isostatic
pressing [13], and explosive welding (EW) [14-16].
All those studies have shown that the welding of
aluminum alloys with steels poses a number of
challenges. These challenges are associated with

brittle Fe,Al, IMCs, the differences in the melting
points of the two metals, their physical properties and
thermal expansion coefficients. Therefore, bimetallic
transition joints (BTJ) are used to meet these
challenges [17]. Consequently, the properties of the
BTJs used in the process of welding will define a
construction’s overall performance properties.
Nowadays, EW is a promising technique for the
BTJs manufacturing [17, 18]. For example,
G. Costanza et al. welded a BTJ consisting of
5086 aluminum alloy and AS516 steel with an
intermediate layer of pure aluminum [19]. A new
method of EW of 5083 aluminum alloy with Q345
steel was studied in [20], where dovetail grooves
were employed. The tensile shear strength of
5083/Q345 clad plate was 167.6 MPa, that is higher
than that of 5083 aluminum alloy. However, the
dovetail grooves trapped the compressed gas in the
gap between the base and flyer plates, which led to
the formation of pores in the weld interface.
Microstructure and morphology of the weld
interface are important characteristics in EW studies.
The weld interface morphology is divided into wavy
interface [21] and straight interface [22, 23].
The weld interface microstructure can vary
significantly in depth due to the non-uniform heat
distribution, namely, the heat does not have time to
dissipate from locally heated zones, which are formed
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Table 1. Mechanical properties and chemical composition
of commercial AIMg6 alloy under EN 10204 3.2 certificate

Tensile strength, MPa Yield strength, MPa

Elongation, % Density, kg-m73

353-356 193-221 16.6-19.3 2640
Composition, wt. %
Al Mg Mn Zn Fe others
92.73 5.80-5.87 0.86 0.18 0.16 0.20

due to highly intensive deformation of the weld
interface. Also, this deformation causes very high
grain refinement near the weld interface [24], thus the
process of structure fragmentation takes place [25].
The structure fragmentation was studied in detail
in [26]. In addition, numerous deformation twins,
dislocations and adiabatic shear bands (ASBs) near
the weld interface were observed in many studies
[27-29]. EW of dissimilar metals produces brittle
IMCs and solid solutions at the weld interface [30],
which, in most cases, significantly reduce the strength
of the welded joint [31].

The main objective in the BTJ production is to
achieve the tensile strength comparable to that of
AlMg6. Obtaining a strong joint between steel and
pure aluminum does not pose many difficulties.
On the other hand, the strong joint between steel and
Al-Mg alloys cannot be achieved if the magnesium
content is greater than 5 % [32, 33]. As is known,
magnesium is the main factor that defines the
mechanical properties of AIMg6 [34].

Resolving these issues requires detailed study of
the structure of the weld interface in the AlMg6
bimetal. Such a scheme excludes the formation of
Fe,Al, IMCs, thus allowing to determine the effects
of magnesium on the weld interface formation.
This scheme of joining similar metals was applied
in [35] where the EW of Al to Al was performed.

This study examined the EW of AIMg6 with
AlMg6. It presented the results of the microstructural
study of the AIMg6—AIMg6 weld interface after EW
and the results of the mechanical testing of the joint.
These results will be used in further studies to
determine the parameters of the EWof AIMg6 alloy
with steels.

2. Materials and Methods
2.1. Initial materials

The initial materials used in this study were
4-mm-thick plates of AlMg6 alloy, whose
composition and properties are listed in Table 1.

T et M T =
e P AN L T A ™

s e

Fig. 1. The initial microstructure of the AIMg6

Figure 1 shows the microstructure of the initial
AlMg6 plate. Thegrains of a-solid solution (c-phase)
are elongated along the rolling direction. Small
(Fe, Mn)ALI6 inclusions are inside the grains, whereas

B-phase (MgpAls) is along the grain boundaries [36].

2.2. Explosive welding

The EW experiments were conducted in the
parallel plate configuration shown in Fig. 2a. Before
assembling, the surfaces of the plates were cleaned
from oxide films and rust. The explosive used was a
96 : 4 mixture of microporous ammonium nitrate and
diesel oil (d=780 kg‘m_3). The top surface of the
flyer plate was covered with a protective polythene
layer. The layer of the explosive was spread over the
configuration, placed in a formwork (Fig. 2b), and
exploded with a detonator.

The EW parameters were calculated from the
equations taken from [37]. The equation for the flyer
plate velocity is given as follows:

32
I+—r-1
27
Vy=12D—=——, |
0 2 (1)
I+—r+1
27
where D is the detonation velocity, m-sfl; r is the
ratio of the explosive mass to the flyer plate mass:

306 Malakhov A.Yu., Saikov I.V., Denisov L. V., Eerdychenko A.A., Ivanov S.G., Niyozbekov N.N.




Journal of Advanced Materials and Technologies. 2023. Vol. 8, No. 4

()

Fig. 2. Configuration of the experiment (a) and actual view of the experiment ()

r=—, 2

where m, is the explosive mass, kg; m,, is the flyer
plate mass, kg.

The collision angle was calculated form the
following equation:

(Vo
y = 2arcsin| — |. 3)
2D

2.3. Microstructural study

The tear strength specimens and metallographic
specimens were prepared according to Fig. 3.

The specimens with approximate dimensions of
30 x 30 x 8 mm were cut from zone B, the specimens
with approximate dimensions of 10 x 20 x § mm —
from zones A.

The metallographic specimens were embedded
into a BAKELIT GF conductive compound with
graphite filler using a METAPRESS-P metallographic

Fig. 3. Specimens for metallographic studies:
A — specimens for metallographic study;
B — specimens for tear strength study

press. Grinding and polishing were performed using
a DIGIPREP machine. Grinding was carried out
using emery papers of grit sizes 320, 800, 1500 and
2500. Polishing was carried out using two water-
based suspensions. One suspension contained 3 pm
diamond particles, while the other contained 1pm
diamond particles. Super finishing was carried out in
an acid suspension of colloidal silicon oxide with a
particle size of 0.05 um. The identification of
microstructural  elements was performed by
successive etching with Keller's reagent for 5-15 s
and then with Vek's reagent for 60 s [38—40].

The metallographic studies were performed with
a Carl Zeiss Axio Observer Zlm inverted
metallographic microscope using a Thixomet Pro
software package according to the procedure given in
[41-44]. The SEM/EDS analysis was carried out with
a Zeiss Ultraplus microscope equipped with an INCA
350 Oxford accessory.

2.4. Mechanical testing

The microhardness (HV) was measured using
a PMT-3 Vickers hardness tester and MMS software.
Loads of 50 g were applied for 10 s. Figure 4 shows
a microhardness measurement diagram.

The tear testing of the weld joint after EW was
conducted on an Instron 1195 universal testing
machine as shown in Fig. 5.

Then tear strength o, was calculated from the
following equation:

4P
4)

a2 —a?)

where P is the applied load, N; d; is the inner
diameter, mm; d, is the outer diameter, mm.
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* 27 1/ *
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Fig. 4. Microhardness measurement diagram:
1 — indentation; 2 — weld interface

3. Results and Discussion
3.1. Preliminary microstructural analysis

The calculated parameters for three different EW
modes and the detonation velocities (D) are listed in
Table 2.

The mode 1 parameters did not produce a joint
due to the insufficient plastic deformation of the
surfaces and the insufficient pressure of the
detonation products on the surface of the flyer plate.

Figure 6 shows the microstructure of the weld
interface after etching for modes 2, 3. The weld
interface produced by mode 2 (specimen 2) is in the
shape of a nearly straight line (Fig. 6a), and the weld
produced by mode 3 (specimen 3) is in the shape of
a wave (Fig. 6b). Dark-etching structures were found
along the weld interface (Figs. 6¢ and 6d).
Supposedly, these structures are the accumulations of
significantly deformed structures, which indicates the

$23

Table 2. EW parameters

o

-1 -1
D, m-s Vo, m-s

Mode r Ys
1 1.5 2000 600 17.2
2 2.6 2700 1100 23.6
3 3.7 3200 1535 27.8

presence of dislocations. The width of the dark-etching
structures is 3—4 um (Fig. 6¢ and 6e) in specimen 2
and 7-9 um (Figs. 6d and 6f) in specimen 3.

Specimen 2 and especially specimen 3 show the
presence of ASBs, which branch off from the weld
interface into the material in both directions as shown
by blue arrows in Figs. 6a and 6b. The ASBs are
narrow regions of intense shear and plastic instability.
They appear in materials after severe deformation.

In specimen 3, the number of ASBs increases
due to higher impact velocity and higher deformation.
In all the specimens, the angles between the ASBs
and the weld inter faces are about 30°.

3.2. EDS measurements

A detailed EDS analysis of the specimens before
etching (points 6, 7 in specimens 2 in Fig. 7a and
points 3-5 in specimens 3 in Fig. 7b) revealed
structures with high Mg content (20.9-47.9 %),
indicating the presence of B-phase in these structures.
The Mg content in the a-phase is about 7 % (points /,
2 in specimen 2 in Fig. 7a and points 6 and 7
in Fig. 7). Also, numerous (Fe, Mn)Al6 inclusions
(points 3 and 5 in Fig. 7a and points / and 2
in Fig. 7b) were observed.

d,

Weld interface

[

d,

(@)

(b)

Fig. 5. Tear specimen (a) and tear testing diagram (): / — mold; 2 — base layer; 3 — flyer layer; 4 — male die
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Fig. 6. Microstructure of the weld interface: specimen 2 (a, ¢, €) and specimen 3(b, d, f)
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No o Mg Si Mn Fe Al No. (0] Mg Si Mn Fe Al
' Element content, at. % Element content, at. %

N 3 69 - 03 — 1 15 10 28 67 84
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Fig. 7. SEM images of weld interface and the results of point EDS analysis: specimen 2 («, ¢) and specimen 3 (b, d)

310 Malakhov A.Yu., Saikov LV., Denisov IV, Eerdychenko A.A., Ivanov S.G., Niyozbekov N.N.




Journal of Advanced Materials and Technologies. 2023. Vol. 8, No. 4

Figure8 shows the points of microhardness
distribution along the thickness of the specimens
according to the diagram shown in Fig. 3. The dashed
lines show the microhardness of the initial plate of
AlMg6. The blue points indicate the microhardness
of AIMg6—AlMg6 bimetal after EW. Both specimens
exhibit a sharp decrease in microhardness at the weld
interface. In some points, the microhardness is lower
than in the initial plate. This decrease suggests that a
dynamic recrystallization of the grains and an ageing
of AIMg6 occurred due to extreme heating followed
by rapid cooling of the weld interface. The sources of
the heat are shock-compressed gas in the gap and
severe plastic deformation of the surfaces during the

dislocation density and therefore reduces the strength
of the material [34].

After EW, the microhardness near the weld
interface was approximately 200 HV, which was
20 % higher than that of the initial plate. This higher
microhardness was due to work hardening in the
initial plate. The width of the work-hardened zone
was approximately 5 mm in specimen 1 and 2 mm in
specimen 2.

The average tear strength in specimen 2 was
(80 £ 10) MPa, and in specimen 3 it was (230 + 10) MPa.
The mechanical testing revealed three distinct zones
of tear strength values. The first zone (Fig. 9) in
specimens 2 and 3 had low tear strength

collision. The recrystallization decreases the (<76 MPa). This is due to the fact that it takes some
Parent plate Flyer plate
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Fig. 8. Microhardness distribution in specimen 2 (a) and specimen 3 ()
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Fig. 9. The tear strength values distribution along
the bimetal plates

time for the pressure to achieve the values that are
necessary to form a strong joint. It is generally known
that the high pressure and temperature in the welding
gap provide removing both the oxide films and
contaminants from the welded surfaces that make it
possible for the atoms of two materials to meet at
interatomic distance. Also, the pressure must be
higher than the dynamic elastic limit of the materials
for the deformation of the weld interface. At the
beginning of the explosive welding process
(it corresponds to the first zone) the pressure and
temperature were not enough that to cleaning and
deform the welded surfaces. The second zone shows
a uniform tear strength distribution (113—-128 MPa).
The third zone had the highest tear strength values
(204-242 MPa) and the average tear strength in this
zone was 228 MPa, which was 35 % lower than the
ultimate tensile strength of the initial AIMg6 plate.

As was noted earlier, welding a high-quality
joint between Al-Mg alloys and stainless-steel using
EW poses certain difficulties, which are caused by
the formation of brittle intermetallic compounds at
the weld interface and by B-phase (MgyAls) along the
boundaries of a-phase [36]. In Al-Mg alloys, Mg
provokes the formation of ASBs during deformation,
which are zones of stress concentrations. ASBs then
can transform into microcracks, which substantially
reduces the strength of the material and its corrosion
resistance. It should also be noted that with higher
Mg content, ASBs form under lower deformations.
In our previous studies [32], the EW joints between
AIMg6 and 08Cr18NilOTi had the average tear
strength of 120 MPa at most, which is not sufficient
for the use as BTJs.

At present, much research has been focused on
the use of friction stir welding (FSW) for obtaining
BTJs, although this method has sample size
restrictions [7]. EWdoes not have sample size
restrictions; however, its pulse character of loading

substantially deforms the grains in the material and
changes the structure of the weld interface.

In this study, EW experiments were carried out
to study the evolution of the deformed microstructure
of the weld interface as well as to detect the possible
presence of diffusion of Mg from o-phase and o-
phase towards the weld interface. The possibility
diffusion of particles (atoms, impurity elements, etc.)
under dynamic loading was explored in [45].
Moreover, EW of similar materials prevents forming
IMCs and minimizes residual stresses at the weld
interface.

The EW experiments with the parameter = 1.5
(specimen 1) did not result in an AIMg6—AIMg6
joint. This is probably due to the fact that
a substantial amount of the explosive charge got
scattered in the EW process thus reducing the
pressure of the detonation products. This reduced
pressurein its turn reduces the plastic deformation in
the weld interface. The refractory oxide film on the
AlMg6 surface also reduces the amount of plastic
deformation. On the other hand, the parameters
r=2.6 (specimen 2) and r=3.7 (specimen 3)
produced an AIMg6-AlMg6 joint. The study of the
microstructure of the weld interface shows that
specimen 2 has a weld interface in the shape of an
almost straight line (Fig. 6a), whereas specimen 3 has
a weld interface in the shape of a wave. This wavy
profile is due to higher EW parameters and as
a result, stronger deformation of the weld interface in
specimen 3. Chemical etching revealed dark-etching
structures both in the weld interface and in the ASBs.
The formation of ASBs is characteristic of Al-Mg
alloys and with increasing Mg content their number
usually increases.

Apparently, the dark-etching structures in the
weld interface are accumulations of ultrafined IMCs.
These IMCs before welding were along the grain
boundaries, but the collision of the plates during the
process of EW welding resulted in their accumulation
in the weld interface. The etching revealed hollow
surfaces of the dark-etching structures (Figs. 7¢ and 7d).
These pits formed due to a higher solubility of
nonmetallic inclusions in the etchant in areas with
local accumulations of dislocations and the pitting of
the surfaces of the specimens during grinding, which
crushes the IMCs and dislodges them from the
specimen surfaces.

Presumably, the plastic deformation caused by
the EW process crushes the IMCs and move the
fragments to the weld interface and to the zone
adjacent to it. Notably, the highest concentration of
the fragments is in the weld interface and it gradually
decreasing further away from it.
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The tear strength distribution along the bimetal
plate (Fig. 9) shows that the average tear strength is
not sufficiently high in specimen 2, thus mode 2 is
not suitable for producing bimetals with an AIMg6
layer. On the other hand, the average tear strength is
higher by 60% in specimen 3, although its
distribution along its length is not uniform.

4. Conclusion

Optical and electron microscopy have revealed
the presence of a large number of ASBs and dark-
etching structures formed during EW. The number of
the ASBs and dark-etching structures is roughly the
same in both layers. The ASBs formed in the zones of
maximum compressive stresses; the dark-etching
structures are probably the accumulations of
structural defects and IMC fragments. Tear testing of
the weld joint has shown that higher EW parameters
lead to much higher tear strength with a non-uniform
distribution along the plate, which is attributed to the
non-uniform impact of gaseous detonation products
and the thermodynamic parameters of the shock-
compressed gas. In order to achieve a joint between
AlMg6 and various other alloys and metals with the
highest strength possible, plastic deformation in the
weld interface must be sufficiently high while the
heating must be minimal. Based on the results of this
study, optimal EW parameters could be developed in
further studies to achieve a joint between AIMg6 and
08Cr18Nil0Ti steel with the strength close to that of
AlMg6.

5. Funding

This study received no external funding.

6. Acknowledgements

This research was funded in accordance with the
state task of Merzhanov Institute of Structural
Macrokinetics and Materials Science of Russian
Academy of Sciences (ISMAN). This research was
performed using the set of modern scientific
instruments available for multiple access at ISMAN
Center of Shared Services. This research was
performed using the set of modern scientific
instruments available for multiple access at Polzunov
Altai State Technical University Center of Shared
Services.

7. Conflict of interests

The authors declare no conflict of interest.

References

1. Wahid MA, Siddiquee AN, Khan ZA. Aluminum
alloys in marine construction: characteristics, application,
and problems from a fabrication viewpoint. Marine
Systems &  Ocean  Technology. 2020;(15):70-80.
DOI:10.1007/s40868-019-00069-w

2. Hosseinabadi OF, Khedmati MR. A review on
ultimate strength of aluminium structural elements and
systems for marine applications. Ocean Engineering.
2021;(232):109153. DOI:10.1016/j.oceaneng.2021.109153

3. Hirsch J. Aluminium in innovative light-weight
car design. Materials Transactions. 2011;(52):818-824.
DOI:10.2320/matertrans.L-MZ201132

4. Del Pero F, Delogu M, Berzi L, Dattilo CA,
Zonfrillo G, Pierini M. Sustainability assessment for
different design solutions within the automotive field.
Procedia  Structural  Integrity.  2019;(24):906-925.
DOI:10.1016/j.prostr.2020.02.080

5. Senkov ON, Bhat RB, Senkova SV. High strength
aluminum alloys for cryogenic applications. Metallic
Materials with High Structural Efficiency. 2004;146:151-
162. DOI:10.1007/1-4020-2112-7 15

6. Atabaki MM, Nikodinovski M, Chenier P, Ma J,
Harooni M, Kovacevic R. Welding of aluminum alloys to
steels: An overview. Journal for Manufacturing Science
and Production. 2014;14(2):59-78. DOI:10.1515/jmsp-
2014-0007

7. Ahmed MMZ, Jouini N, Alzahrani B, El-Sayed
Seleman MMES, Jhaheen M. Dissimilar friction stir
welding of AA2024 and AISI 1018: Microstructure and
mechanical properties. Metals. 2021;(11):330.
DOI:10.3390/met11020330

8. Vincze G, Simdes F, Butuc M. Asymmetrical
rolling of aluminum alloys and steels: A review. Metals.
20205(10):1126. DOI:10.3390/met10091126

9. Shi H, Qu R, Tu 'Y, Yu H, Yin D. Study on the
joining characteristics of diffusion welding lap joint with
various temperatures between aluminum alloy and
stainless steel. Advanced Materials Research. 2011;291-
294:1003-1006.  DOI:10.4028/www.scientific.net/ AMR.
291-294.1003

10.Zhang C, Li H, Liu Q, Huang C, Zhou K.
Ultrasonic welding of aluminum to steel: A review. Metals.
2023;13:29. DOI:10.3390/met13010029

11.Poddar VS, Rathod MJ. Evaluation of mechanical
properties of cold roll bonded mild steel and aluminum.
Materials  Today  Proceedings. 2021;43:3014-3022.
DOI:10.1016/j.matpr.2021.01.363

12.Yu H, Tong Y. Magnetic pulse welding of
aluminum to steel using uniform pressure electromagnetic
actuator. The International Journal of Advanced
Manufacturing  Technology.  2017;91(5-8):2257-2265.
DOI:10.1007/s00170-016-9928-y

13.Makhina DN, Nikulin SA, Denisov VN,
Klyatskin AS. Effect of the production conditions on the
structure and strength of the AMg6 Alloy — 12Kh18N10T
steel bimetallic joint. Russian Metallurgy (Metally).
20205(10):1095-1101. DOI:10.1134/5003602952010016X

Malakhov A.Yu., Saikov I.V., Denisov L. V., Eerdychenko A.A., Ivanov S.G., Niyozbekov N.N. 313




Journal of Advanced Materials and Technologies. 2023. Vol. 8, No. 4

14.Palaci Y, Olgun M. Influences of heat treatment
on mechanical behavior and microstructure of the
explosively welded grade steel / EN AW 5083 aluminium
joint.  Archives of Metallurgy —and  Materials.
2021;66(2):373-380. DOI:10.24425/amm.2021.135868

15. Carvalho GHSFL, Galvao I, Mendes R, Leal RM,
Loureiro A. Explosive welding of aluminium to stainless
steel using carbon steel and niobium interlayers. Journal of
Materials  Processing Technology. 2020;283:116707.
DOI:10.1016/j.jmatprotec.2020.116707

16. Wang J, Zhang Y. A study on weldability of
aluminum alloy-aluminum-steel transition joints. Advanced
Materials Research. 2013;631-632:713-716. DOI1:10.4028/
www.scientific.net/AMR.631-632.713

17.Boronski D, Skibicki A, Mackowiak P, Placzek D.
Modeling and analysis of thin-walled Al/steel explosion
welded transition joints for shipbuilding applications.
Marine  Structures.  2020;74:102843. DOI:10.1016/
j-marstruc.2020.102843

18.Matteis P, Gullino A, D’Aiuto F, Puro CM,
Scavino G. Welding between aluminum alloy and steel
sheets by using transition joints. Journal of Materials
Engineering and  Performance. 2020;29:4840-4853.
DOI:10.1007/511665-020-04595-2

19.Costanza G, Crupi V, Guglielmino E, Sill A,
Tata ME. Metallurgical characterization of an explosion
welded aluminum/steel joint. Metallurgia Italiana.
2016;108(11):17-22.

20.LiX, Ma H, Shen Z. Research on explosive
welding of aluminum alloy to steel with dovetail grooves.
Materials & Design. 2015;87:815-824. DOI:10.1016/
j-matdes.2015.08.085

21.Wang J, Li X-Jie, Yan H-Hao, Wang X-Hong,
Wang Y-Xin. Research on titanium-copper explosive
welding interface with different welding parameters.
International Journal of Advanced Manufacturing
Technology. 2022;122(9-10):3595-3606. DOI:10.1007/
s00170-022-10102-9

22.Raj P, Ramya DG, Manoj Kumar VK, Sukesh OP.
Tensile and shear strength evaluation in joining dissimilar
plates of mild steel with aluminum alloy through explosive
cladding approach. Materials Today. 2023;80:2753-2759.
DOI:10.1016/j.matpr.2021.07.032

23.Chen X, Inao D, Tanaka S, Mori A, Li X,
Hokamoto K. Explosive welding of Al alloys and high
strength duplex stainless steel by controlling energetic
conditions. Journal of Manufacturing  Processes.
2020;58:1318-1333. DOI:10.1016/j.jmapro.2020.09.037

24 Kwiecien M, Kopyscianski M, Bloniarz R,
Muszka K, Majta J. Influence of deformation conditions on
the in homogeneity of plastic flow of structurally graded
bimetal systems. Procedia Manufacturing. 2018;15:
1649-1655. DOI:10.1016/j.promfg.2018.07.272

25. Grinberg BA, Ivanov MA, Rybin VV, Elkina OA,
Patselov AM, Antonova OV, Inozemtsev AV, Tolmachev
TP. Fragmentation processes during explosion welding
(review). Russian Metallurgy (Metally). 2013;727-737.
DOI:10.1134/S0036029513100030

26. Greenberg BA, Ivanov MA, Kuzmin SV, Lysak VL.
Explosive welding: Processes and structures. 1nd ed. Boca

Raton: CRC Press;
9780429340550

27.Rouzbeh A, Sedighi M, Hashemi R. Comparison
between explosive welding and roll-bonding processes of
AA1050/Mg AZ31B bilayer composite sheets considering
microstructure and mechanical properties. Journal of
Materials Engineering and Performance. 2020;29:6322-
6332. DOI:10.1007/s11665-020-05126-9

28.Fang Z, Shi C, Shi H, Sun Z. Influence of
explosive ratio on morphological and structural properties
of Ti/Al clads. Metals. 2019;9:119. DOI:10.3390/met9020119

29.Zerui S, Changgen S, Zhonghang F, Hang S.
A dynamic study of effect of multiple parameters on
interface characteristic in double-vertical explosive
welding. Materials Research Express. 2020;7:016541.
DOI:10.1088/2053-1591/ab6538

30.Bugajska M, Maj L, Jarzebska A, Terlicka S,
Faryna M, Szulc Z, Wojewoda-Budka J. Variety of
aluminum/steel interface microstructures formed in
explosively welded clads followed by the weld’s thermal
expansion response. Journal of Materials Engineering and
Performance. 2022;31:7088-7097. DOI:10.1007/s11665-
022-07027-5

31.Sherpa BB, Kumar PD, Upadhyay A, Kumar A,
Agarwal A, Tyagi S. Effect of explosive welding
parameters on Al/LCS interface cladded by low velocity of
detonation  explosive  welding (LVEW)  process.
International Jouwrnal of Advanced Manufacturing
Technology. 2021;113(11-12):3303-3317. DOI:10.1007/
s00170-021-06800-5

32.Malakhov AY, Saikov 1V, Denisov 1V,
Niyezbekov NN. AlMg6 to titanium and AIMg6 to
stainless steel weld interface properties after explosive
welding.  Metals. 2020;(10):1500.  DOI:10.3390/
met10111500

33.Trikov YP, Gurevich VG, Shmorgunov VG.
Layered composites based on aluminum and its alloys.
Moscow: Metallurgizdat; 2004. 230 p. (In Russ.)

34. Ambroziak A, Korzeniowski M, Kustron P,
Winnicki M, Sokotowski P, Harapinska E. Friction
welding of aluminium and aluminium alloys with steel.
Advances in  Materials Science and Engineering.
2014;1-15. DOI:10.1155/2014/981653

35. Grignon F, Benson D, Vecchio KS, Meyers MA.
Explosive welding of aluminum to aluminum: analysis,
computations and experiments. International Journal of
Impact Engineering. 2004;30:1333-1351. DOI:10.1016/
j-ijimpeng.2003.09.049

36.Ren L, Gu H, Wang W, Wang S, Li C et al. Effect
of mg content on microstructure and properties of Al-Mg
alloy produced by the wire arc additive manufacturing
method.  Materials.  2019;(12):4160. DOI:10.3390/
mal2244160

37. Saikov IV, Malakhov AY, Saikova GR, Denisov IV,
Gulyaev PYu. Influence of explosive welding parameters
on the structure of interface in brass—invar thermobimetal.
Inorganic Materials: Applied Research. 2020;(11):448-
452. DOI:10.1134/S2075113320020331

38.George F, Vander V. ASM Handbook:
Metallography and Microstructures. 9nd ed. United States:
ASM International; 2004. 1184 p.

2019. 242 p. DOI:10.1201/

314 Malakhov A.Yu., Saikov I.V., Denisov L. V., Eerdychenko A.A., Ivanov S.G., Niyozbekov N.N.




Journal of Advanced Materials and Technologies. 2023. Vol. 8, No. 4

39. Thomas J, Bruno Dehua Y, Mueller E, George F,
Vander V, Jeffrey AJ, Magdefrau N, Deacon R. Materials
characterization. 10nd ed. United States: ASM
International; 2019. 800 p.

40.Berdychenko AA, Guryev AM, Ivanov SG,
Guryev MA, Sitnikov AA. Morphology of layered metal
composites, obtained in various ways. Fundamental'nyye
problemy sovremennogo materialovedeniya. 2021;2:216-
223. (In Russ.)

41.Kazakov AA, Ryaboshuk SV, Lyubochko DA,
Chigintsev LS. Research on the origin of nonmetallic
inclusions in high-strength low-alloy steel using automated
feature analysis. Microscopy and  Microanalysis.
2015;(21):1755-1756. DOI: 10.1017/S1431927615009551

42.Vander Voort GF, Pakhomova O, Kazakov A.
Evaluation of normal versus non-normal grain size

distributions. Materials Performance and
Characterization. 2016;5(5). DOI:10.1520/MPC20160001

43.Kazakov AA, Kiselev D. Industrial application of
thixomet image analyzer for quantitative description of
steel and alloy's microstructure.  Metallography,
Microstructure, and  Analysis.  2016;5(4):294-301.
DOI:10.1007/s13632-016-0289-6

44.Kazakov AA, Kovalev P, Ryaboshuk S.
Metallurgical expertise as the base for determination of
nature of defects in metal products. CIS Iron and Steel
Review. 2007;(1-2):7-13.

45.Buravova SN, Petrov EV. Acceleration of mass
transfer under dynamic loading. Russian Journal of
Physical Chemistry B. 2018;12:120-128. DOI:10.1134/
S1990793118010153

Information about the authors / Undopmauus 06 aBropax

Andrey Yu. Malakhov, Cand.Sc. (Eng.), Senior
Researcher, Merzhanov Institute of  Structural
Macrokinetics and Materials Science Russian Academy
of Sciences (ISMAN), Chernogolovka, Russian
Federation;, ORCID0000-0002-0567-7307;  e-mail:
sir.malahov2009@yandex.ru

Ivan V. Saikov, Cand. Sc. (Eng.), Leading Researcher,
Deputy director of the ISMAN, Chernogolovka, Russian

Federation;, ORCID 0000-0003-1473-2854; e-mail:
revan.84@mail.ru
Igor V. Denisov, Cand.Sc. (Eng.), Researcher,

ISMAN, Chernogolovka, Russian Federation, ORCID

0000-0002-1065-3318;  e-mail:  ingener.denisov@
yandex.ru
[Alexander A. Berdychenko,| Cand.Sc. (Eng.),

Associate Professor, Head of the Department of the
Polzunov Altai State Technical University (ASTU),
Barnaul, Russian Federation; e-mail: berd50@mail.ru

Sergey G. Ivanov, D. Sc. (Eng.), Leading Researcher of
the ASTU, Barnaul, Russian Federation; ORCID 0000-
0002-5965-0249; e-mail: serg225582@mail.ru

Nemat N. Niyozbekov, Junior Researcher, ISMAN,
Chernogolovka, Russian Federation; ORCID0000-0003-
1812-2930; e-mail: nemat199595@mail.ru

MaunaxoB Auapeii FOpbeBuY, KaHIUIAT TEXHUIECKUX
Hayk, crapiiuii Hay4uHsli coTpyaHuk, PI'BYH «MHcTu-
TYT CTPYKTYpPHOIl MaKpOKHHETHKH M MPOOJIEM MaTepHua-
noseneHus uM. A.I'. MepxanoBa Poccuiickoil akane-
mun Hayk (MCMAH), YepHorosoBka, Poccuiickas
®enepaunsi; ORCID  0000-0002-0567-7307; e-mail:
sir.malahov2009@yandex.ru

CaiikoB UBan BiaaguMupoBu4, KaHAMIAT TEXHUYEC-
KUX HayK, BEAYLHH HAyYHBIH COTPYJHUK, 3aMECTUTEIb
mupekropa mo HaydHoi pabore MCMAH, Yepnoro-
noBka, Poccumiickas @enepamms; ORCID 0000-0003-
1473-2854; e-mail: revan.84@mail.ru

Jdenucos Urops BaagumupoBu4, KaH1uaaT TEXHUYEC-
KHX HayK, Hay4HbIH coTpyanuk, MICMAH, UepHoromos-
ka, Poccuiickas ®enepauus; ORCID 0000-0002-1065-
3318; e-mail: ingener.denisov@yandex.ru
[bepabuenko AJiekcanap AHATOJIbeBHY,| KaHaujiaT
TEXHHYECKHX HayK, JOLEHT, 3aBedylomui kadenpoi
COBPEMEHHBIX CIICIMAIBHBIX MaTepualioB, AJITalCKUH
TOCYJAapCTBEHHBI ~TEXHHWYECKHMH YHUBEPCHUTET HM.
. 1. TomzynoBa (Antl'TY), Bapmaym, Poccuiickas
Oenepanus; e-mail: berd50@mail.ru

HNBanoB Cepreii I'enHagpeBu4, JOKTOP TEXHUYCCKHUX
HayK, BeOymUd Hay4dHbIM coTpyauuk, AntlTY,
Baprayi, Poccuiickas @enepanns; ORCID 0000-0002-
5965-0249; e-mail: serg225582@mail.ru

Hmuésoexos Hebmar HuézbexoBu4, mmammuii Hayu-
Helit cotpynnuk, MICMAH, YepHoronoska, Poccuiickas
®enepaunsi; ORCID  0000-0003-1812-2930; e-mail:
nemat199595@mail.ru

Received 18 September 2023, Accepted 03 November 2023; Published 15 December 2023

This article is an open access article distributed under the terms and conditions of the Creative Commons

@ @ Copyright: © Malakhov AYu, Saikov IV, Denisov IV, [Berdychenko AA|, Ivanov SG, Niyozbekov NN, 2023.

Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).

Malakhov A.Yu., Saikov I.V., Denisov L. V., Eerdychenko A.A., Ivanov S.G., Niyozbekov N.N. 315




Journal of Advanced Materials and Technologies. 2023. Vol. 8, No. 4

Original papers
Advanced structural materials, materials for extreme conditions

YK 691.54:666.973.6 DOI: 10.17277/jamt.2023.04.pp.316-323

Evaluation of the effect of a complex nanomodifying additive
“lignosulfonate / graphene oxide” on the non-autoclaved aerated concrete
hydration process

© Dhafer Z. M. Aljaboobi?, Irina V. Burakovaa@, Alexander E. Burakov?, Vladimir O. Yarkin?2

4Tambov State Technical University,
Bld. 2, 106/5, Sovetskaya St., Tambov, 392000, Russian Federation

D4 iris_tamb68@mail.ru

Abstract: The article evaluates the influence of various plasticizing and structure-forming additives on the hydration
process of non-autoclaved aerated concrete (NAC). The authors have developed a method for the NAC formation with the
introduction of the following modifiers: lignosulfonate (LS), graphene oxide (GO) (1 % aqueous suspension) and
a complex additive — GO/LS. The formation of the structure and the study of new mineral formations in cement stone as
a result of hydration were carried out by X-ray diffraction and differential thermal analysis. According to XRD-analysis,
gas blocks of all compositions contain quartz, tobermorite, calcium hydrogarnets, xonotlite, C-S-H(l), and calcite.
The diffraction pattern of the sample with the addition of GO/LS shows that NAC contains, first of all, high-intensity
reflections of tobermorite, xonotlite, as well as C-S—H and calcite. All other NAC samples are characterized by a lower
intensity of reflections of the indicated calcium hydrosilicates. TG- and DSC-curves for all studied gas blocks have
a similar character — 3 stages of weight loss, except for the control sample. Aerated concrete without additives at
temperatures up to 100 °C loses 0.96 % of its weight, with the addition of LS — 1.20 %, GO — 1.35 %, and complex
additive — 1.72 %. In the temperature range of 400-500 °C, an endothermic effect appears, which indicates the dehydration
of weakly crystallized gel-like hydrosilicates and calcium hydrogarnets. It is this peak that is absent in the control sample.
Thus, based on the diagnostic results, it was established that the complex modifying additive allow to increase of the
hydration product crystallinity of the hardened NAC. The results suggest that the modified NAC containing a complex
additive is more stable and functional during operation than comparative samples of concrete of a traditional composition
without this additive.

Keywords: non-autoclaved aerated concrete; lignosulfonate; graphene oxide; complex additive; X-ray diffraction;
differential thermal analysis; calcium hydrosilicate; binding material hydration.
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nanomodifying additive “lignosulfonate/graphene oxide” on the non-autoclaved aerated concrete hydration process.
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OueHka BJIUSAHUSA KOMILUIEKCHOM HAHOMO AN pUUMPYIoleii 100aBKU
«uraocyab(poHaT/okcna rpadeHa» Ha Mpouece ruAPaATAIIAH
HEABTOKJIABHOI'0 ra300eToHa

© JI. 3. M. Anbka6yon?, . B. Bypaxosa?>{, A. E. Bypakos?, B. O. SIpkun®

& Tamboeckuii 20cydapemeennblii mexHuueckuil yHusepcumen,
ya. Cosemckas, 106/5, nom. 2, Tambos, 392000, Poccutickas ®edepayus
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Annoranusi: [IpoBeseHa OLEHKAa BIMSHHS Pa3IUYHBIX IUIACTU(QHUIUPYIOMIMX U CTPYKTYpoOoOpasylomux ao0aBOK Ha
npolecc ruaparanuu HeaBTokiaaBHoro razobderona (HI'B). PaszpaGorana merommka ¢opmuposanuss HI'B ¢ BBeneHuem
cienyronx Moaudukaropos: auraocyinsdonara (JIC), okcuna rpadena (OI') (1 % BoxHast cycnieH3us) ¥ KOMIIEKCHON
nob6asku — OI'/JIC. ®opMupoBaHHe CTPYKTYPHI M HCCIIEIOBaHHE MHUHEPAIbHBIX HOBOOOPa30BaHMI B IIEMEHTHOM KaMHE
B pe3ynbTaTe rUApaTanuyl NPOBOAWINCH METOJOM PEHTTEHOCTPYKTYPHOTO U Au((depeHINaTbHO-TEPMUUECKOTO aHAIH3A.
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CorylacHO PEeHTIeHOBCKOM IU(PPaKTOMETPUH, Ta300JI0KH BCEX COCTABOB COZIEpKaT KBapl, TOOEPMOPHUT, TMAPOrPaHATHI
kanpius, kcoHoriaut, C—S—H(I), kampuut. dudpakrorpamma obpasma ¢ mobdaskoit OI'/JIC mokaseiBact, uro HI'B
COJZICPXKHT, TPEXKIE BCErO, BEICOKOMHTCHCUBHBIC OTPaXKCHUS TOOEpMOpHTa, KCOHOTINTA, a Takke C—-S—H u xampnwura.
s Bcex ocranpHBIX 00pas3noB HI'b xapakrepra Oonee HU3Kass MHTEHCHBHOCTD Pe(IeKCOB YKa3aHHBIX THAPOCHIHKATOB
kaxpuus. TT- u JICK-kpuBBIe 11 BCeX MCCIEAYEMBIX ra300I0KOB UMEIOT CXOXKHH XapakTep — 3 CTYNEHH ITOTePH MAacCHl,
KpoMe KOHTpPOJBHOTo oOpasma. ['azoberon 0e3 mobaBok mpu Temieparype okono 100 °C tepsier 0,96 % wmacchl,
¢ pobaskoit JIC — 1,20 %, OI' — 1,35 %, xomrurekcHOW noGaBku — 1,72 %. B wumaTepBane temmnepatyp 400...500 °C
HOSIBIIACTCSA YHAOTEPMHUIECKUH 3(EKT, KOTOPHIH TOBOPHUT O NETHAPATALMH Cla003aKpHUCTAIUIN30BAHHBIX T'e€Ie00pa3HBIX
THPOCUIIMKATOB U T'MPOTPAaHATOB Kaiblys. VIMEHHO 3TOT MUK OTCYTCTBYET Y KOHTPOJILHOTO oOpasna. Takum oOpa3om,
MO pe3yibTaTaM JUMAarHOCTUKM YCTAaHOBJIEHO, YTO KOMIUIEKCHas Moau(puuMpyromas a00aBka YBEIUYUBAET
KPHUCTAJUTMYHOCTh TPOAYKTOB ruapartanuu 3arBepiesmero HI'B. Pe3ynbrartel TO3BOJISIOT MPEINOJIOKHUTH, YTO
moaupunmpoBannslii HI'B, comepxammii kOMIUIEKCHYIO 100aBKy, siBiseTcs Oojee CTaOMIbHBIM M (DyHKIMOHAIbHBIM
B TIpOIIECCe IKCILTyaTalllH, YeM CpaBHUTENIbHbBIE 00pa3iibl 0ETOHA TPAJUIIMOHHOTO COCTaBa 0e3 TaKkoi J0OaBKH.

KaroueBble cioBa: HEaBTOKIABHBIN ra300eToH; JWrHOCYJIb(OHAT, oKcuj rpadeHa;, KOMIUIEKCHas a00aBKa;
pCHTICHOBCKas qudpakromerpus; auddepeHInatbHO-TEpPMUUESCKUN aHAINU3;, THIPOCHUINKAT KaJbIMs, THUIPATaIUs]
BSDKYLIETO.

Jns uurupoBanus: Aljaboobi DZM, Burakova 1V, Burakov AE, Yarkin VO. Evaluation of the effect of a complex
nanomodifying additive “lignosulfonate/graphene oxide” on the non-autoclaved aerated concrete hydration process.

Journal of Advanced Materials and Technologies. 2023;8(4):316-323. DOI: 10.17277/jamt.2023.04.pp.316-323

1. Introduction

The use of materials with thermal insulation
properties is an urgent task and is of great importance
for the development of the construction industry.
For these purposes, so-called cellular concrete is
successfully used, the category of which includes
foam concrete, foam aerated concrete, autoclaved and
non-autoclaved aerated concrete, etc. Aerated
concrete is successfully used for wall construction —
both external and internal (blocks, panels), floors
(slabs), fences, etc., as well as for construction of
frame structures [1, 2].

Autoclave gas blocks are produced only in
factory conditions in accordance with Russian
Standard 31360-2007 using high-pressure reactors —
autoclaves. Non-autoclaved aerated concrete is
produced in accordance with Russian Standard
25485-89 without the use of expensive equipment at
the construction site. As is known, average density
and strength are the main parameters by which the
choice of thermal insulation building material is
made. At the same density, non-autoclaved aerated
concrete will exhibit lower mechanical characteristics
than autoclaved one, which primarily affects its load-
bearing capacity. Therefore, the urgent task is to
develop the composition of a non-autoclaved aerated
concrete mixture that provides high strength
indicators along with good thermal insulation
properties [3].

The mechanical properties of concrete materials
are greatly influenced by micro- and nanoscale
reactions occurring in the cement paste during the
hydration process. A number of studies have proven
that the addition of nanodispersed particles can

improve the properties of concrete due to the fact that
nanoparticles act as nucleation sites for the growth of
the C-S-H gel framework. The nucleation of
hydration products on nanoparticles promotes and
accelerates the hydration of cement [4-8].

In [9], the authors obtained compositions of non-
autoclaved aerated concrete with the addition of
carbon nanomaterial (CNM) and a composite binder —
fly ash. It has been proven that the introduction of
CNM leads to an increase in the strength
characteristics of aerated concrete by 15-20 % due to
changes in the hydration process and the formation of
additional amounts of calcium hydrosilicates
according to IR spectroscopy.

The authors [10] studied autoclaved silicate
aerated concrete modified with ultrafine mineral
additives with a concentration of 5-10% and
a dispersion of multi-walled carbon nanotubes
(MWCNTSs) up to 0.001-0.005 % by weight of the
binder. In this way, products were obtained from
autoclaved aerated concrete with a density of
540-580 kg-m2 with a compressive strength of
3.4-3.9 MPa, i.e. an improvement in the strength
characteristics of products up to 30 % is achieved
compared to the control sample.

The introduction of MWCNTS dispersion in an
amount of 0.002 % by weight of Portland cement in
the production of autoclaved aerated concrete [11]
contributed to the production of samples with
a density of 180-200 kg-m™ with a compressive
strength of 0.7-0.9 MPa, a thermal conductivity of
0.046 was 0.048 W-(m-°C)™L. The authors of [11]
state that the addition of nanoparticles leads to
a change in the morphology of hydration products,
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which are intertwined plate-like and needle-shaped
crystals of low-basic calcium hydrosilicates. Thanks
to this, a strong spatial frame of the composite is
formed, less susceptible to cracking and destruction.

A team of authors [12] published a study of the
effect of a 1-2% MWCNTs suspension using
carboxymethylcellulose as a surfactant on the quality
and characteristics of autoclaved (AAC) and non-
autoclaved aerated concrete (NAC). It has been
established that modification makes it possible to
increase the bending strength of NAC to 11.23 %,
AAC - to 25.00%; and compressive strength
of NAC — up to 11.03 %, AAC- up to 24.50 %.

There are works aimed at modifying cement
stone with graphene oxide (GO), graphene
nanoplates, etc. [13-15]. Research results [16] show
that the addition of multilayer graphene can achieve
an increase in compressive strength by 54 % and
flexural strength by 21% for cementitious
composites, respectively. The addition of 0.03 %
GO [17] makes it possible to increase the flexural
strength of cement stone by 77 % and compressive
strength by 47.6 % for compositions aged 28 days.
The results of modification with nanographene
(multilayer graphene with a number of layers
of 5-10) in an amount of 0.8 % of autoclaved aerated
concrete [18] show an increase in compressive and
tensile strength, as well as impact resistance by
45, 81 and 130 % compared to the control sample.
At the same time, the water absorption of the samples
was reduced to 61 %.

Thus, nanotechnologies and nanomaterials as
modifying additives can be effectively used to
improve the properties of concrete, increase their
mechanical  characteristics, thermal insulation
capacity, and, as a result, increase the durability of
building structures built on their basis.

The purpose of this work is to identify the
influence of additives, in particular, based on GO and
lignosulfonate, on non-autoclaved aerated concrete
by studying cement stone using X-ray diffraction and
differential thermal analysis.

2. Materials and Methods
2.1. Materials

To obtain NAC samples, Portland cement M500
(Paladium, Zhukovsky, Russia), dry sand Russian
Standard 8736-2014, slaked construction carbonate-
lime flour (LLC “StroyKomplekt”, Voronezh,
Russia), aluminum powder, tap water (ratio
water/cement was 0.4) were taken. To modify NAC,
powdered lignosulfonate (AKVAKHIM LLC, Kazan,
Russia) and a 1% aqueous GO suspension
(NanoTechCenter LLC, Tambov) were used.

2.2. Preparation of GO/LS non-autoclave
aerated concrete specimens

Samples of aerated blocks were prepared with an
GOJLS content of 0.0002 wt. % and 0.16 wt. % LS
by weight of cement. NAC samples were also
obtained only with the addition of GO at the indicated
concentration and separately with the addition
of 0.16 wt. % LS. To prepare the modifying additive,
the following procedure was developed:

a) at the first stage, an aqueous solution of
lignosulfonate was obtained: the required amount of
lignosulfonate powder was added to distilled water
heated to 80°C and stirred continuously for
10-15 minutes;

b) the pH of the agueous GO suspension was
adjusted to 10 by adding 1 M NaOH solution. The pH
was measured using a HI 2210 benchtop pH meter
(HANNA Instruments, Woonsocket, USA);

c) asuspension of GO was added to LS solution
cooled to room temperature and kept at 90 °C.

2.3. Test methods and specimens

For each cement composition, cubes measuring
70x70x70 mm were cast to determine compressive
strength and 40x40x160 mm to assess flexural
strength. The compaction of the aerated concrete
mixture was carried out on a vibration platform in
accordance with Russian Standard 17674-72 with the
mandatory presence of a vertical component of
vibrations. On the 7" day of hardening, the cubes
were removed to continue strengthening (28 days).
To determine the compressive strength, an IP-500
press with a maximum force of 50 tons (JSC ZIPO,
Armavir) was used, and the bending strength
was determined using a uniaxial testing machine
with a power of 2000 kN and an applied load of
0.4 MPa-s™,

2.4. Analytic methods

The study of new mineral formations in cement
stone was carried out by X-ray phase analysis using a
Thermo Scientific ARL Equinox 1000 X-ray
diffractometer (TechTrend Science Co., Ltd.,
Taiwan) (wavelength A =0.1540562 nm (copper
anode). Determination of weight change under
temperature influence were carried out using
a NETZSCH STA 449 F3 Jupiter instrument
(NETZSCH-Feinmahltechnik GmbH, Selb,
Germany) with simultaneous thermogravimetric
analysis (TGA) and differential scanning calorimetry
(DSC) (measurement in the air atmosphere at
a heating rate of 10 K-min™%).
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3. Results and Discussion

It is well known that the hydration process of
Portland cement represents a series of chemical
transformations [19]. When water interacts with
cement grains, a chemical reaction occurs, due to
which needle-shaped crystals appear on the surface of
the grains and in the water. Over a short time, the
volume of these new formations increases, and the
cement grains form a developed spatial network
among themselves. After 8-10 hours, the gelation
process continues and the entire volume, in which
cement grains gradually decrease, is filled with
calcium hydrosilicates, aluminates, sulfoaluminates,
ferrites, sulfoferrites and hydrogarnets (depending on
hydration conditions, the composition of the concrete
mixture, etc.). The remaining voids are filled,
although not so intensively, with hydration products,
i.e. clinker minerals. The resulting silicate structure
turns into cement stone and after a day begins to
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displace the aluminate structure. After completion of
the hydration process, the cement stone hardens and
becomes strong [20].

The formation of the cellular structure of aerated
concrete occurs as a result of a chemical reaction
between the gas-forming agent and the component
actively acting on it with the release of gas. The
expansion of the forming micropores continues as a
result of the pressure that the gas exerts on the pore
walls and the concrete mixture in contact with them.
In this work, aluminum powder was used as a gas
generator; when interacting with calcium hydroxide,
hydrogen is formed.

According to XRD-analysis (Fig. 1), NAC
samples — both original and modified — contain the
following compounds: quartz (B-SiO2); tobermorite
(5Ca0-3Si02-H20); calcium hydrogarnets (3CaOx
xAl203-xSi02-(6-2x)H20); xonotlite (6CaO-6SiO2x
xH20); C-S—-H(l); calcite CaCOs3.
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Fig. 1. X-ray diffraction patterns of NAC samples: a — control; b — modified LS;
¢ — modified GO; d — modified with a complex additive
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The X-ray spectrum of unmodified NAC shows
reflections of quartz with high intensity peaks at
20 =26.5, 37, 46.5, 60° (Fig. 1, a). Peaks of calcium
hydrosilicates, such as tobermorite and xonotlite,
have a lower intensity value. The resulting diffraction
pattern suggests an insufficient degree of crystallinity
and heterogeneity of new formations that are formed
as a result of hydration of cement stone. Also, the
diffraction pattern of the control sample contains low-
intensity reflections corresponding to hydrogarnets
and calcite.

Aerated concrete samples modified with
lignosulfonate (Fig. 1, b), according to XRD-analysis,
contain large quantities of reflections related to low-
basic calcium hydrosilicates, in  particular,
tobermorite, C-S—H, and xonotlite. It is noteworthy
that the introduction of LS significantly increased the
intensity of the tobermorite peaks, especially at
20 =29°, and the intensity of the quartz peak at
20 = 26.5° decreased several times. The intensity of
the peak corresponding to xonotlite also increased
(at 26 = 21°). The observed changes in the crystalline
pattern in gas silicate are explained by the fact that
heterogeneous reactions of calcium hydroxide and
silicon-containing components in the aerated concrete
mixture occur more fully [19].

The introduction of graphene oxide into the
composition of the aerated concrete mixture (Fig. 1, ¢)
also contributes to a change in the crystal structure of
mineral new formations, as does the addition of
drugs. Compared to the control sample, the intensity
of diffraction reflections of tobermorite, xonotlite and
hydrogarnets increases in NAC modified with GO.
It is known that calcium hydrogarnets also participate
in the structure formation of aerated concrete
mixtures and increase the durability of products.

The X-ray diffraction pattern of NAC (Fig. 1, d),
modified with a complex additive of GO/LS, shows
a significant difference in the diffraction pattern of
this sample from the previous ones. The difference
lies in the high intensity of reflections primarily from
tobermorite, xonotlite, as well as C-S—H and calcite.
This fact suggests that the mineral new formations
formed during the NAC hydration are well
crystallized and form a strong framework of
hydration products, thereby increasing the strength of
aerated concrete due to the strengthening of interpore
partitions [19].

The results obtained during the differential
thermal analysis of the NAC samples studied in the
article are presented in Fig. 2.

According to TG- and DSC-curves, at
temperatures up to 100-150 °C, water is removed

from low-basic calcium hydrosilicates of the
tobermorite type, which is accompanied by heat
absorption [12].

A pronounced endothermic effect in the
temperature range of 400-450 °C indicates the
dehydration of gelled hydrosilicates and calcium
hydrogarnets. Small endo-effects at temperatures
from 550-900 °C arise due to the decomposition of
calcium bicarbonates formed during the carbonization
of aerated concrete [21].

In general, the TG- and DSC-curves for all
studied materials have a similar character as
described above — 3 stages of weight loss, except for
the control sample.

Aerated concrete  without additives  at
a temperature of about 100 °C loses 0.96 % of its
weight, with the addition of LS — 1.20 %, GO -
1.35 %, complex additive — 1.72 %. An increase in
the percentage of residual weight in a given area
indicates that the volume of water adsorbed by the
sample is increasing. This fact allows us to assert that
the introduction of a complex GO/LS additive
increases the porosity of aerated concrete [12].

At the next stage in the temperature range of
400-450 °C, which is observed only in modified
NAC samples, a slight weight loss of about 1 % is
recorded for all samples. Recording of weight loss
stops at 1098 °C. Up to this point, in the range of
550-700 °C, the weight of the modified samples
decreases by an average of 4 %. The lowest value of
the residual weight of NAC is observed for the
control sample — 84.47 %, with the addition of LS —
86.40 %, GO — 87.10 %, complex additive — 87.57 %.
This fact suggests that NAC with the addition of
GO/LS is more durable and less susceptible to
thermal influences.

Thus, as a result of X-ray diffraction and
differential thermal analysis of cellular concrete
samples, the effectiveness of introducing a complex
GO/LS additive has been proven, which has
a positive effect on the structure formation of cement
stone and the morphology of hydration products —
new formations of gas silicate.

It should also be noted that the patterns found as
a result of the physical and structural analysis are
correlated with the data of mechanical tests of the gas
blocks under consideration (Table 1) [22].

It has been established that the complex additive
allows to obtain the highest values of the mechanical
characteristics of NAC: an increase in bending
strength by 30 % and compressive strength by 35 %
is achieved.
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Fig. 2. TG- and DSC-curves of NAC samples: a — control; b — modified LS;
¢ — modified GO; d — modified with a complex additive

Table 1. Flexural and compressive
strength values of NAC

Samples Control LS GO GO/LS
additive  additive  additive

Bending

strength, MPa 1.15 1.38 1.27 1.67

Compressive

strength, MPa 1.25 1.45 1.53 1.92

4, Conclusion

Using the methods of differential thermal and
X-ray diffraction analysis, the quantitative and
qualitative content of hydration products of cement
stone of NAC samples modified with additives of LS,
GO and the complex composition of GO/LS was
assessed. XRD-analysis made it possible to determine
the phase composition of new formations that arise
during the hydration of the binder, as well as to

evaluate the influence of various types of additives on
the NAC crystallization. It was established that all the
obtained gas blocks contain quartz, tobermorite-like
calcium hydrosilicates, calcium hydrogarnets, xonotlite,
C-S-H(l), calcite CaCO3. When modifying NAC with
a complex additive of GO/LS, an increase in the
reflections of tobermorite, xonotlite and C-S-H(l) is
observed, which allows to speak about an increase in
the crystallinity degree of new mineral formations of
cement stone. According to the results of TG- and
DSC-analysis, endothermic effects caused by
dehydration of calcium hydrosilicates and destruction
of their structure were discovered. The thermograms
of all samples revealed three main enfo-effects
associated with the removal of adsorbed water from
gel-like hydration products, dehydration of low-basic
calcium hydrosilicates, and decomposition of calcium
carbonate. The obtained XRD and TG/DSC analysis
data are in good agreement with strength tests
demonstrating the effectiveness of using the complex
GO/LS additive for modifying NAC.
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Synthesis of the TiC + 20 % NiCr composite from a granular mixture
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Abstract: For the first time, the synthesis of the TiC + 20 % NiCr composite from a granular mixture with titanium of
different dispersion, containing different amounts of impurity gases, was carried out. The features of the combustion
process of a granular charge are explained by its structure — the presence of physically separated cells (granules) with a
powder mixture, which can ignite because of conductive heat transfer from granule to granule or convective heating by gas
released from the charge. The combustion front in the powder and granular charge based on titanium with a smaller
characteristic size of titanium particles propagated at a higher rate, despite the higher content of impurity gases in it.
The effect of impurity gas release on the combustion rate of powder mixtures is explained using a convective-conductive
combustion model. It is shown that the combustion of the studied mixtures with granules 0.6 and 1.7 mm in size took place
in a safe conductive mode, making it possible to scale the process. X-ray phase analysis of the combustion products
showed that the phase composition of the synthesis products did not depend on the size of the granules. When using
a granular mixture containing finely dispersed titanium powder, synthesis products were obtained without side phases of
intermetallic compounds, which were easily crushed to micron sizes and could be used for plasma spraying of wear-
resistant coatings.

Keywords: combustion synthesis; protective coating; granules; titanium particle size; impurity outgassing.

For citation: Abzalov NI, Seplyarskii BS, Kochetkov RA, Lisina TG, Alymov MI. Synthesis of the TiC + 20 % NiCr
composite from a granular mixture. Journal of Advanced Materials and Technologies. 2023;8(4):324-332. DOI:
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Cunrte3 komnosuta TiC + 20 % NiCr u3 rpanyJIMpoOBaHHON IIMXThI
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Annotanusi: Briepseie nposenen cunte3 kommnosura TiC + 20 % NiCr u3 rpaHyIMpoBaHHON IIUXTHI C THTAHOM PAa3HOU
JICIIEPCHOCTH, COJIEPIKAIINM Pa3HOEe KOJIMIECTBO MPUMECHBIX Ta30B. OCOOEHHOCTH Tpoliecca TOPEHNUS TPaHyIMPOBAaHHON
IMIAXTBl OOBSCHEHBI €€ CTPYKTYpOH — HaJIWdMeM (PU3NYECKH BBIIEICHHBIX sYeeK (TpaHyil) C IOPOIIKOBOH CMECHIO,
BOCIUIAMEHEHHE KOTOPBIX MOXKET MPOHUCXOIUTH BCIEACTBHE KOHAYKTHBHON NEpeaady TeIlla OT TPaHyJsbl K IpaHylie Win
KOHBEKTHBHOI'O HAarpeBa ra3oM, BBIJCILIONIMMCS U3 MUXThl. OPOHT ropeHus B MOPOIIKOBOM M I'PaHYIMPOBAHHON LIMXTE
Ha OCHOBE THUTAHA C MEHBIIUM XapaKTEPHBIM Pa3MEPOM YacTHUI] TUTAHA PACHPOCTPAHSICS ¢ Oosiee BBICOKOH CKOPOCTBIO,
HECMOTps Ha 0oJiee BBICOKOE COZEPIKaHME MPUMECHBIX T'a30B B Hell. BiMsHUE NPUMECHOT0 ra30BbIAEICHHs Ha CKOPOCTh
TOpEHU MOPOIIKOBBIX cMecen O61)51CHGHO C HUCIIOJIb30BAHUEM KOHBCKTHBHO-KOHZ{yKTHBHOﬁ MOJECJIN T'OPCHUS. HOKaSaHO,
YTO FOPCHUE MCCIICAOBAHHBIX cMeceil ¢ rpaHyiamu pazmepom 0,6 u 1,7 MM mpoxoawio B 0€30MaCHOM KOHIYKTHBHOM
peKMMe, TO3BOJISIIONIEM MaclTadupoBaTh npouecc. PeHTreHo(ha3oBbl aHAIM3 NPOAYKTOB TOPEHMSI IOKa3asl, 4TO
(a30BBIl COCTaB NMPOAYKTOB CHHTE3a HE 3aBHCENl OT pa3Mmepa rpaHyi. [Ipu nCronb30BaHUM IpaHYJIMPOBAHHOHN IIMXTHI,
coJieprKalliel MEIKOAMCIIEPCHON MTOPOLIOK TUTAHA, TIOJIyYeHbl IIPOIYKTHI CHHTE3a 0e3 MOOOYHBIX (a3 HHTEPMETAITHIIOB,
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KOTOpLIC JICTKO Z[p06I/IJ'II/ICI) A0 MUKPOHHBIX PA3MEpPOB U MOTYT OBITH HCIIOJIB30BAHEI JJIA IJIa3MCHHOI'O HAaIlbIJICHUS

HM3HOCOYCTOMYUBBIX OKPBITHM.

Karouessie ciioBa: CBC; 3amuTHOE MOKPBITHE; TPAHYJIbL; pa3Mep YacTHUIl TUTAHA; IPUMECHOE I'a30BbIICIICHHE.

Jost uutupoBanmus: Abzalov NI, Seplyarskii BS, Kochetkov RA, Lisina TG, Alymov MI. Synthesis of the TiC + 20 %
NiCr composite from a granular mixture. Journal of Advanced Materials and Technologies. 2023;8(4):324-332. DOL:

10.17277/jamt.2023.04.pp.324-332

1. Introduction

Materials based on transition metal carbides with
metal binders are increasingly used as a substitute for
hard alloys based on tungsten and chromium carbides
[1-14]. To reduce brittleness and increase adhesion
during spraying of protective coatings, metal binders
such as Ni, Mo, NiCr, Cu, etc. are introduced into
titanium carbide-based powders. [15-19]. A promising
area of application of TiC—NiCr composite powders
is their use for protective coatings on parts of
industrial equipment and machinery to protect against
wear and corrosion [20]. The addition of NiCr to
carbide coatings increases their resistance in

oxidizing environments as Cr,Oj3 is formed, which is
especially important for the use of parts at high
temperatures  [21, 22]. Self-propagating  high-
temperature synthesis (SHS, also called “combustion
synthesis™) is one of the methods of producing such
powders [23]. SHS is characterized by a combination
of low energy consumption, high process speed,
purity and homogeneity of the product obtained in
one technological cycle [24—40]. In the process of
synthesis, easily fusible metal binder is melted, which
provides melt spreading and dispersion of initial
reagents in the products. The microstructure of
coatings obtained by sputtering of synthesized
powders is characterized by the spherical shape of
carbide grains and their homogeneous distribution
over the volume of the metal matrix, which reduces
the pitting of carbide inclusions [25, 41]. However,
refractory and strong sintered materials produced by
SHS from powder components must be crushed to
micron sizes for use in sputtering [25], which requires
significant energy inputs and additional operations
for cleaning from the substance of grinding bodies.
Scaling up the process of obtaining composite
materials by SHS requires reproducibility of
combustion parameters, predictability of the
properties of the obtained products, and reduction of
the cost of milling the synthesis products. These
objectives can be achieved by changing the structure
of the mixture from powder to granular, which levels
the influence of the content of impurity gases and
moisture in the charge and ensures the stability of the
properties of the obtained products [42]. When using
granular mixtures based on titanium, the phase

composition of synthesis products depended on the
dispersity and morphology of titanium powder
particles [43—45]. The brittle sinter obtained as a
result of synthesis was easily separated into separate
granules, their grinding was not difficult and was not
accompanied by contamination of grinding bodies
[46]. However, depending on the content of gas-
emitting components in the charge and the organic
binder used in granulation, combustion can switch to
a convective mode, in which the combustion rate
depends quadratically on the gas mass flow [45, 47].
Since the combustion time of granules behind the
ignition front is almost independent of the gas flow
rate, there is a positive feedback between the
combustion rate and the flow of gas filtered through
the front: the higher the combustion rate, the greater
the gas flow, and vice versa [48]. Therefore, in order
to avoid uncontrolled growth of the combustion rate,
it is necessary to carry out synthesis in the conductive
mode. The authors formulated the critical conditions
for the transition of combustion to the convective
mode in [49].

There are no data on synthesis of titanium
carbide with nichrome bond from granular mixtures
(Ti+C)+20%NiCr in  scientific  literature.
Therefore, the aim of the present work is, firstly, in
one process operation to synthesize metal-ceramics of
TiC + 20 % NiCr composition, and secondly, to find
out the influence of dispersity and morphology of
titanium powder and granule size on combustion
modes of Ti + C + 20 % NiCr mixtures with titanium
of different dispersity, phase composition of their
synthesis products and the possibility of their
grinding.

2. Materials and Methods
2.1. Experimental method

The combustion patterns were studied using the
original experimental setup (Fig. 1).

The experiments were carried out according to
the following procedure: the mixture under study §
was poured into a vertically mounted transparent
quartz tube (outer diameter — 19 mm, height — 90 mm,
wall thickness — 2 mm), on a substrate of mineral

wool (Al,O3 base) 9.
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Fig. 1. Diagram of the experimental setup:
1 — cylinder with nitrogen; 2 — cylinder with argon; 3 — computer for recording the video; 4 — computer for recording
sensor readings with an ADC; 5 — flow and pressure sensors; 6 — digital video camera; 7 — electric element for igniting
a mixture; 8§ — charge; 9 — layer of mineral wool; /0 — metal grid; // — gas switch (position I, nitrogen; II, argon;
111, supply of gas is blocked)

Signals from sensors 5 and LEDs informing
about the position of the gas supply switch /7 were
fed to the computer 4 via ADC in real time mode.
The thermal pulse from the tungsten spiral 7 started
the combustion process from the upper end of the
sample. Before each experiment, the sample was
purged with a stream of argon at a pressure drop
of 1 atm to avoid shrinkage of the unburned part of
the backfill during combustion and to obtain stable
results. The height of the initial mixture (both powder
and granular) after blowing was (40 £ 5) mm.

The combustion process was recorded using
a digital video camera 6 SONY FDR AX-700
(shooting speed 100-250 fps). Based on the frame-
by-frame processing of the video recordings, the
velocity of the combustion front was calculated.

2.2. Starting materials

The Russia-manufactured powders used in this
work and their brief characteristics are given in Table 1.

Figure 2 shows the particle size distribution of
the initial metal components in percentage of the total
mass of the investigated powder. Further in the text
and in calculations of the necessary and sufficient
conditions for heating the particles of powder mixture
components, their values at the point of maximum of
the distribution function are used as characteristic
sizes: d(Ti) = 60 and 120 um, d(NiCr) = 90 pum.

The external view of titanium particles with
d(Ti)=60 and 120 pum, obtained using scanning
electron microscopy, is shown in Fig. 3.

Table 1. Substances and reagents used

Particle size, pm

Components Grade up to up to
S50 wt. % 90 wt. %
Titanium:
=60 pm (PolellleaMT la) <34 <86
d=120 um o <105 <169
P-803
Soot (YATU, Yaroslavl) <23 <4
Nichrome, Ni80Cr20
d=90 um (Polema, Tulay /> <142

Polyvinylbutyral (POLYMER-DZ, Dzerzhinsk)
Ethyl alcohol technical 95 % (Ferein, Elektrogorsk)

P, wt. %
16

14| Ti(60 um ) Ti(120 pm )

12

10 Ni80Cr20

0 40 80 120 160 200 240 d, um

Fig. 2. Particle size distribution of the initial metal
components as a percentage of the total mass
of the powder under study
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Fig. 3. Micrographs of titanium powders with d(Ti) = 120 um (@) and with d(Ti) = 60 um (b)

As can be seen from the photographs, titanium
particles with d(Ti) = 120 pm have a lentil-like shape,
which is smoother than that of dendritic particles with
d(Ti) = 60 pm. To determine the amount of impurity
gases in titanium powders of different dispersity,
a sample weighing (100+0.01) g was placed in
a vacuum chamber under standard conditions and the
pressure was reduced to 2.6 Pa. At 300 °C, the
sample was kept in vacuum for 40 min. The sample
was then heated to 850°C and held at this
temperature for 60 minutes. After the chamber had
cooled to room temperature, the sample was removed
and reweighed to determine the mass loss during
processing.

2.3. Granulation

Granulation of the compositions was carried out
as follows: preliminary initial powder mixture was
mixed for 4 h in a gravity-type mixer. Then a four per
cent (wt.) solution of polyvinyl butyral in ethyl
alcohol was added to the obtained mixture. The paste-
like mass obtained after mixing was rubbed through
a sieve with mesh size of 1.25 and 1.6 mm.
The obtained particles were rolled on a rotating
horizontal surface to give them spherical shape.
The particles were then air dried for 10 h and
dispersed on a vibrating screen. The content of
polyvinyl butyral in the dry mixture was about 1 %.
Granules with sizes of 0.4-0.8 and 1.4-2.0 mm were
used for the experiments. The half sum of the upper
and lower size limits, ie., 0.6 and 1.7 mm,
respectively, was taken as the characteristic size of
the granule fraction.

The stoichiometry of initial mixtures was
calculated for obtaining metal-ceramics  of
80 % TiC + 20 % NiCr composition. Thermodynamic
calculations were performed using the THERMO
software package (http://www.ism.ac.ru/thermo/).
The calculated maximum combustion temperature of
the mixture 759 = 2890 K.

2.4. Methods of analysis

To determine the particle size distribution of the
components, a laser analyser Microsizer-201C
(VA Instalt, St. Peterburg, Russia) was used.
The phase composition of the final product was
studied on X-ray diffractometer DRON-3M
(IC Bourevestnik, St. Peterburg, Russia) using
monochromatic CuKo-radiation. The diffractograms
were taken in step-scanning mode in the range of
angles 20 =20-80° with an imaging step of 0.2°.
The obtained data were analysed using PDF-2
database. Microstructure of titanium powders was
investigated by SEM method on Ultra Plus
microscope by Carl Zeiss (Cermany). The obtained
synthesis products were milled in a planetary mill
Pulverisette by Fritsch (Cermany) for 5 minutes with
zirconium oxide balls of 8§ mm diameter with
a weight ratio of balls and mixture 30:1, rotor speed
320 rpm.

3. Results and Discussion

At the first stage, initial titanium powders used
in the mixtures were thermovacuum-treated. The
mass loss due to heat treatment was about 0.7 wt.% at
d(Ti) = 60 pm and 0.2 % at d(Ti) = 120 pm.

The external view and combustion shots of
titanium-based powder and granulated charge at
d(Ti) = 60 um are shown in Fig. 4. The mixtures with
d(Ti) = 120 um look almost the same.

The rate of propagation of the combustion front
is the most important macrokinetic parameter of the
combustion process. Synthesis of mixtures with
d(Ti) = 60 pm (a) and 120 um (b), both powder and
granular mixtures was carried out in steady-state
regime. The shape of the combustion front is flat,
which allowed reliable measurement of the position
of the combustion front at different moments of time
and determination of its propagation rate.
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Fig. 4. External view of a quartz tube and frames of combustion of (Ti + C) + 20 % NiCr mixtures
with d(Ti) = 60 pm (a) and 120 um (b, ¢): the initial powder mixture (a), granular mixture with D = 0.6 mm (b),
and granular mixture with D = 1.7 mm (c)

Table 2. Combustion rates Uy, of powder and Uy (D) mixtures with granules of size D;

combustion rate U, of the substance of the granules

d(Ti), pm Up, mm-s " Ugr (0.6 mm), mm-s " Ugr (D= 1.7 mm), mm-s | Ucom, mm-s " Ucom/Up
60 20 32 39 44 2.2
120 8 17 20.5 23 2.9

The values of combustion rates used in the
calculations are averages from 3—4 experiments, the
value spread is not more than 10 %. Table 2 shows
the experimental values of combustion rates of
powder and granular mixtures of 80 % (Ti+ C)+
+20 % NiCr with titanium particles of 60 and
120 um in size.

At the same nichrome content, the combustion
rates of titanium-based powder mixtures with
d(Ti) = 60 pum are almost twice as high as those with
d(Ti) =120 pm. To explain the difference in the
combustion rates of powder mixtures with titanium
particles of different sizes, we shall use the
convective-conductive combustion model (CCCM)
[50]. In accordance with this model, the propagation
of the combustion wave front in a powder mixture is
the movement of the melt of a fusible component
under the action of capillary forces and pressure
difference of impurity gases in front of and behind
the melt layer. An increase in the pressure of impurity
gases in front of the reaction front leads to a decrease
in the combustion rate, and a decrease in pressure
leads to an increase in the combustion rate. Usually,
the influence of impurity gas emitted behind the melt
layer (combustion front) can be neglected because it
does not create increased pressure due to the high gas
permeability of combustion products [51].

In accordance with [52], we consider that in
a powder mixture the particles of initial components

have time to heat up and release impurity gas before

the combustion front if two conditions are
simultaneously fulfilled:
<L, (1)
h<t. )

Here d is the characteristic particle size of the
powder mixture, L = ac/U, is the width of the heating

zone, U, is the experimental combustion rate, a. is
the thermal diffusivity coefficient of the

heterogeneous powder mixture, #(d) =d%/4a is the
thermal relaxation time of the particle, a is the
thermal diffusivity coefficient of the particle
substance and ¢ = L/U, = a/ Up2 is the characteristic
time of the particle in the heating zone [1]. During
calculations, the value of a. was assumed to be the
same, equal to a; = 10 °m?s™! [53].

Calculation of the heating condition (1) showed
that for titanium particles (a(Ti) = 8:10° m%s™! [54],
the width of the heating zone L = 50 um for mixtures
with d(Ti) = 60 pm and L = 125 pm for mixtures with
d(Ti) =120 pm. Thus, L <d(Ti) for 60 pum titanium
particles and L > d(Ti) for 120 pum titanium particle
sizes. Soot particles (d(C)=3-4 pm, a(C)=
=210 m%s”! [55]) are heated and release impurity
gas ahead of the combustion front in both cases.
Nichrome contains 80 % Ni, and Ni particles release
negligible amounts of impurity gas compared to
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titanium and soot [42], so the effect of outgassing
from nichrome can be neglected. The heating
condition (2) is fulfilled for all components. Thus,
inhibition of the combustion front by impurity gases
from titanium for mixtures with d(Ti) =120 um and
its absence for mixtures with d(Ti) = 60 um explains
the difference in the combustion rate of powder
mixtures 80 % (Ti+ C)+20 % NiCr. A quantitative
assessment of the influence of impurity outgassing on
the combustion rates of these mixtures can be
obtained by comparing them with the combustion
rates of granular mixtures.

Table 2 shows that the combustion rates of
granular mixtures were higher than those of powder
mixtures of the same composition. This is due to
a different mechanism of propagation of the
combustion front in granular mixtures, in which the
combustion rate is determined by both the
combustion rate of individual granules and the rate of
heat transfer from granule to granule. A granular
mixture consists of individual cells (granules)
containing the powder mixture and the pore space
between them. It is precisely because of the discrete
nature of granular mixtures and the difference in the
size of the granules and grains of the resulting
product that surface tension forces prevent the melt
from flowing beyond the individual granules.
Therefore, the high gas permeability of such charge
practically does not change during the combustion
process. Since the size of granules (about 1 mm) is
much larger than the particle size of the initial
powders, the combustion process of an individual
granule can be considered similar to the combustion
process of a powder mixture [44]. However, the
granule has better conditions for the removal of
impurity gases from the combustion zone compared
to the powder charging, since the length of the
filtration zone does not exceed half of the granule
diameter D. In combination with the high gas
permeability of the entire charging, this leads to an
insignificant influence of the impurity gas release
both on the combustion process of the granules
themselves and on the whole sample [44]. However,
a granule has better conditions for the removal of
impurity gases from the combustion zone compared
to a powder sample, since the length of the filtration
zone does not exceed half the diameter of the
granule D. In combination with the high gas
permeability of the entire sample, this leads to
a slight effect of impurity gas release on both levels
of the combustion process: the granules themselves
and the sample [56]. If in the powder mixture there is
no gas release in the heating zone, granulation will
lead to a decrease in the combustion rate of the
sample. This is due to the presence of a granule to
granule combustion transfer stage. In contrast, for the

composition where impurity gases are released in the
heating zone and have an inhibitory effect,
granulation leads to an increase in the combustion
rate. Consequently, the observed ratio Ug> U,
(Table 2) results from the levelling of the impurity
gas influence, which is released before the melt layer
from soot particles, and in the mixture with
d(Ti) =120 um — also from titanium particles.

During the combustion process, the granules of
the studied mixtures retained their size and sintered
lightly with each other. Therefore, it is assumed that
the heat transfer between them occurred mainly at the
contact points of the granules and is determined by
a conductive mechanism. An upper estimate of the
granule heating depth H = (a.D/ Ugr)l/2 by the time of
ignition [44] gives H=0.19 mm for granules of size
D=0.6 mm and H=0.17 mm for D = 1.7 mm, that
is, H < D. Therefore, the heating of the granule up to
the moment of ignition is described by the semi-
infinite body model. Then the combustion rate of the
granule substance Uyy and the time of transfer of

combustion between granules £, can be considered
the same for granules of different sizes. Considering
that the total burning time of the granule #, = D/U, is
the sum of the combustion time of the granule
substance D/U.yy, and the combustion transfer time
from granule to granule g, i.e.

b= D/Ucom + tig, (3)

we obtain an expression relating Ugom and fg to the
combustion rate of the granular mixture Uy, [44]:

Ugr = Ucom/(1 + Ucomtig/D)~ 4)

By solving the system of two equations with two
unknowns, obtained by successive substitution of D

and Uy, values for two fractions of granules of the same

composition into (4), the values Uy =44 mm-sfl,

tig=>5 ms for d(Ti) =60 pm, and Ugom =23 mm-s

tig=9 ms for d(Ti)=120 um are obtained. These
results allow to assume that a conductive combustion
mechanism is realized in the investigated sample-
scale mixtures.

The ratio of the combustion rate of the granule
substance and the powder mixture gives a
quantitative estimate of the inhibitory effect of
impurity gas release on the combustion rate of the
powder mixture: Ugom/Up = 2.2 and 2.9 at d(Ti) = 60
and 120 um, respectively. These estimates are close,
and it is due to the rather low impurity gas content in
titanium with d(Ti) = 120 pm (0.2 %), which inhibits
the combustion.
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The data of X-ray phase analysis (XRF) of
combustion products of powder and granular
mixtures are shown in Fig. 5.

It was found that the phase composition of the
synthesis products of 80 % (Ni+ C) + 20 % NiCr
mixtures is strongly influenced by the particle size of
the initial titanium powder and the type of mixture.
Thus, for d(Ti)=60 pm the composition of
combustion products of powder and granular charge

was the same and included phases TiC and NisCer,
which coincides with the data of thermodynamic
calculations. So, the observed difference in the
dependence of combustion rates of powder and
granular mixtures cannot be explained by a change in
the phase composition of the combustion products,
thus supporting the proposed explanation — the
influence of impurity gas released during combustion
from the components of the mixtures. In turn,

d(Ti) =120 um is characterized by faint Ni3Cr bond
peaks, as well as by-product phases of
intermetallides, which are particularly abundant in the

L o Ti
m Ni;Cr
. A TiNi
* @ 2

L] ./

powder mixture. As in [43], there is a correlation
between the smaller titanium particle size, higher
combustion rate of the mixture, and the absence of
intermetallic side phases.

Combustion products' samples from granules of
different sizes for titanium-based mixtures of the same
dispersity had similar phase composition (Fig. 6).

Thus, to obtain the target phase composition of
combustion products of the studied mixtures, as in the
case of nickel-bonded titanium carbide [44], it is
necessary to use granular mixtures based on finely
dispersed titanium powder. For the studied mixture,
a safe conductive mode of combustion is realised
irrespective of the granule size in the range
0of 0.6-1.7 mm.

As in the case of previously investigated
Ti—C—Ni mixtures [57], synthesis from the granular
mixture yields a sample in which the granules retain
their dimensions, fuse only at the contact points, and
are easily separated from each other (Figs. 7, 8).

J.Ju 5

; 1
JHJL» S S—

20 60 20.°

Fig. 5. Results of X-ray phase analysis of combustion
products of a granular mixture of Ti + C + 20 % NiCr
with 1.7 mm granules at d(Ti) = 120 um (/)
and at d(Ti) = 60 um (2)

20 40 60

Fig. 6. Results of X-ray phase analysis of the combustion
products of the Ti + C + 20 % NiCr granular mixture
based on titanium with d(Ti) = 60 pm:

1 —0.4-0.8 fraction granules; 2 — 1.4-2.0 fraction granules
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Fig 7. Samples of powder (a) and granular (b) mixtures with D = 1.7 mm after combustion
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Fig. 8. Photographs of a granular mixture

of 80 % (Ti+ C) + 20 % NiCr composition
with D = 1.7 mm before (@) and after () synthesis

After the synthesis of composites from powder
and granular mixtures, a comparison of the milling
efficiency of the obtained products was performed.
The samples were milled in a planetary mill for
5 minutes, with a rotor speed of 320 rpm. At milling
of the combustion product of titanium-based powder
mixture with d(Ti) =60 pm the yield of fraction
<250 um was 5 %, and from the granular one with
granules of size D = 1.7 mm — 94 % of the total mass
of the sample.

4. Conclusion

The studies have shown that granulation of the
initial charge 80 % (Ti+ C)+ 20 % NiCr (granule
size 0.6-1.7 mm) on the basis of titanium with
a specific particle size of 60 um provides the
synthesis of titanium carbide with nichrome bonding
in a safe conductive mode, i.e. provides the
possibility of scaling the process. Facilitated micron-
size crushing of synthesis products from granular
charges makes the process attractive for obtaining
fine powders for wear-resistant coatings [3].
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