ISSN 2518-170X (Online)
ISSN 2224-5278 (Print)

NEWS OF THE NATIONAL ACADEMY
OF SCIENCES OF THE REPUBLIC
OF KAZAKHSTAN, SERIES OF
GEOLOGY AND TECHNICAL SCIENCES

Ne6
2025



ISSN 2518-170X (Online)
ISSN 2224-5278 (Print)

\\m%

)
S|
3
=
5]

e

,Q.‘&:\
CENTRAL ASIAN ACADEMIC

NEWS
OF THE NATIONAL ACADEMY OF SCIENCES
OF THE REPUBLIC OF KAZAKHSTAN,
SERIES OF GEOLOGY AND TECHNICAL
SCIENCES

6 (474)

NOVEMBER - DECEMBER 2025

THE JOURNAL WAS FOUNDED IN 1940

PUBLISHED 6 TIMES A YEAR

ALMATY, 2025



2 Clarivate
Analytics

«Central Asian Academic Research Centery LLP is pleased to announce that “News of NAS
RK. Series of Geology and Technical sciences” scientific journal has been accepted for
indexing in the Emerging Sources Citation Index, a new edition of Web of Science. Content
in this index is under consideration by Clarivate Analytics to be accepted in the Science
Citation Index Expanded, the Social Sciences Citation Index, and the Arts & Humanities
Citation Index. The quality and depth of content Web of Science offers to researchers,
authors, publishers, and institutions sets it apart from other research databases. The
inclusion of News of NAS RK. Series of Geology and Technical Sciences in the Emerging
Sources Citation Index demonstrates our dedication to providing the most relevant and
influential content of geology and engineering sciences to our community.

«Opmanvix Asusn axademusnvik vinvimu opmanvizely KIIC «KP ¥FA Xabaprapoi.
Teonocus oicone MeEXHUKANLIK bLILIMOAP Cepusicbly 2bliviMu dcypranvinvily Web of
Science-miny scanananean nyckacet Emerging Sources Citation Index-me unoexcmenyee
Kabvli0aneanvin  xabapnaiovl. byn unoexcmeny oapwiceinoa Clarivate Analytics
KOMRAHUusACul Jcyprandvl odan api the Science Citation Index Expanded, the Social
Sciences Citation Index ocone the Arts & Humanities Citation Index-xe kabwiioay
Mmacenecin Kapacmuipyoa. Web of Science zepmmeywinep, asémopnap, 6acnawiviiap
MeH MeKemenepee KOHmeHm mepenoiei men canacwin Ycvinaovl. KP ¥YFA Xabapnapeo.
Teonocus scone mexuuxanvix eviavimoap cepuscol Emerging Sources Citation Index-xe
enyl 0i30iH KO2amOacmulK YWiH eH 63eKmi dcane 0edendi 2eon02usi JHeaHe MexXHUKAIbIK
EbLIBIMOAP OOULIHUWA KOHMEHMKe a0anoblblmbi30bl 0i10Ipeoi.

TOO «llenmpanvro-a3uamckutl akadeMuuecKull HAy4Hulil yeHmpy coodwjaem, umo
nayunoii oicypuan “Useecmuss HAH PK. Cepusi ceonocuu u mexuuueckux Hayk» Obll
npunam oas unoexcuposanusi 6 Emerging Sources Citation Index, obnosnennou
sepcuu Web of Science. Cooepoicanue 6 3mom UHOEKCUPOBAHUU HAXOOUMCS 8 CMAOUU
paccmompenusi komnanueti Clarivate Analytics ons oanvhetiwezo npuHAMUS JICYPHANA
6 the Science Citation Index Expanded, the Social Sciences Citation Index u the Arts &
Humanities Citation Index. Web of Science npednazaem kauecmso u enyouny Konmenma ot
uccredosamenetl, agmopos, uzoameneli u yupesicoenuil. Brmouenue Hzeecmus HAH PK.
Cepus ceonozuu u mexnuyeckux nayk ¢ Emerging Sources Citation Index oemoncmpupyem
HAWLy npuepIHCeHHOCMb K Haubonee akmyaibHOMY U 6IUSMETIbHOMY KOHMEHMY N0 2e0N02UU
U MEXHUYECKUM HAYKAM OJisl Haue20 coobuecmsa.
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Abstract. Relevance. Crystalline materials in rocks undergo structural changes
under high pressure and in humid or aggressive environments, and also during ship
or land transport at both high and low temperatures. These conditions generate
defects and alter their concentration, demanding reliable diagnostics and monitoring.
Objective. To study defect structure and hydration state in rock-formation
crystalline materials—gypsum dihydrate CaSO,-2H,0, copper sulfate pentahydrate
CuSO, 5H,0, and magnesium hydrosilicate Mg,Si,0, , - using thermo-stimulated
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depolarization currents (TSDC), and to develop diagnostics applicable to insulation
materials and mining operations. Methods. We measured TSDC spectra of natural
and calcined crystals at different temperatures, including samples doped with
alkali (NH,OH) and acid (HCI), using a patented apparatus. From these spectra we
determined activation energies, defect types, and defect concentrations in the 77—
473 K range at current densities from 10 to 10" A/m?. We propose a TSDC-based
method to determine the number of water molecules in a crystal’s formula unit
and computed diffractograms for calcium and copper sulfate hydrates with varying
water content. Results and Conclusions. Changes in the position and magnitude of
TSDC maxima relative to reference spectra, especially in alkaline or acidic media,
provide a basis for quality diagnostics of crystalline materials and enable ecological
monitoring during extraction and transportation. The approach yields key defect
parameters and hydration counts, with results demonstrated for CaSO,-2H,0O and
CuSO,5H,0.

Keywords: crystalline materials, rock formations, thermostimulated
depolarization currents, diagnostics, diffractograms, environmental monitoring
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AHHOTanus. O3exTiniri. MuHepanaapablH KPUCTAIIBIK KYPBUIBIMBIH/IAFbI
e3repicTep Tay >KbIHBICTApbIHIA KOFapbl KBICBIMHBIH, TEMIIEpaTypaHbIH >KoHE
arpeccuBTI OPTAaHBIH 9CEPiHEH, COHJal-aK MaTepHajiapibl TEHi3 jKOHE KYPIbIK
apKbUIBI TACBIMAIAAY Ke31He Ooma 1. by mpornectep KpucTasibl MaTepHaIiapIbiH
(u3NKa-XUMUSIIBIK JKOHE MaljanaHy KacHeTTepiHe alTapibIKTall ocep eTeTiH
KYpPBUIBIM aKayJapbIHBIH Maiia OodyblHA KOHE KOHUCHTPALMSICHIHBIH ©3TepyiHe
okeneni. Makcar. JKyMBICTBIH MakcaTbl KalblMi Cydb(arsl KPUCTAIIIOTHIPATHI
(CaSO,2H,0), meic (CuSO,-5H,0) xone mMarnuii ruapocunukarel (Mg,[Si, O, ]
[OH])) CHAKTBI KpUCTAIABIK MAaTEpHalJapAblH KyPbUIBIMIBIK aKayJdapbl MeH
THIPATAlUSICHIH OKCIIEPUMEHTTIK JKOHE TCOPHUSUIBIK 3€pPTTEYy OOJBIN TaObLIabl.
Onap/pIy canachlH TUarHOCTHKAIAY 9ICTEPiH 3ipiey sKoHe oJlapbIH KPUCTAIIBIK
KYpPBUIBIMBIHA CBIPTKbI (DaKTOpIapIbIH dcepiH Oaramay. Opictepi. 3eprreynep
MaTEHTTENTeH KOHABIPFBIIa TEPMOCTUMYISLMSUIAHFAH ACTOJSIPU3AHS TOKTaphl
(TCD) apicin KonaaHa OTBIPBII XKYpri3ingi. TaOuru skoHe opTYpili TeMmneparypana
KaJIbIMIEHI€H KpUcTanaap, coHpaii-ak cinrimen (NH,OH) sxoHe KbINIKbLIMEH
(HCI) nerupnenren yiarinep Tanganabl. AKTUBTEHAIpY 3Heprusicbl, 10°-10"° A/
M? TOK THIFBI3BIFBI Ke3iHae 77-473K temmeparypa nuana3oHbIHIAFbl KYPBUIBIM
aKayJIapblHBIH Typiiepi MeH KOHICHTpauusichl aHbIkTanipl. COHBIMEH Katap,
¢dopmyna Oipmirinae cy MOJEKyNalapblHBIH OpPTYpl Kypambl 0ap KpUCTalabl
ruapaTTapra apHainraH audpakrorpammanapabl ecentey kyprizingi. Hotmxenep
MEH KOPBITBIHABLIAP. TepMOCTUMYISALUSUIAHFAH ACTIONSIpU3alMs  JIepeKTepi
OolibIHIIa3epTTeNeTIHKpUCTATIapABIH (hopMyaOipIiriHaericy MoJieKynaaapbiHbIH
CaHbIH aHBIKTay oici yceiHpUIFaH. TSTD mMakcuMymaapbIHBIH OpHANacybl MeH
aMIUTUTYAAChIHBIH YIT1IEpAIH KypamMbl MEH KYHi1HE TOH Ty ITIr aHbIKTaIbI, OYJ1
KpHCTaIIbl MaTepHalIapblH CalachblH IUarHOCTUKaIAy KPUTEPHUIIEPIH jKacayra
MYMKiHAIK Oepyi. CiInTiTK HeMece KhIIKbUIABIK opTanarel TCD makcumymmapsl
KApKBIHABUIBIFBIHBIH, ©3Tepyi Tay KBIHBICTAPBIHBIH KPHCTANbl MaTepuaigapbiH
OHJIpY JKOHE TachIMaiJay OpTachlH OKOJOTHSUIBIK Oakblidy YIIiH, COHZIal-aK
OJIapIIbIH ANIEKTP OKIIAyJay >KOHE Tay-KeH TeXHOJIOTHSUIAPbIHIA JKapaMAbLIbIFbIH
Oaranay yIIiH MaianaHblTybl MYMKiH €KeHIIT KOPCETIIreH.

Tyiiin ce3aep: KpucTangblK Marepuangap, Tay XBIHBICTAPBI, TEPMOCTUMYII-
SUWSUTaHFaH  JACTOJSIpU3alMsd  TOKTaphl, JIWAarHOCTHKa, TU(pakTorpammManap,
9KOJIOTHSUTBIK MOHUTOPHHT
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AHHOTanus. AKTyaJbHOCTb. VI3MEHEHUs KpPUCTANIMYECKOH CTPYKTYypBbl
MHUHEPAJIOB B TOPHBIX TIOPOJIaX POUCXO/ST O] BO3ACHCTBHEM BBICOKOTO IABIICHHUS,
TEMIIepaTypPHbIX IPaAUECHTOB, XUMHUUYECKH aKTUBHBIX Cpell, a Takke B Ipolecce
TPaHCHOPTUPOBKM MaTE€pPHaJOB MOPCKMM M Ha3eMHBIM TPaHCHOPTOM. OTH
(aKTOphI BBI3BIBAIOT 00pa30BaHKE U MepepacipeielieHue CTPYKTYPHBIX 1e(EKTOB,
CYIIECTBEHHO BIHUSIOMINX Ha (PU3UKO-XUMUYECCKHE U KCIUTyaTallMOHHbIE CBOMCTBA
KpHUCcTaTnueckux Marepuanos. Llens. Llenb nccieqoBanus — SKCIepUMEHTAILHOES
W TEOpPETHYECKOEC H3ydeHHE Ne(PEKTOB CTPYKTYphl M MPOLECCOB THApATalMN
KpPHUCTAJNTNYECKUX MaTepUAIOB HATIPUMEPE KPUCTAIIIOT UAPATOB CYIIb(HaTOB KaIbIINs
(CaSO,2H,0), memn (CuSO,-5H,0) n rumpocumukara marnus (Mg,[SiO, ]
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[OH],)), a Takxke pa3paboTKa IMATHOCTMYECKMX METONOB OLEHKHM MX KauyeCTBA M
YCTOWYMBOCTH K BO3ACHCTBHIO BHEWHHX (akTopoB. Metonbl. MccnenoBanus
BBITIOJTHEHBI METOJIOM TEPMOCTUMYIMPOBAaHHBIX TokoB Aenonspusanuu (TCT/)
Ha 3alaTeHTOBAHHOW HKCIEPUMEHTAIFHOW yCTaHOBKE. AHAJHM3y MOIBEPrasiiCh
IPUPOIHBIE W NPOKaIEHHbIE 00paslbl, a TaKKEe KPUCTAJUIbl, JICTUPOBAHHBIC
menoupto (NH,OH) u xucnoroii (HCI). Onpenenenbl SHEprust aKTUBAIMH,
TUOBI M KOHLEHTpauuu aedekrtoB B nuanazone temneparyp 77-473 K npu
wioTHOCTH Toka 10°-10"° A/m2. JIOOIHUTEIBHO PAaCcCUUTAHBI TU(PPAKTOrPAMMBI
KPHUCTAJUIOTH/IPATOB C PA3IMYHBIM COJCPKaHUEM BOJIBI BO (POPMYIIBHOW €AWHHUIIC.
Pesynbrars! 1 BeIBOABL. [IpeioskeH MeTo KOJMUECTBEHHOTO OTIPEICTICHHUS YUCIIa
MOJIEKYJT BOJTBI B OpMYIHHOM eqrHMIIe KprcTasuia o ganaeiM TCT/I. YeraHOBIEHBI
XapaKTEpHbIE 3aBHUCHMOCTH IOJIOXKEHHA M aMIuuTyael MakcumymoB TCT ot
cOCTaBa, CTPYKTYpPhl M COCTOSIHUSI OOpa3LOB, YTO MO3BOJIHIO C(HOPMYIHUPOBATH
KpUTEpUU JUArHOCTUKM KadecTBa KpHUCTaNIMdeckux MartepuanoB. IlokazaHo,
YTO CMEIICHHE W M3MCHEHHE MHTeHCHBHOCTH MakcuMyMmMoB TCT]l B mienodHoM
M KHCIIOTHOW Cpefe MOTYT CIYXHTb MHIMKATOPAMU 3KOJOTHYECKOTO COCTOSHUS
cpenbl OOOBIYM M TPAHCIOPTHPOBKM, @ TAKXKE HCIIOJIB30BATHCS IIPH OLIEHKE
MPUTOTHOCTH MaTE€PHAJOB JIsl 3JICKTPOM3OSIIMOHHBIX M TOPHOAOOBIBAIOIINX
TEXHOJIOTUH.

KaroueBble cioBa: KpUCTAIIMYECKHE MaTepuaibl, TOpPHbIE MOPOJIHI,
TEPMOCTUMYIIUPOBAHHBIC TOKHU JCTIONSIPU3AIAHY, AUATHOCTHKA, TU(PPAKTOrPaMMBI,
3KOJIOTHYECKUM MOHUTOPUHT

Introduction. Physical methods of rock research play an important role in the
development of geophysical methods (Bosikov, Klyuev, Silaev, Stas, 2023). The
proposed diagnostics are based on a patent and belong to non-destructive testing
methods, and can also be used for physical and chemical analysis of rocks and
in the control of the chemical composition of crystalline and electrical insulating
materials (Malozyomov et al., 2025).

The purpose of the study is to improve the accuracy, reliability and environmental
safety in determining the structure in a wider range of crystalline materials as a
result of studying and comparing the spectra of thermally stimulated depolarization
currents (TCTD) of natural, as well as doped and calcined samples, which makes it
possible to determine the concentration of structural defects and the presence of a
certain type of water molecules in the formula unit of rock crystals (Nussipali et al.,
2024, Pryalukhin et al., 2024). For this purpose, the maxima of the TSTD spectrum
of samples calcined at temperatures corresponding to the yield of a certain type
of water molecules are investigated, which significantly reduces these maxima,
while the ratio of the maximum densities of the maxima No 3 of the TSTD of the
reference and the studied crystalline materials is directly proportional to the ratio
of the number of crystallization water molecules in the formula unit, the absence of
these maxima indicates their complete dehydration (Bosikov, Klyuev, Khetagurov,
Silaev, 2023; Martyushev et al., 2025, Pryalukhin et al., 2024). Changes in the
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position and magnitude of other maxima indicate a change in the environmental
situation, which makes it possible to carry out environmental monitoring (Morgoeva
et.al., 2024; Shabanov et al., 2023).

Materials and equipment. In the study of TSTD, a patented multifunctional
device was used to study the physical and technical characteristics of materials at
temperatures (77... 473) K and frequencies of the electric field (1... 10%) Hz. The
increase in accuracy is provided by the use of precision equipment with an accuracy
of current measurement up to 10> A and the use of a double-shielded cable.
Reliability is achieved by the use of the TCTD method, as well as the simplicity

and reliability of the method. The device (fig. 1) allows you to measure tgd from
units to 10, current intensity up to 10" A, electric capacitance up to 1 picofarad,
electric field strength up to breakdown values, resistances up to 10'® Ohm, take
temperature spectra of TSTD in the temperature range (77... 473) K and higher
with the help of liquid nitrogen. Inside the plant, a pressure of about 10*mm Hg
was provided by means of backing and diffusion pumps (Martyushev et al., 2025).
The environmental safety of the proposed method is much higher than with the
chemical and X-ray diffraction methods.

%
AT

10 pump

Fig. 1. Design and appearance of the pilot plant

Natural crystal hydrates of calcium sulfate CaSO, were selected for the
research2H,O and copper pentahydrate CuSO,-5SH,O (triclinic lattice), as well
as layered crystals of magnesium hydrosilicate Mg,[Si,0,,] [OH],, (monoclinic
syngony, point group 2/m is prismatic, cleavage is very perfect in {001}, imperfect
in {110} and {010}) (Figs. 2, 3, 4). These crystals are united by the fact that they
have hydrogen bonds to a greater or lesser extent. Gypsum (calcium sulfate) was
supplied in the form of druses or blocks of crystals from the Zhairem deposit in the
Dzhezkazgan region. Crystals with a thickness of (20... 25) mm were easily split
into thin plates along cleavage planes {010} thickness (0.3... 1) mm, after which
they were polished with sandpaper, grinding powder and grinding glasses to the
desired dimensions and polished with Goya paste.
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At a temperature of 120°C, calcium sulfate loses 3/4 of its water, turning into
alabaster. And at 160°C, semi-aqueous calcium sulfate (B-hemihydrate) is formed.
At170°C, water is lost f hemihydrate, and at 325°C, anhydrite is formed. Differential
thermal analysis of crystals was carried out on a Q — 1000 Derivatograph.

ANRIPTAVEY
a0l

o-H,0 4 SOe-Ca

a b
Fig. 2. Samples of calcium sulfate crystal hydrate CaSO,-2H,0: a — appearance, b — structure

Chalcanthite or copper pentahydrate CuSO,-5H,O, like calcium sulfate, has
a layered crystallographic structure (fig.3), which includes CuO - 31.8%, SO, -
32.1%, H,0 — 36.1%. When heated, it gradually loses water, turns first into three-
aqueous sulfate, and then into monoaqueous sulfate, while becoming white and
opaque. A single crystal of copper sulfate pentahydrate occurs in nature in the
form of the minerals chalcanthite (CuSO, 5H,0), chalcokyanite (CuSO,), bonattite
(CuSO,3H,0), butite (CuSO,-7H,0). Two SO,* anions along the axes and four
water molecules (in the plane) are coordinated around the copper ion, and the fifth
water molecule acts as bridges that unite the water molecules from the plane and
the sulfate group with the help of hydrogen bonds.

a b
Fig. 3. Samples of copper sulfate crystal hydrate CuSO,-5H,0: a — appearance, b — structure

When heated, the pentahydrate sequentially splits off two water molecules,
turning into trihydrate CuSO,-3H,0, then into monohydrate (at 110 °C) CuSO,:
H,0, and above 258°C, the anhydrous salt CuSO, is formed, which becomes white
and opaque. After their processing and drying, the spectra of the CTTD were taken.

A huge number of minerals belong to the class of silicates. They account for
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about one-third of the number of minerals known in nature. Silicates make up 75%
of the earth’s crust, from which the exceptional role they play in nature can be
seen. A characteristic representative of the class of silicates is Onot talc, a natural
magnesium hydrosilicate Mg, (S1,0,)(OH), or 3MgO-4Si0," H,0, which exists in
the form of leafy, less often lamellar crystals. The basis of the crystal structure is
tetrahedral orthogroups [Si,O, ]* with ribs 0.26 nm long, which, when combined,
form two-dimensional layers of hexagonal rings with the main structural unit
[SiO,]*. The monoclinic talc lattice is built on hexagonal grids Si,O,, which armor
a layer of brucite Mg(OH), on both sides and form three-layer packages (fig. 4,
table 1). The structure of brucite provides the densest packing of OH ions

Onot talc was supplied in the form of dense white packages, blocks. They were easily
sawn along the cleavage plane, sanded on sandpaper of various grains and finished on
grinding glasses. At the same time, the parallelism of the sides of + 2 x 10 m was
achieved with a thickness of 1... 3 mm, which ensures good contact with the overhead
electrodes. In addition, electrodes (silver, aluminum) were applied to the samples by
thermal vacuum deposition at the VUP-5 facility. Conductive lubricant was also used.
The samples were calcined in a muffle furnace at various temperatures required for the
experiment for eight hours at a cooling rate of no more than 20 °C/h. The most stable and
reliable data with good peak separation for all crystals were obtained with steel overhead
electrodes and adhesive electrodes based on AK-113 glue and nickel powder.

In addition to hydroxyl water, talc crystals contain molecular water, its content
ranges from 2.9 to 6%. Talc dehydration occurs in three stages. At 100°C, adsorbed
water begins to be released, at 575°C — structural water, at (950... 960)°C —
constitutional, When firing over 1400 °C, clinoenstatitis is formed. In the interval
(700...1000)°C, there is a weakening of bonds. In minerals, water molecules
are located between layered packages with weak residual bonds, which, for
crystallochemical reasons, should be located in these layers in a strictly oriented

manner.
Table 1. Chemical composition of magnesium hydrosilicate crystals (%)

Si0, [ALO, [Fe,0,[ FeO [ CaO [ TiO, [ MgO | K,0 | N,Oo [ H,0

2 2

62,2 | 1,25 | 0,65 | 0,32] 0,1 | 0,44 | 32,2 0,1 0,1 3

Fig. 4. Magnesium hydrosilicate samples Mg, (Si,0, )(OH),: a — appearance, b — structure
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Results and discussion. In the study of the CTT spectra of the crystals
mentioned above, it was found that the maximum of 3 decreases only at calcination
temperatures corresponding to the change in the crystal structure (Zemlyanoy et. al.,
2024). At the same time, the water content in the formula units of crystals changed.
The height of this maximum TSTD turned out to be proportional to the number of
water molecules in the formula unit of crystal hydrates. Therefore, it was concluded
that the maximum of 3 in crystal hydrates, as well as in silicates, It is caused by
the relaxation of crystallization (or structural) water molecules. The absence of
this maximum in the TSTS spectrum indicates the absence of crystallization water
molecules both in sulfates (curve 5, fig. 7), copper sulfate (curve 4, fig. 9), and in
the TSTD spectrum of magnesium hydrosilicate crystals Mg,[Si,O, ][OH],, where,
after calcination at a temperature above 1323 K, a maximum of 3 is practically
absent (curve 4, fig. 10), which corresponds to its transformation into steatite, from
which the insulating material steatite ceramics is made. For all the crystals studied,
the activation energy was determined using the Garlick-Gibson initial ascent
method by partial heat treatment (tables 2, 3, 4).

The method of the initial rise in determining the activation energy is based on
the fact that at low temperatures in the initial section, the DCT current curves have
the form . From this it can be seen that the initial section of the DCT current in
Arrhenius coordinates (In/ ~ 1/kT) is a straight line, which makes it possible to
graphically determine the activation energy of electrically active defects.

Partial heat treatment method. In the crystalline materials studied by us, the
number of defects reaches 5-6 types. This means that a number of maxima are
superimposed on the TSTD spectrum. To isolate each maximum, it is necessary to
suppress the low-temperature maximum preceding the studied one It is then cooled
to a temperature at which the current drops to zero. After that, heating is carried
out at the same rate and the low-temperature maximum disappears, forming the
initial rise of the next maximum, which makes it possible to calculate the activation
energy of the defect (fig. 5, table 2—4). The sample is then heated to a temperature
10 K higher than the temperature of the next maximum, cooled again and the next
maximum is extracted. The process of partial thermal cleaning was performed by
us several dozen times for various materials, and the result was invariably repeated
for each maximum with an accuracy of (3...5) %.

For copper pentahydrate, as well as for calcium sulfate crystal hydrate and
magnesium hydrosilicate, the activation energy was determined after partial thermal
treatment and the separation of all maximums. By comparing the activation energies
and temperature of the ice maxima and the crystals under study, it is possible to
conclude about the types of relaxers responsible for the appearance of the TSTD
maxima, which is shown in Table 2—4.

To reveal the nature of relaxation of other maxima, a special technique was
developed in which certain types of defects were activated, while others did not
change their parameters. First, samples calcined at different temperatures were
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studied. Then natural samples were placed in HCI and NH,OH solutions, where
they were kept for a long time (up to 100 days) or grown in doped solutions. after
drying and cleaning the surface of the samples, the CTT spectra were taken (Fig.
6-9).

Both talc and pyrophyllite AL[Si,O |[OH], are characterized by diffuse
scattering of X-rays, which indicates the existence of defects in the packing of
the layers. Connecting double layers are completely absent, which causes perfect
cleavage, a very high ability to split and significant softness of these minerals.
In addition, partially calcined talc crystals are used to make electrical insulating
material such as talc ceramics, etc.

To Twm1 Twm2 Twms T, K

Fig. 5. Partial thermal cleaning method for DCT currents:
1 — linear heating; 2, 3 — partial thermal cleaning mode

Table 2. Activation Energy and Type of Calcium Sulfate Relaxers

No maximum r,K U, eV Type
Relaxers
1 92 0,06+ 0,01 H'
2 120 0,11+0,01 H,0"
3 180 0,24 £0,02 H,O
Crystallization
4 209 0,36 = 0,03 H,0
adsorbed
5 230 0,41 +£0,04 OH, VL complexes
6 245 0,51 + 0,06 H,0"
305 0,38 £0,04 H*, H,O", OH
Table 3. Activation energy and type of relaxers for CuSO, crystals-5H,0
No maximum T,,K U,eV Type
Relaxers
1 92 0,06+ 0,01 H
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2 121 0.11 0,01 H,0"
175 0.23 +0,02 H,0
Crystallization
4 206 0,33 +0,03 H,0
adsorbed
230 0,42 £ 0,04 OH, VL complexes
248 0,48 + 0,05 HSO+
290 0,34+ 0,04 H*, H3O+, OH-
i 2
LAmM 92K [ 120K 180K |09, 230 241K 305K

107

108 |

10° |

1010 f

100 150 200 250 300 350 T,K Fig. 6.

Dependence of the density of calcium sulphate TCTD on the calcination temperature, T = 300 K: 1
- natural (CaSO,-2H,0),2-T_ =120 °C (CaSO, H,0),3 -T_ = 160 °C (CaSO0.5H,0),4-T
=180 °C (CaS0,), 5 - 600 °C

Fig. 9 shows the dependence of the density of the TCTS of magnesium
hydrosilicate on the calcination temperature. For the density of the CTTS of crystals
aged in HCI solutions, a slight increase in the maximum of 1 was observed, and
the maximum of 6 shifted to the low temperature range. For calcined crystals, the
maximum of 2 decreased in amplitude and shifted to the low temperature region.
With an increase in the concentration of the HCI solution, this shift of maximum 6
increased, and the maximum value increased by more than an order of magnitude.
After calcination, the reverse movement of maximum 6 was observed — to the high
temperature region (Fig. 6—8). The amplitude of the maxima decreased significantly.
The very low value of the activation energy of maximum 1 indicates that it is due
to proton tunneling between oxygen ions (Ryzhkin et al., 2018; Lee et al., 2007).
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j, A/m? :"\\
107 L v/
108 |
10° E ~
100 E

100 300 TK
Fig. 7. Effect of calcium sulfate doping on the TSTD spectrum: 1 — natural,
2 — with an admixture of HCI, M(solution) = 7,4 mole/1 (88 days), 3 — with an admixture of NH,OH,

M(solution) = 9,2 mole/l (95 days), E =2-10°V/m, T =300 K

To determine the total depolarization charge, the area under the DCT current curve
was integrated (i.e., the area under the curve is determined in the coordinates /= 7).

(1)
ddT

n=fT0 5

where 3 = d7/dt is the heating rate of the sample, d is the thickness of the sample.

(1

i, A/m2 92K 121 K 175 K 2(¢6 K ZSE 248 K 290K
107 5’.' 1 {1 L
_: ;,"’///2..)%-_:/\\"‘\
10 | ~ VR — N
/ —
— — NS
100 £ A 4/\/’*"'_““‘
1010 : % /
0 - ’j — /
LA
100 150 200 250 300 350 T, K
Fig. 8. Copper sulphate TCT density spectrum: 1 — pure CuSO,5H,0,2-T_ =100 °C,

CuSO,3H,0,3 - T, = 150°C, CuSO,H,0, 4 — T_, =300 °C, CuSO,, 5 — CuSO, 5H,0 [M(HCI) =

1-10°mole/m’]. E =2-10°V/m, T, = 300 K, # = 5.5 K/min

Table 4. Parameters of magnesium hydrosilicate defects from TSTD spectra

No maximum T . Energy Concentration, Type
Activation, U, eV n, m> Relaxers
1 86 0,06 +0,01 5,710 H*
2 112 0,10£0,01 1,2:10" H,0"
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3 180 0,19+ 0,02 3,510" H, 0 crystallization
4 206 0,25 +0,02 1,810" H,O adsorbed

5 230 0,32+ 0,04 8,3510" OH, VL complexes
6 251 0,41 0,05 5,410% H,0"

7 305 0,36 = 0,04 8102 H*, H,0', OH

The low value of the activation energy and electrical conductivity of H,O™ defects
(y=38 x 10" cm/m) is explained by the imposition of the tunneling effect of protons
at low temperatures (Timokhin, 2014; Hibino, Mizutani, Yajima, 2000; Ryzhkin et
al.,2018; Lee et al., 2007). Both single crystals and polycrystals were studied, and it
was shown that the maximum No 2 of the TSTD spectrum and the low-temperature
conductivity of polycrystals increased by 3—4 times compared to single crystals,
that is, channels are formed in polycrystals that facilitate the transport of protons
and the diffusion of oxonium groups H,O". The wide seventh maximum at 305
K is explained by the volume charge, due, among other things, to the pressure of
rocks in the place of occurrence of crystalline Materials. The influence of ultrasonic
vibrations of the soil is also possible, which is noted in the work (Perez-Rodrigues
et al., 2006).

In the presence of NH,OH impurity, a different picture was observed: maximum
2 shifted to the low temperature region, and maximum 6 to the high temperature
region (fig. 7, 8). At the same time, with an increase in the concentration of the
impurity, the displacement of maximum 6 increased. For crystals with an impurity
of NH,OH, a significant increase and shift to the high temperature region of the
maximum of 5 (more than 10 times) was observed, while other maxima increased
approximately 2 times are shown in Table 2—4, where an unusually low activation
energy value is observed for the maximum No 1. This was not observed for crystals
with an admixture of HCI. It is obvious that for maximum 5 the main role is played
by hydroxyl groups OH", and for maximum 6 the main role is played by oxonium
ions H,O". At the same time, in the presence of an impurity of NH,OH and HCI, an
increase and displacement of maximum 3 is practically not observed. Therefore, it
can be assumed that this maximum is due to the relaxation of crystallization water
molecules, which determines the number of water molecules in the formula unit of
the crystal.
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Fig. 9. Dependence of the density of TCTD of magnesium hydrosilicate on the calcination
temperature at E = 2-10°V/m, T =300 K: 1 — dried at T=300 K,
2 —calcinedat T =573K,3-T_  =1023K,4-T = 1323 K, 5 - natural,
E =2:10°V/m

As can be seen from the above graphs, the maximum of 4 disappears after drying
at 100°C, therefore, it is due to the relaxation of the adsorbed water molecules. The
behavior of the maximum 7 corresponds to the relaxation of the bulk charge, that
is, its value indicates the presence of various impurities in the air, including NH,OH
and HCI. That is, the TSTD spectra make it possible to control the number of water
molecules in crystals. containing a different number of water molecules both in
the structure and in the formula unit. For example, after calcination at appropriate
temperatures (100°C, 120°C, 150°C), crystals of various structures can be obtained:
CuSO,5H,0, CuSO,3H,0, CuSO," H,0, CaSO, -2H,0, CaSO,0,5H,0.

Any crystal can be taken as a reference, for example, CuSO,-5H,0 and other
crystals can be compared with it. Natural crystals of biaqueous calcium sulfate
were used. Measurements were carried out for both single crystals and polycrystals
pressed from powder into tablets of the same thickness as single crystals. The
number of water molecules in the formula unit and the purity of the studied
crystals were controlled by X-ray phase analysis. The diffractogram showed the
presence of a corresponding number of water molecules remaining in the crystal
after calcination. For X-ray phase analysis, a DRON-UM1 X-ray unit with a cobalt
anode was used. The wavelength of the K a line was 1,7902 A. The calculation was
made according to the Wolfe-Bragg formulas.

ni
4= o7 ©

The data obtained (Table 5) coincide well with the data of the ASTM card index:
CaSO,-2H,0 map No 6-46, CaSO,-0.5 H,0 —card No 24-1067, CuSO,-5 H,0
— card No 11-646, CuSO,-3 H,O — card No 22-249, CuSO,- H,0 — map No 21-
269, which indicates the high accuracy of the proposed method. Indices of
a number of planes of the studied crystals were also determined. We have
established that the ratio is fulfilled with great accuracy:
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Nrefer

jm.x

Ny

is true for both single crystals and polycrystals.

3)

Table 5. Results of diffractogram calculation for crystal hydrates of calcium and copper sulfates

Experiment | ASTM Experiment | ASTM
CaSO,2H,0 CuSO,5H,0
d, A 1, d, A hkl d, A v, | d, A hkl
7,53 100 7,56 020 5,18 3 5,15 11
3,80 20 3,79 031 468 | 100 | 4,66 110
4 2 2 2 ~
3,79 30 3,79 040 57 57 o)
3,06 2 3,06 1T 2,33 75 2,33 220
1,90 4 1,90 080
1,89 4 1,90 062
CaS0O,-0,5H,0 CuSO,-3H,0
6,00 61 5,94 | 020,110 5,11 53 5,11 110
3,46 66 3,44 200 4,87 45 4,86 021
3,00 100 3,00 | 202,132 4,42 100 | 4,42 i
2,79 16 2,77 | 114,024 3,98 53 3,97 111
2,70 5 2,68 | 222,042 3,65 75 3,65 002
2,26 6 224 | 240310 | 3,41 75 | 3,42 130
2,13 9 2,15 224 3,25 68 3,25 040
2,12 11 2,12 | 152,242 3,19 45 3,19 Ui
2,00 2 2,01 | 303,106 3,01 43 3,01 131
1,91 4 2,01 106 2,82 65 2,82 112
1 1 161 2 4 2 .~
9 3 ,88 6 ,50 5 ,50 o)
1,23 2 1,23 504
Herej  ..j  are the current densities of the third maximum of the TSTD,

N

refer’

N, are the number of water molecules in the formula unit for the reference

and the studied crystals. This ratio does not depend on the method of obtaining the
crystal (natural or grown from solution). Table 6 summarizes the experimental
results. Consequently, having a reference crystal with a known content of
crystallization water molecules in the formula unit and a CTT spectrum, it is
possible to determine the number of Nx water molecules in the formula unit
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of any crystal hydrate. There is no need to take the entire spectrum of CTTD, it
is enough to obtain the third maximum and measure the maximum value of the
CTT density of this maximum. Then, using formula (3), determine the number of
crystallization water molecules in formula unit of the crystal hydrate under study.
As can be seen from Table 6, the error does not exceed (2... 5,8) %. This allows
us to conclude that the ratio (3) holds for any pair of crystals, for example, for
CuSO,-3H,0 and CaSO,-2H,O. In this case, N _/N_= 1.5; the experiment yields
JoiJ. = 1.48. The values j of maximum 3 for different crystal hydrates are linearly
related, so it is necessary to determine the correlation of these values. The correlation

coefficient was calculated using expression (4) (Rumer and Rybkin, 1977), where

x, y,are current values, X, are average values, N is the number of measurements.

Table 6. Ratio of the number of water molecules in formula units and TSTD densities for
polycrystals and single crystals of crystal hydrates

Crystal Type J ., Am? N, W/NX Jrefer I, Oy %o
Polycrystals

CuSO,-5H,0 7,26 -10° 1 1 -
CuSO,-3H,0 4,5-10° 5/3 =1,66 1,62 2.4

CuSO,-H,0 1,51-10° 5/1=5 4.8 4
CaSO,2H,0 3,03 -10° 5/2=2,5 2,4 4
CaS0,0,5H,0 7,7 -101° 5/0,5=10 9,45 5,8
Single crystals

CuSO, -5H,0 2,1-10°% 1 1 -
CuSO, -3H,0 1,18 -10% | 5/3=1,66 1,76 5,8
CaSO, -2H,0 8,8 10" 512=25 2,38 4.8
CaSO,-0,5H,0 | 2,25-10° | 5/0,5=10 9,55 4,5

The number of measurements was selected so that the probability of correlation
of two uncorrelated values with » >0.8 was less than 5%. For N =38, it is 1-2%.

For example, let’s consider the pair: y = oo (CuSO,5H,0),x=j (CaSO, "2H,0).
All the data for the calculation are summarized in Table 7, from where we get the
value of the correlation coefficient 7 for several pairs of crystals, which turned out
to be equal to 0.81.

Yiz Xiyi—NXy

[( ?=1xi2_NE2)(Z?=1yiz_Ny2)]

1/2 (4)
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Table 7. Calculation of the correlation coefficient for the pair CuSO,-5H,0 — CaSO,-2H,0

Ne [ x 105, A/m*| y, 105, A/m*> | x7-107° [ y?-107% | x,p, 107
1 0,90 2,46 0,81 6,05 2,214
2 0,92 2,53 0,846 6,40 2,328
3 0,96 2,50 0,925 6,25 2,405
4 0,85 3,01 0,722 9,0 2,550
5 .15 2,30 1322 5,29 2,645
6 0,99 228 0,98 5,19 2,258
7 1,05 2,16 1,102 4,666 2,268
8 0,93 2,56 0,864 6,55 2.381

Conclusion. The proposed thermal activation diagnostics for determining the
structure of crystalline materials of rocks can be used for other classes of crystal
hydrates. Based on the results of the study of the TSTD spectra, the “Thermal
Activation Diagnostics of the Structure of Crystalline Materials” was developed,
which provides a complete analysis of the types and characteristics of structure
defects in the study of calcined and doped crystals, as well as the concentration
and number of molecules crystallization water in a formula unit, e.g., in crystals
CuSO,’5H,0, CuSO,3H,0, CaSO,2H,0, CaSO,0.5H,O and others. The
developed method can be used to analyze the deposit of crystalline materials and
chemical cargoes upon arrival at the port of destination. With high humidity of
rocks and during the transportation of dry materials, the number of crystallization
water molecules in the formula unit can change, as a result of which the value of the
material will significantly decrease to restore its chemical formula.

In addition, the absence of maximum No 3 in the TSTD spectrum indicates the
absence of crystallization water molecules in the studied crystalline material, the
absence of maximum No 4 indicates the absence of adsorbed water, the absence of
maximum No 5 indicates the absence of OH ions, that is, its transformation into
an anhydrous material, which is of great importance in the chemical and electrical
industries when dehydrating crystals and powders from crystalline material. The
presence of hydroxyl OH was shown by a significant increase in the maximum of
5 TCTD crystals doped with NH,OH, and the presence of oxonium (maximum 6)
indicates the presence of an acidic medium .

Consequently, the proposed diagnostics are especially important in the polar
regions in mining enterprises and dry cargo ships transporting crystalline materials.
A method for determining the number of water molecules in the formula unit
for the reference and studied crystals using the method of thermally stimulated
depolarization is proposed.The calculation of diffractograms for crystal hydrates
with different numbers of water molecules in a formula unit has been carried out.
Diagnostics of the quality of crystalline materials has been developed, which
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consists in changing the position and value of a number of TCTD maxima relative to
the reference spectrum depending on the medium (for example, alkaline or acidic),
which makes it possible to carry out environmental monitoring of mining deposits
and the storage environment of crystalline materials (Modina, Khekert, Epikhin,
2021), as well as to control hydrogen leakage from storage cells and fuel tanks of
mining vehicles (Modina, Khekert, Epikhin, 2021; Turkin et al., 2021a; Turkin et
al., 2021b). The developed method for studying the structure of crystals is quite
informative and environmentally friendly in comparison with X-ray diffraction and
chemical analysis.

Thus, this diagnostics makes it possible to solve one of the fundamental scientific
and technical problems of science and the national economy in the diagnosis
of materials operating in extreme conditions, which will ensure an increase in
personnel safety, as well as a decrease in the number of emergencies and accidents
in industrial, transport and mining enterprises (Epikhin et al., 2024).
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