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Preparation of bio-ceramic composite coatings on Ti6Al4V
titanium alloy by gas-detonation spraying

The paper presents study of a new approach to manufacturing carrier implants with a combination of
bioactivity, biocompatibility, and mechanical properties, composite powders of hydroxyapatite and titanium
with a mass content of 50:50 % when sprayed by gas detonation spraying. Experimental studies of the surface
morphology and cross-section microstructure, phase composition and mechanical properties of HATi compo-
site coatings are obtained. The experimental results showed that the cross-section microstructures of HATi
composite coatings are typical plate structures comprising curved strips formed by well-deformed and oxi-
dized Ti plates and limited deformed HA plates. Composite coatings’ morphology and phase states were stud-
ied using scanning electron microscopy and X-ray diffractometry. It was found that the deprived coatings
mainly consist of the phases HA, Ti and TiO. The elemental composition study results designated that the
atomic ratio of calcium and phosphorus in the obtained coatings is Ca/P ~ 1.64, which is close to the value of
the initial powder — Ca/P ~ 1.67. This indicates a limited change in the chemical composition during the
coating formation.

Keywords: gas-detonation spraying, HATi composition coating, microstructure and phase composition, me-
chanical properties.

Introduction

In modern medicine, progress is closely linked with new drugs and treatment methods and the devel-
opment of materials designed to interact with biological systems. Such materials, called biomaterials, are
used mainly in restorative medicine, where they replace the tissues of a living organism as implants [1]. The
modern direction in the development of implantable biomaterials is modifying their surfaces by obtaining
coatings [2]. These coatings ensure the functioning implants in the environment of a living organism and
promote integration with its tissues [3]. One of the most important materials widely used for this purpose is
hydroxyapatite (HA) — Ca;o(PO,)¢(OH), [4]. Besides improving biocompatibility, hydroxyapatite shows
high bioactivity and contributes to the intensification of osseointegration [4]. Hydroxyapatite owes such
properties to its chemical and biological similarity to bones, contributing to new bone tissue [5]. Metals coat-
ed with hydroxyapatite are usually used to manufacture implants since they combine the biological proper-
ties of hydroxyapatite and the mechanical properties of metals [6]. However, the hydroxyapatite coating suf-
fers from poor mechanical properties, such as low viscosity, fretting fatigue and resistance to abrasive wear
due to the internal fragility of hydroxyapatite [7]. To coordinate the bioactivity, biocompatibility, and me-
chanical properties of the biomedical implant carrier, research is continuing on substrate materials [3—6],
coating materials, and manufacturing technologies [1, 2]. For coating materials, amplification phases or ions
are usually entered into hydroxyapatite to form composites based on hydroxyapatite [2—5]. Alloying of cati-
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ons (Na', K", Mg”", Mn*", St*, Ba®*, Cu**, Zn*", Fe*") and anions (HCO®’~, HPO,*, CI” and F") is considered
as an effective approach to changing the bioactivity of hydroxyapatite [4]. On the contrary, the addition of a
second reinforced phase has been confirmed as an appropriate way to improve and optimize the mechanical
properties of the hydroxyapatite coating [1, 2, 4]. Metals, Ti [2, 5, 6], Al [7], Co [8] and Zn [9], ceramics,
including TiO, [3, 10], SiO, [11], Y,05 [12], ZrO, [13], Al,O5 [14], and other materials are commonly used
as the second amplified phases. Many studies [2—14] have investigated changes in the microstructure, com-
positional, morphological, or surface properties of such coatings and their effect on bioactivity, mechanical
strength, and adhesion strength. Titanium (Ti) is a traditional biometal, which is a widely used reinforced
phase for HA. When Ti particles are added to HA, the mechanical properties of composite coatings signifi-
cantly improve compared to the HA coating [2, 5, 6]. The homogeneous distribution of Ti particles can
strengthen the brittle HA matrix due to the mechanism of dispersion hardening [15]. Besides, Ti particles
added to HA improve the melting degree and spatter plastic deformation and reduce the size of the spatter
crystals of HA [16], which is favourable for the formation of the coating with a dense microstructure and
better adhesive strength. The addition of Ti particles to HA can also reduce the mismatch of thermal
expansion coefficients between HA-Ti coatings and metal substrates, which leads to a decrease in thermal
stress inside the coatings, which favourably affects the improvement of the coating/substrate surface
adhesion [17].

Given the high importance of biocompatible coatings, the selection of appropriate coating technology is
therefore an important consideration. The most common coating methods include thermal spraying,
immersion, dynamic mixing, sol-gel, pulsed laser deposition, and others [17-23]. Among other spraying
methods, gas thermal spraying methods are widely used to obtain various biocompatible coatings. These
methods include conventional plasma spraying (PS), high-velocity oxygen fuel spraying (HVOF) and cold
spraying [16, 17, 21-23]. For most methods, low or intermediate adhesive strength of the coating and low
crystallinity of the resulting coatings are some of the important factors limiting their application. It is
necessary to develop new methods or approaches to improve the properties of coatings.

Among the coating methods by thermal spraying, gas detonation spraying (GDS) technology has been
used to obtain biocompatible coatings, such as HA coatings, for orthopedic applications [17, 21, 24, 25].
Gledhill et al. conducted a comparative study of HA-based coatings obtained using air plasma spraying
(APS) and GDS technologies [26]. This study demonstrated that APS coatings have higher crystallinity and
lower residual stress compared to GDS coatings, which can lead to a slow dissolution rate in vitro and in vi-
vo. The authors suggested that APS coatings are preferable to further clinical use. At the same time, Gledhill
et al. studied the fatigue behavior of HA coatings obtained using the APS and GDS methods in Ringer’s so-
lution. It was shown that the APS coatings completely peeled off from the substrates after 1 million cycles in
Ringer's solution, while the GDS coatings turned out to be stable even after 10 million cycles [27]. In addi-
tion, the results of another study showed that HA-based coatings obtained by the APS method exhibit low
crystallinity and the appearance of a significant content of additional phases in the coatings. Such phase
transformation may be the result of an extremely high temperature in the plasma atomizer of the APS ap-
proach [28]. It is important to emphasize that in the HVOF and PS methods, continuous flame or plasma
spraying is used for coating [21-23]. This can lead to undesirable overheating or melting of particles and a
significant increase in substrate temperature, which is the main limitation of these methods. The GDS meth-
od uses a pulsed operating mode [29, 30]. This makes it possible to minimize the aforementioned negative
consequences. On the other hand, the particle velocity in the GDS method is much higher compared to the
HVOF and PS methods [21], which has a positive effect on important parameters of coatings, such as adhe-
sion strength. The results of early studies devoted to the evaluation of HA coatings obtained on Ti-based
substrates were not very encouraging, mainly due to the low crystallinity [26] and high porosity of the coat-
ings. However, recent results of Popova et al. demonstrated that uniform coatings with a regular thickness
can be obtained by the GDS method using HA powders with a particle size between 50-300 um [31]. In ad-
dition, the Ca/P ratio equal to ~1.67 can be achieved by optimizing the parameters of the GDS process [32].
To achieve the required quality of the GDS coatings, a very careful selection of the technological regime and
the automation of technological equipment are required to exclude the human factor [33, 34]. Gryshkov et al.
used the GDS method to design the endoprostheses for various applications, as well as to obtain HA coatings
on pure magnesium with a low melting point of 650 °C, to develop biodegradable magnesium-based im-
plants with bioactive coatings for temporary bone fixation. Thus, the results of [33—35, 36] show that the
GDS process is effective for modifying the surface of implants.

The purpose of this work is to get composite coatings based on HATi applying gas detonation spraying.
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Experimental

HATi composite coatings with a thickness of about 60 microns were applied to the Ti6Al4V substrate
using the CCDS2000 gas detonation complex (CCDS-2000, developed by Siberian Protective Coating Tech-
nologies LLC, Novosibirsk, Russia), the working principle is described in [37]. The general view and deto-
nation spraying process schematic diagram are shown in Figure 1. The gun barrel is filled with gases using a
high-precision gas distribution system controlled by a computer. The process begins with filling the barrel
with carrier gas. After that, a particular explosive mixture is fed so that a layered gas medium consisting of
an explosive charge and a carrier gas is formed. With the help of a carrier gas flow, the powder is injected
into the barrel (using a computer-controlled feeder) and forms a cloud. After a part of the powder is injected,
the computer signals initiate detonation. This is implemented with the help of an electric spark. The duration
of the explosive combustion charge is about 1 ms. A detonation wave is formed in the explosive mixture,
passing into a shockwave in the carrier gas. Detonation products (heated to 3500—4500 K) and carrier gas
(heated by a shock wave to 1000-1500 K) move at supersonic speed. The interaction time of gases with
sprayed particles is 2—5 ms [38]. By characterizing the phase composition of the resulting coatings HA, ap-
plied at various spraying parameters, it is possible to determine suitable spraying conditions in the GDS. Our
previous studies have shown [21] that by controlling the modes of detonation spraying (the filling percentage
of the barrel with an explosive gas mixture, the spraying distance), the temperature and the coating rate can
be varied, respectively, this significantly affected the melting and decomposition of HA. Preliminary studies
of the microstructure, phase composition and chemical structure of GDS HA coatings applied under various
spraying modes and optimal spraying conditions for applying HATi composite coatings without thermally
decomposed HA phase were carried out were determined (Table 1).

Table 1
Spraying conditions

Parameters Values
Fuel/oxidizer ratio 1,856
Barrel filling volume, % 30
Spraying distance, mm 100
Shot number 10

Dosing Vessel

Manipulator

Figure 1. Schematic diagram of the CCDS2000 detonation complex

Ti6Al4V titanium alloy was used as the substrate material. The sample used to observe the microstruc-
ture was a rectangular size of 30 mm x 20mm x 3 mm. The composition of the Ti6Al4V titanium alloy is
shown in Table 2. The samples were sanded (using SiC paper with a grain size of 100 to 2000). Before
coating, the substrates were sandblasted with a grain size of 250-300 microns of aluminum oxide and treated
with an ultrasonic bath.

Table 2
Chemical composition of Ti6Al4V alloy (weight percent).
Ti Al \Y% Fe C 0 N H
88,5-92,5 5,5-6,5 3,545 <0,25 <0,08 <0,13 <0,05 <0,012
Cepus «dunsukay. Ne 1(105)/2022 91
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Angular hydroxyapatite (HA) powder (99.95 %, produced by Sigma-Aldrich, Steinheim, Germany)
with a diameter of 5-25 microns and spherical titanium powder (CL42TI) (made by Concept Laser,
Germany) with a diameter of 15-45 microns were used as feedstock. HATi composite powders were
obtained by mechanically mixing HA powder with Ti powder for 0.5 x using a PULVERISETTE 23
planetary ball mill. The mass ratio HA to Ti for composite powders HA-Ti was 50:50.

The sample’s phase composition was studied by X-ray structural analysis on X'PertPro diffractometer
using CuKa —radiation A=2,2897 A0Q. The survey was carried out in the following mode: voltage across the
tube U =40 kV; tube current [ = 30 MA. The decoding of diffractograms was carried out using the HighScore
program. The coating’s surface roughness was estimated by the parameter Ra using profilometers of model
130. The obtained coating’s mechanical properties (Young's modulus, nano hardness) were studied using the
NanoScan-4D Compact nanohardometer. Nano-indentation of coatings was carried out by the Oliver and
Farr method using a Berkovich indenter at a load of 100 mN (ASTM E2546-07). The surface morphology
and sample cross-section were studied by scanning electron microscopy (SEM) using backscattered electrons
(BSE) on a TESCAN MIRA scanning electron microscope at accelerated voltages.

Results and Discussion

According to the results of scanning electron microscopy, the surface morphology of the composite
coating comprises a layered-porous structure with a pronounced relief, which is typical of detonation
coatings. In the resulting coatings, pores are observed that form when the coating particles melt. According
to the analysis results of the coatings elemental composition, other elements besides the basic powder com-
position were not identified. One of the main parameters in determining bioactivity is the Ca/P ratio. The
elemental analysis allows comparing the elements' concentrations that make up the coating and calculating
the Ca/P ratio. The study results of the elemental composition showed that the atomic ratio of calcium and
phosphorus in the sprayed coating is Ca/P ~ 1.64, which is close to the value of the initial powder — Ca/P ~
1.67 indicates a limited change in the chemical composition during the coating formation. Figure 2 shows the
SEM image and the elemental analysis of the composite coating surface.

» 16.78 » 3242
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Figure 2. SEM image and EDS analysis of the HATi composite coating surface.

Plenty of scientists notes [32—37] that the coatings phase composition significantly affects the growth of
bone tissue during the osseointegration of implants. The phase compositions of HATi composite powders are
shown in Figure 3a. The peaks appearing at about 35°, 38°, and 40° in the Ti diffractogram (Fig. 3a) were
identified as Ti crystal planes corresponding to (100), (002), and (101) [24]. Peaks appearing at approximate-
ly 26°, 32°, and 33° in the diffractogram (indicated by HA in Figure 3a) were identified as crystal planes of
HA corresponding to (020), (211) and (030) [11, 38]. The characteristic sharp peaks of HA and Ti demon-
strate good crystallinity of the phases of HA and Ti. In the HATi composite coatings, there was a phase of
HA, Ti and TiO. However, there was no calcium oxide (CaQ), tricalcium phosphate (o or B TCP) or tetra
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calcium phosphate (TTCP), which are usually present in other thermal-coated HA coatings [3, 14, 23]. This
confirms good phase transplantation during the formation of the HA coating by the GDS method. Compared
with the corresponding composite powder, the intensity of the HA phase peaks in the coating of the HATi
decreased somewhat, and some new phases formed by Ti oxidation appeared. However, the positions of the
characteristic peaks of the HA phase were slightly changed. The decrease in Ti content is due to its strong
oxidation during the coating formation, which was confirmed by significant titanium oxides.
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Figure 3. Diffractogram of composite powder and coating HATi.

The microstructure study of the composite coating cross-section showed a layered structure with a
thickness of 60 microns (figure 4). According to the microstructure results of the coating cross-section, no
visible cracks were found at the coating/substrate interface, which indicates good surface contact. A thor-
ough microstructure study showed that most of the small grey stripes have a dense structure. The grey areas
are a non-compact structure with some irregularly shaped micropores. These paid shallow grey stripes were
formed due to compaction caused by the impact of falling HA particles that occurred in a dense area on the
upper and lower surfaces of HA splashes. In addition, there was also a porous layer on the coating’s upper
surface. This may result from limited deformation of the HA spray due to little melting in the process GDS
[21] and minor compaction of the coating surface layer caused by the impact of falling particles [27]. This
porous structure on the top surface of coatings helps improve biological properties.

MIRA3 TESCAN MIRA3 TESCAN

Performance in nanospace Performance in nanospace

Figure 4. Microstructures of the HATi composite coating cross-section.

The EDS analysis showed that the white curved bands mainly consist of Ti and O, with a small content
of Ca, P. The grey areas and shallow grey stripes are mainly Ca, P, O with some quantity Ti. In combination
with the phase composition, it is recognized that the white curved stripes are mainly composed of TiO. Grey
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areas and small grey stripes are mainly composed of HA. A thorough microstructure study showed that the
white curved stripes shape differed from the initial Ti particles microstructure shape, demonstrating that dur-
ing the HATi coating formation, significant plastic deformation and some oxidation of Ti spots occurred.
There were few pores or cracks at the interface between the white curved stripes and the grey matrix, indicat-
ing suitable contact interfaces between the HA and TiO spots. Figure 5 shows the EDS analysis of the cross-
section of the HATi composite coating.
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Figure 5. Cross-sectional microstructure and EDS analysis of the HATi composite coating.

Figure 6 illustrates the results of EDS analysis along the lines of the cross-section. The EDS analysis on
the line showed that the HATi coverage comprises Ca, P, O, C and Ti. The SEM photos were taken in BSE
mode, so areas with high brightness may indicate a high Ti content. Combined with the X-ray results, the
bright white areas in the composite coating of the HATi are mainly composed of Ti, and the white regions
are primarily formed of TiO. The above experimental results demonstrate that HATi coatings are dense mi-
crostructures with layered properties and compact interfaces with the Ti6AI4V substrate. During the HATi
composite coating formation, strongly deformed and oxidized Ti spots led to the appearance of white curved
stripes consisting of TiO and a certain amount of Ti. Limited deformation of HA spots formed a grey matrix
and light grey stripes. During detonation spraying, Ti and TiO phases evolved from separate and white
curved bands into interconnected and aggregated ones, forming improved frameworks in HATi composite
coatings.

Distance, pm

Figure 6. EDS analysis along the cross-sectional line of the HATi composite coating
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Table 3 represents the measurement results of composite coatings’ roughness. The coating surface has
an inhomogeneous structure with pores, and typical layered wavelike arrangements of structural components
are also observed. The surface roughness of composite coatings was measured using a model 130
profilometer on a 7 mm length segment on the sample surface. From the data obtained, it is established that
the roughness of composite coatings by parameter has a value of Ra = 6.58.

Table 3

Measurement results of composite coatings roughness

Ri(pm) | R (pm) | Ri(um) | Ry(pm) | Ry (um) Ry(um) | R, (um)
HATi 6,58 443 46,6 8,42 19,9 20,3 27,6

To study the effect of Ti particles on the mechanical properties of coatings, the hardness and modulus
of elasticity of composite coatings HATi were determined (Figure 7). The hardness and modulus of elasticity
of composite coatings HATi were determined by nano-indentation using a triangular Berkovich pyramid.
The nano-indentation curves analysis was carried out by the Oliver—Farr method. Figure 7 shows distribution
graphs of hardness and modulus of elasticity over the coating depth. The average hardness and modulus of
elasticity of HATi composite coatings were 7.11 = 0.16 GPa and 90.37 = 0.29 GPa, respectively. Thus, it can
be argued that the formation of solid phases, TiO and Ti, can significantly improve the hardness and modulus
of elasticity of coatings based on HATi. The microhardness of TiO and Ti is 9.3 GPa [17] and 4.4 GPa, re-
spectively [38]. The interconnected textures of TiO and Ti in HATi composite coatings can increase the
modulus of elasticity. The addition of Ti can increase deformable effects and enhance the impact effect of
falling particles during impact, which helps to improve the phase ratio between the coating and the substrate.
On the other hand, the formation of interconnected solid phases TiO by oxidation of Ti can enhance the in-
terfacial connection of thin composite coatings HATi. The synergistic effect of these factors has significantly
improved mechanical properties, including microhardness and modulus of elasticity.
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Figure 7. The hardness distribution graph and the modulus of elasticity over the depth of coatings..
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Conclusions

The method of gas-detonation spraying makes it possible to successfully produce HATi composite coat-
ings using mechanically mixed HATi powders without decomposition of the HA phase. HATi composite
coatings with gas detonation spraying are a lamellar microstructure with a compact coating-substrate inter-
face. The Ca/P ratio in composite coatings was comparable to the ratio of the initial powder. Composite coat-
ings of HATi with gas detonation spraying showed significantly improved hardness, modulus of elasticity.
The increased compactness explains these mechanical properties improvements and textures formed by well-
deformed and oxidized Ti spots in HATi coatings obtained by gas-detonation spraying. According to the
analysis of the results, the HATi based composite coatings obtained by gas detonation spraying demonstrate
potential use as load-bearing implants in the biomaterial.
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I'a3-neToHAUSIBIK TO3aHAAaTy daiciMen Ti6Al4V TuTan KopbITHachbIiHIA
OMOKepaMMKAJIBIK KOMIIO3UTTIK KA0BIHAAPABI A1y

Kympicta  OHOOENICEHAUTIK, OHOCOMKECTIK JKOHE MEXaHHKAIBIK KACHEeTTepi YHIeCKeH KeTeprimt
MMIUIAaHTaHTTap/bl JKOHE Ta3/bl-IeTOHAIMSIIBIK TO3aHAATy 9IICIMEH TO3aHJATy Ke3iHJe MacCalblK Kypambl
50:50 % GosaThIH THAPOKCHANIATUT MIEH TUTAH KOMITO3UTTI YHTAKTAPbIH JaibIHAAY/IbIH )KaHa TICUTIH 3epTTey
ycoiHbUFaH. KeneHeH KUMaHBIH OeTKi MOpQONOTHACH MEH MHKPOKYPBUIBIMBIHBIH, ['aTi KOMHO3UTTIK
KaOBbIHAAPBIHBIH (a3ajblK KypaMbl MEH MEXaHHKAJIBIK KACUETTEPiHIH YKCIIEPHMEHTTIK 3epTTey HOTHKeNepi
IBIHIBL. OKCHEPUMEHTTEpAIH HOTIKeNepi KepceTkeHAeH, Ti KOMITO3MTTIK kKaOBIHIApBIHBIH KOJJICHEH
KHUMaCBhIHBIH MHKPOKYPBUIBIMIAPhl JKakchl JedOpMallislaHFaH KOHE TOTHIKKaH Ti TakrajapblHaH JKOHE
mekteyni nedopmarmsiianFad ['A TakTanapbiHaH KYpaFaH KUCBIK JKOJIAKTapJiaH TYpPaThIH THITIK TaKTaiIia
KYPBUIBIMIAPbl KaMTH/BL. PacTpiblK 3JEKTPOHABI MHKPOCKOIHS JKOHE PEHTICHIIK Ju(paKTOMETpHs
oziicTepiMEeH KOMITO3UTTIK JKaObIHAApAbIH Mopdosorusickl MeH (a3ajblK Kyiaepi 3epTTeii, oFaH caiikec
anpiHFaH okabbigap Herizinen I'A, Ti xone TiO da3anapbiHaH Typaasl. DJIEMEHT KypaMbIH 3epTTey
HOTHIKEJIEPl aliblHFaH >KaObIHIapJarsl Kanbluii MeH (ochopapiH aToMIaslK KaTblHAchl ca/P~1,64 ekeHi
aHbIKTaNbl, Oyn1 6actankel yHTak — Ca/P 1,67 MoHiHe »aKbIH, OyJ1 03 Ke3eriHze KaObIHIbI KaJIbIITaCTHIPy
Ke3iH/Ie XUMISIIBIK KYPaMHBIH IMIEKTEYIIi 03repyiH KopceTei.

Kinm ce30ep: Ta3-metoHanusutbIK To3aHmaTy, ['ATi KOMIO3WTTIK kKaObIHIAp, MHKPOKYPBUIBIMIAD >KOHE
(hazabIK Kypambl, MEXaHHKAJIBIK KaCHETTEPi.
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IMonyyenue OHMOKepaMUYECKUX KOMIO3UTHBIX MOKPHITHI HA TUTAHOBOM
cmiiaBe Ti6Al4V MeTOa0M ra3o-I1eTOHAIITHOHHOI0 HANBLJICHUS

B paGote npencraBieHB! HCCIIET0BaHHUS HOBOTO IIOX0/1a H3TOTOBJICHHS HECYIIMX UMILUIAHTATOB C COYETaHH-
eM OMOaKTUBHOCTH, OHOCOBMECTHMOCTH M MEXaHWYECKHX CBOMCTB, KOMIIO3UTHBIX TIOPOIIKOB THAPOKCHANa-
TUTA U THUTaHa C MaccoBBIM coaepskanueM 50:50 % mpu HaImbUICHUH METOZOM Ta30-AeTOHAIIMOHHOTO HAIlbI-
nenus. IlomydeHbl pe3ynbTaThl 3KCIEPUMEHTANbHBIX MCCIEJOBAHUH MOpP(HOIOTHH MOBEPXHOCTH M MHKpPO-
CTPYKTYpBI IIOIIEPEYHOTO CEYEHHs, (ha30BOr0 COCTaBA U MEXaHMYECKHX CBOWCTB KOMIIO3HUTHBIX MOKPBITHH
T'ATi. Pe3ynpTaTsl SKCIIEpHMEHTOB ITOKA3bIBAIOT, YTO MHUKPOCTPYKTYPHI MONIEPEYHOTO CEUCHUSI KOMITO3HUT-
HBIX TTOKpBITHI ["ATi npeacTaBnsioT co00i THIMYHBIE IUIACTHHYATEIE CTPYKTYPHI, COCTOSIINE M3 H30THYTHIX
nosoc, o0pa3oBaHHBIX XOPOHIO Ne)OPMUPOBAHHBIMA M OKHCIEHHBIMH IuTacTHHaMH Ti M orpaHHYeHHBIMI
nedopmupoBaHHEIME TuTacTHHAMK ['A. MeTonamu pacTpoBOH 3JIEKTPOHHON MHUKPOCKOIIMH U PEHTTeHOBCKON
IudpakToMeTpun OBUIH HMcciieoBaHbl Mopdoorus u (a30Bble COCTOSIHUS KOMITO3MTHBIX MOKPBITHH, CO-
TJIACHO KOTOPBIM YCTaHOBIICHO, YTO IOJIydeHHBIE MOKPHITHS B OCHOBHOM coctosAT u3 (a3 I'A, Ti u TiO.
PesynpTatsl HecneqOBaHUS SIEMEHTHOTO COCTaBa MOKa3all, YTO aTOMHOE COOTHOILIEHHE Kaiublus U Gochopa
B ITOJYYEHHBIX MOKPHITHIX cocTaBisieT Ca/P~1,64, uTo O6aM3KO K 3HAYCHUIO UCXOAHOTO mopomika — Ca/P
1,67, 9T0, B CBOIO OUYepelb, YKa3bIBAET HA OTPAHMICHHOE M3MEHEHHE XMMHYECKOTO COCTaBa BO BpeMs (op-
MHPOBAHUSI HOKPBITHS.

Kniouesvie crosa: razo-neronanonnoe HanbuieHue, ['ATi KOMIIO3UTHBIC TOKPBITHS, MUKPOCTPYKTYPHI U (a-
30BBbII COCTaB, MEXaHUYECKHUE CBOMCTBA.
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