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Abstract: The paper studies the Al-Mg—Si alloy that does not contain scandium and zirconium, as well as the silicon-

rich AI-Mg-Si—Sc—Zr alloy. Multistage thermal treatment was carried out for the Al0.3Mg1Si0.3Sc0.15Zr alloy, which
included annealing at a temperature of 440 °C for 8 h, high-temperature annealing at 500 °C for 0.5 h, and artificial aging
at a temperature of 180 °C with soaking for 5 h. The A10.3Mg1Si alloy was annealed at 550 °C for 8 h, and then artificial
aging was carried out similarly to the alloy with Sc and Zr additives. To study the fine structure, transmission electron mi-
croscopy was used. In the as-cast condition and after each stage of thermal treatment, the mechanical properties of the al-
loys were determined. It has been found that in an alloy doped with Sc and Zr, the formation of Al;Sc particles occurs al-
ready at the stage of formation of the cast structure. During subsequent artificial aging, the supersaturated solid solution
decomposes with the formation of B" (MgsSi¢) particles improving mechanical properties. It has been found that in
the scandium-containing alloy, fewer " (MgsSig) particles are formed, as a result of which its strength properties are
slightly worse than those of the base alloy are. Moreover, these particles are larger than in an alloy that does not contain

scandium. This is explained by the fact that complete quenching is impossible for an alloy with scandium additives.
Keywords: Al-Mg—Si—Sc—Zr; excess Si; multistage thermal treatment; artificial aging; TEM; mechanical properties;

A13 SC, Mg5816
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INTRODUCTION

Aluminium alloys combine high ductility, acceptable
strength, good weldability, and high corrosion resistance,
which determines their high demand in various branches of
modern industry. Some of the most widely used aluminium
alloys are the Al-Mg-Si system alloys. They received
the name “Avial” in Russian literature and found their main
application in aviation and the automotive industry. These
alloys are capable of strengthening during thermal treat-
ment, due to the release of the Mg,Si strengthening phase.
Note that when the ratio Mg/Si<1.73, there is a silicon ex-
cess, and when Mg/Si>1.73, there is a silicon deficiency
[1-3]. A silicon excess accelerates the process of formation
of the B" phase (MgsSig) and contributes to its more even
release [4].

Aluminium alloys are often additionally doped with Sc.
It has a modifying effect on the cast structure, and increases
its strength due to the release of highly dispersed Al5Sc

particles [5—7]. Usually, zirconium is added together with
scandium, which thermally stabilises Al;Sc particles, and
increases the efficiency of the cast structure grinding [8; 9].
At the same time, adding scandium to the AI-Mg-Si sys-
tem does not always lead to an increase in strength proper-
ties. This is caused by the fact that scandium and silicon
tend to combine into the Sc,Si,Al phase, which is not
a strengthening phase. An increase in silicon content leads
to an increase in the probability of the formation of this
phase [10]. Despite this, strengthening Al;Sc nanoparticles
were discovered even in the Al-Mg-Si system alloys, with
a high silicon content [11-13]. However, to simultaneously
obtain Al;Sc and B" (MgsSig) strengthening particles in
alloys with excess silicon, multi-stage thermal treatment is
required. The following sequence may be one of its options:
annealing at 440 °C to precipitate Al;Sc, quenching at
500 °C for 30 min for partial Mg and Si dissolution, and
ageing at 180 °C for 5h to form B" (MgsSig) [14]. At
the same time, the influence of this thermal treatment on

Frontier Materials & Technologies. 2023. Ne 4


mailto:arishenskiy_ev@sibsiu.ru
https://rscf.ru/project/21-19-00548/

Aryshenskiy E.V., Lapshov M.A., Konovalov S.V. et al. “The influence of thermal treatment on microstructure and mechanical...”

the formation of mechanical properties and microstructure
in alloys with the Mg/Si<0.6 ratio has not been previously
studied.

The purpose of the study is to investigate the influence
of thermal treatment on the formation of the microstructure
and mechanical properties of the Al-Mg—Si alloy with ex-
cess silicon and additional alloying with Sc and Zr.

METHODS

The work studied the A10.3Mg18Si0.3Sc0.15Zr alloy in
the as-cast condition, as well as after various thermal treat-
ments according to the modes given in Table 1. To assess
the influence of scandium and zirconium, similar studies
were carried out on the base Al0.3Mg1Si alloy (without Sc
and Zr).

The authors carried out casting to a steel mould to en-
sure the rate of crystallisation and cooling of the cast struc-
ture close to real industrial technology. The weight of
the cast ingots was 4.5 kg. The following materials were
used as a charge for the alloy: A85 aluminium, MG90 mag-
nesium, Al;,Si alloy, Al-Sc, and Al-Zr; alloys. The casting
temperature was 720-740 °C. Before pouring the molten
metal into the mould, it was refined with carnallite flux,
added at the rate of 5 g per 1 kg of charge. After this, scale
was removed from the molten metal surface and the metal
was poured into a steel mould with a uniform casting time
of 40 s. Thermal treatment of the samples was carried out in
a muffle electric furnace with water quenching, after which
their mechanical properties were determined.

The sizes and morphology of fine particles were studied
using transmission electron microscopy (TEM), for
the thermal treatment modes given in Table 1. The study
was carried out on a Tecnai G2 30 Twin high-resolution
microscope equipped with an EDAX energy dispersive
X-ray analysis system at an accelerating voltage of 300 kV
using standard techniques: light-field, dark-field images and
electron microdiffraction. The linear dimensions of the struc-
tural elements were determined by direct measurements in
the observation plane.

Sample preparation was carried out on Metaserv 250,
TenuPol-5, Ultratonic Disk Cutter, PIPS II devices using
instrumental methods.

Mechanical properties were determined on a universal
testing machine (Zwick/Roell Z050) according to ISO
6892-1 in the as-cast state, and for each thermal treat-
ment step. The dimensions of the samples were selected
in accordance with DIN 50125. The properties obtained

during the tests, such as the yield strength (o,,) and
the tensile strength (o) were calculated in accordance
with GOST 1497-84 and GOST 11150-84.

RESULTS

In the cast structure of the A10.3Mg1Si0.3Sc0.15Zr al-
loy, the strengthening phase particles were discovered hav-
ing different morphologies (Fig. 1). At the same time, in
some grains, particles were found that had an equiaxial
shape, while in others, they were needle-shaped. Equiaxial
particles, the average size of which is 30—40 nm, precipitate
relatively uniformly in the grain volume (Fig.1a). In
the structure of grains where needle-shaped particles are
present, zones free from precipitation are observed, their
width is ~500 nmy; i. e., with relatively dense aggregates of
needle-shaped particles, the precipitation of equiaxial
dispersoids in such zones is completely absent. Moreover,
in the single grain volume, as a rule, only one orientation of
needle-shaped particles is observed among all crystal-
lographically equivalent ones (Fig. 1 b). From this, one can
conclude that for favorable growth of such particles, an
appropriate grain orientation (relative to the temperature
gradient during crystallisation) is necessary. From the ana-
lysis of the TEM results, it follows that all the observed
particles were formed during the discontinuous precipita-
tion of a supersaturated scandium solution during the mo-
vement of grain boundaries.

Using TEM, Sc-based phases were detected in a sample
after annealing the A10.3Mg1Si0.3Sc0.15Zr alloy for 8 h at
a temperature of 440 °C. They are represented in the form
of needle-shaped precipitations with a diameter of up to
40 nm and a length of several microns. Their high volume
fraction with a relatively low distribution density should be
noted. Moreover, equiaxial particles with a diameter of
20 nm are observed (Fig. 2 ¢); they are arranged in chains,
which, apparently, can be associated with the Al;Sc phase
heterogeneous nucleation on dislocations. Note that needle-
shaped precipitations, like equiaxial ones, are apparently
previously discovered particles of the Al;Sc type, released
as a result of continuous precipitation during cooling of
the cast blank (Fig. 2).

In the Al10.3Mg1Si0.3Sc0.15Zr alloy after annealing ac-
cording to the mode (440 °C, 8 h) + (500 °C, 0.5h) +
+ (180°C, 5h) (Fig. 3), rod-like precipitations with
a length of 500 nm and a diameter of about 200 nm contain-
ing Al, Si, Sc, and Zr are observed. Considering the size
and morphology of the particles mentioned above, one

Table 1. Scheme of thermal treatment of alloys
Tabnuya 1. Cxema mepmuueckou 0opabomku cniagos

Alloy

Thermal treatment

440°C, 8 h

Al0.3Mg18Si0.3Sc0.15Zr

(440 °C, 8 h) + (500 °C, 0.5 h)

(440 °C, 8 h) + (500 °C, 0.5 h) + (180 °C, 5 h)

Al0.3MglSi

(550 °C, 8 h) + (180 °C, 5 h)
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a

Fig. 1. Electron microscopic images of the microstructure
of the A10.3Mg18i0.3S5¢c0.15Zr alloy in the as-cast condition:
a, b — light-field images
Puc. 1. DrnexmponHo-Mukpockonuueckue uzo0paxicenuss MUKpOCmpyKmypbl
cnaaea A10,3Mg18Si0,3Sc0,15Zr 6 aumom cocmosnuu:
a, b — ceemaononvuvie uz0bpastcenus

could assume that these particles represent an equilibrium
Sc,Si,Al phase, which is apparently capable of partially
dissolving zirconium. Evidently, even short-term heating at
a temperature of 500 °C is enough for its formation. Parti-
cles released during discontinuous precipitation after cast-
ing, are observed along the grain boundaries (Fig. 3 a, 3 b).

After artificial ageing at 180 °C for 5 h, the B" phase
(MgsSig) becomes the main strengthening phase for an alloy
of this composition, which precipitates in the form of rods
up to 70 nm long (Fig. 4 a). The quite high volume fraction
and the size of B" particle should be noted, as indicated by
the pronounced reflexes of this phase in the corresponding
electron diffraction patterns (Fig. 4 b). Moreover, despite
the rather large sizes of the B" precipitates, they retain their
coherence with the aluminium matrix.

In the Al0.3MglSi alloy, the precipitation of Si-based
phases is observed in the form of irregular-shape polygons,
with dimensions up to 300 nm, which are apparently formed
during the process of heating for quenching (Fig. 5 a). Dur-
ing artificial ageing at 180 °C for 5 h, highly dispersed
needle-shaped precipitations of the Guinier — Preston zone
and B" phase are formed (Fig.5b, 6a). In general,
the pattern is similar to the A10.3Mg1Si0.3Sc0.15Zr alloy
after three-stage thermal treatment; however, one should
note that in the base alloy, more Mg;Sis strengthening
particles were found.

Fig. 7 represents the mechanical properties of the alloys
under consideration in the as-cast state and after thermal
treatment. In the as-cast condition, scandium and zirconi-
um additives can significantly increase the properties of
the alloy: yield strength by 32 MPa, tensile strength by
60 MPa. Annealing of Al0.3Mgl1Si0.3Sc0.15Zr alloy at
440 °C for 8 h does not lead to a significant change in
the yield strength and causes a decrease in the tensile
strength by 32 MPa. Three-stage annealing of an alloy
doped with Sc and Zr according to the route (440 °C, 8 h) +

+ (500°C, 0.5h) + (180°C, 5h), increases the yield
strength by 8 MPa and the tensile strength by 17 MPa rela-
tive to the as-cast state. However, the base alloy after heat-
ing for quenching followed by artificial ageing (550 °C,
8 h) + (180 °C, 5h) has significantly higher indicators —
the yield strength increased by 106 MPa, the tensile
strength increased by 70 MPa.

DISCUSSION

It has been found that the A10.3Mg1Si0.3Sc0.15Zr alloy
in the as-cast state has higher strength indicators, which is
primarily due to the appearance of the Al;Sc type particles,
both semi-coherent and fully coherent to the aluminium
matrix. Note that silicon significantly accelerates disconti-
nuous precipitation, and actually makes the appearance of
such particles inevitable [7].

Further annealing (440 °C, 8 h) does not lead to a signi-
ficant change in the yield strength, and causes a decrease in
the tensile strength. This is firstly related to the fact that
the essential part of scandium precipitates from the super-
saturated solid solution, when the ingot cools during
the casting process, after which new strengthening particles
are no longer formed. A decrease in strength properties can
be caused as well by the release of magnesium in the form
of Mg,Si particles from a supersaturated solid solution,
which, according to calculations represented in [15], begins
at temperatures below 500 °C.

After final artificial ageing, the strength indicators in
the alloy with scandium additives increase slightly, primari-
ly due to the formation of B" particles (MgsSi¢), the pre-
sence of which is confirmed by TEM data. At the same time,
the increase in strength caused by them is small in compari-
son with the base alloy, and the reason for this is the large
size of these particles. In the base alloy, a larger number of
B" particles (MgsSis) are formed, during ageing compared
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d

Fig. 2. Electron microscopic images of the microstructure of the Al0.3Mg1Si0.3Sc0.15Zr alloy
after annealing at 440 °C for 8 h:
a — light-field image;

b, ¢ — darkfield images in reflex (110)

Al;Se”

d — microelectronogram (zone axis IZEJ .

Puc. 2. Dnexmponno-muxpockonuueckue uzoopasicenus muxpocmpykmypwi cnaasa Al0,3MglSi0,3Sc0,15Zr
nocne omoscuea npu 440 °C 6 meuenue 8 u:
a — cemIonoNbLHOE U300padicenue;

b, ¢ — memnononvrvie usobpasicernus ¢ pegprexce (110)

Al;S¢”

d — mukpoanexmporozpamma (0cb 30HvL) [23] ul

to an alloy containing scandium, which causes a more signi-
ficant increase in strength. This is related to the fact that in
the base alloy, it is possible to carry out complete quenching
at a temperature of 550 °C and holding for 8 h. This mode
allows magnesium to dissolve and thereby contributes to
the release of a much larger number of B" particles (MgsSi).
At the same time, it is impossible to carry out full
quenching in an alloy containing scandium, since it will
completely neutralise the strengthening effect of Al;Sc par-
ticles. This is explained by the fact that when heating to

a temperature of 550 °C and holding for 8 h, coagulation of
particles occurs resulting in that the strengthening effect
they cause is completely lost. Thus, scandium additives to
Al-Mg-Si alloys cause a significant increase in strength,
only in the as-cast state at the stage of the supersaturated
solid solution decomposition. Subsequent stages of thermal
treatment do not allow precipitating fully both types of
strengthening particles. As a result, the mechanical proper-
ties of the base alloy are higher than the properties of
the alloy containing scandium.

12
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c d
Fig. 3. Electron microscopic images of the A10.3Mg1Si0.3Sc0.15Zr alloy microstructure
after annealing at (440 °C, 8 h) + (500 °C, 0.5 h) + (180 °C, 5 h):
a — light-field image;
b — dark-field image in the (100)Al3(Sc,Zr) phase reflex;
¢ — light-field image in transmission scanning mode (STEM);
d — spectrum of characteristic radiation at point 1 in Fig. 3 ¢
Puc. 3. Dnexmponno-muxpockonuueckue uzoopasicenus muxpocmpykmypwt cnaasa Al0,3Mgl8i0,3Sc0,15Zr
nocae omacuea no pexcumy (440 °C, 8 1) + (500 °C, 0,5 v) + (180 °C, 5 u):
a — ceemionobHoe Uu306padicenue;
b — memnononvroe uzobpasicenue 6 pegpnexce asuvt (100)Al3(Sc,Zr);
€ — C6eMIIONOIbHOE U300padICeHIe 6 pedicume ckanuposanus Ha npoceem (STEM);

d — cnexmp xapaxmepucmuieckozo usnyuenus ¢ mouxe 1 na puc. 3 ¢
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a b

Fig. 4. Electron microscopic images of the A10.3Mg1Si0.3Sc0.15Zr alloy microstructure
after annealing at (440 °C, 8 h) + (500 °C, 0.5 h) + (180 °C, 5 h):
a — dark-field image in phase reflexes;
b — microelectronogram, zone axis [001] 4
Puc. 4. Dnexmporno-mukpockonuueckue uzoopasicenus muxpocmpykmypwi cnaasa Al0,3Mg18i0,3Sc0,15Zr
nocne omoicuea no pexcumy (440 °C, 8 u) + (500 °C, 0,5 u) + (180 °C, 5 u):
a — meMHONOIbHOE U300padicenue 6 peekcax gas;
b — muxposnexmponoepamma, oco 30nul [001] 4

a b

Fig. 5. Electron microscopic images of the A10.3Mg1Si alloy microstructure
after annealing at (550 °C, 8 h) + (180 °C, 5 h):
a, b — light-field images
Puc. 5. Dnexmpouno-muxpockonuueckue uzoopasicenuss mukpocmpykmypwi cnaasa Al0,3Mg1Si
nocae omoscuea no pesxcumy (550 °C, 8 u) + (180 °C, 5 u):
a, b — ceemnononvusie uz06pasicenus
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a

b

Fig. 6. Electron microscopic images of the Al0.3Mg1Si alloy microstructure
after annealing at (550 °C, 8 h) + (180 °C, 5 h):
a — dark-field image in phase reflexes; b — microelectronogram
Puc. 6. DnekmporHo-MUKpoCcKonuyeckue uzoopasicenus Mukpocmpykmypul cnaasa Al0,3MglSi
nocne omoicuea no pexcumy (550 °C, 8 u) + (180 °C, 5 u):

a — meMHONoIbHOEe U300padicerue 8 pegnexcax gas, b

250

— MUKPOINEKMPOHOcpAMMA

50
Bl AI0.3Mg1Si lﬁ AID.3Mg1Si
B AI0.3Mg1Si0.35¢0.15Zr I A10.3Mg1Si0.3S¢0.15Zr
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a b
Fig. 7. Mechanical properties of the alloys under consideration after thermal treatment:
a — yield strength; b — tensile strength
Puc. 7. Mexanuueckue colicmea paccmampusaemvlx CRIA608 NOCAE MEPMULECKOU 00pabomKu.:
a — npeden mexyuecmu, b — npeden npounocmu

CONCLUSIONS the fact that the precipitation of the bulk of scandium from

1. In Al-Mg-Si series alloys with additional Sc and Zr
alloying, improved mechanical properties are observed in
the as-cast state compared to the base alloy. The main
reason for this is the formation of strengthening Al;Sc
type particles precipitated during the cooling process of
the cast structure. Solid solution strengthening with scan-
dium and zirconium also contributes to improving me-
chanical properties.

2. Annealing at 440 °C does not lead to a significant in-
crease in the number of Al;Sc particles. This is related to

the solid solution occurs at the stage of cooling the ingot.
The yield strength at this stage of thermal treatment does
not change, but the tensile strength decreases. The decrease
in this indicator is associated, primarily, with the magnesi-
um release from the supersaturated solid solution.

3. Artificial ageing at 180 °C for 5 h leads to the for-
mation of strengthening B" particles (MgsSic), which signi-
ficantly increase the mechanical properties in both types of
alloy. However, in the base alloy, the number of these par-
ticles is larger, and the strengthening effect they cause is
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higher. This is primarily related to the fact that for an alloy
without Sc and Zr, complete hardening is possible (550 °C,
8 h) promoting the dissolution of Mg and Si.
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Annomayusn: B padote uccnenoBaics cimiaB Al-Mg—Si, He coiepKalnii CKaHAusl U IIMPKOHUS, a Takke cuiaB Al—
Mg—Si—Sc—Zr ¢ u3bbiTkoM Kpemuus. s crutasa Al0,3Mg1Si0,3Sc0,15Zr Obuta mpoBeicHa MHOTOCTYIICHYATAsE TEPMUYe-
ckast 00paboTKa, BKIIOYaromas B ceds omkur npu temrnepatype 440 °C B TeueHue 8 4, BHICOKOTEMIIEPATYPHBIA OTXKHT ITPH
500 °C B teuennue 0,5 4 u ucKyccTBeHHOE cTtapeHue npu temiiepatype 180 °C ¢ Beraepxkkoit 5 4. Croias Al0,3MglSi moa-
Beprajcsa orxury npu 550 °C B Tedenue 8 4, 3aTeM IPOBOIMIOCH HCKYCCTBEHHOE CTapEHHE aHAJIOTHYHO CIUIABY ¢ 0OaB-
Kamu Sc 1 Zr. [l u3y4eHust TOHKOH CTPYKTYpBl IPOBOAMIIOCH UCCIIEI0OBaHNE TP IOMOIIH ITPOCBEYHMBAIOIICH IEKTPOH-
HOW MHMKPOCKOITMH. B JTMTOM COCTOSIHUH M 1ocie KaXJI0H CTaun TePMHIECKOH 00pabOTKH ONpeersuTICh MEXaHNIeCKUe
CBOHCTBA CIUIaBOB. Y CTAHOBJICHO, YTO B CIUIABE, JETMPOBAHHOM SC U Zr, yXKe Ha CTaAuu GOPMUPOBAHUS JIUTOH CTPYKTY-
pBl poucxoaut odpazosanue dactuil Al;Sc. [Ipu mocienyromemM HCKyCCTBEHHOM CTapEeHWH HMPOUCXOIHUT pacmaj mepe-
CBILIICHHOTO TBEPOI0 pacTBopa ¢ obpazoBanueM yactuil " (MgsSig), yaydIarmmux MEXaHHIeCKUe CBOMCTBA. Y CTaHOB-
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Abstract: Layered double hydroxides (LDH) can be classified as promising materials due to the ease of synthesis, as
well as their wide scope of application. However, the process of LDH synthesis, depending on the LDH chemical compo-
sition, can take from tens of hours to several days. It was previously identified that ultrasound exposure during the LDH
production significantly reduces the synthesis time, and LDHs produced in this way are interesting in relation to the study
of their physicochemical properties and sorption capacity. In this work, the authors produced Mg/Fe LDHs in nitrate form
by the traditional method and by the combined action of ultrasound and increased hydrostatic pressure. The resulting sam-
ples are characterized by a complex of physicochemical methods of analysis, including scanning electron microscopy
(SEM), infrared spectroscopy (IR), X-ray phase analysis (XRD), and thermal gravimetric analysis (TGA) with differential
scanning calorimetry (DSC). Experiments were carried out to study the sorption capacity of the obtained Fe/Mg LDH
samples in relation to chromate ions under normal conditions and under the influence of ultrasound, including in combina-
tion with increased hydrostatic pressure. A photoelectric photometer was used to obtain and analyze data with quantitative
values of the sorption process. Data of comprehensive analysis of the finished product indicate that the synthesized materi-
al is a Mg/Fe layered double hydroxide. X-ray phase analysis identified that the LDH synthesis using ultrasound and pres-
sure increases the crystallinity degree of the finished product. It has been found that the sorption properties of LDHs pro-
duced by the conventional method and LDHs produced under the influence of ultrasound and pressure are different.
In Mg/Fe LDHs synthesized by the conventional method, chromate sorption proceeds better than in samples synthesized
using ultrasonic treatment in combination with increased hydrostatic pressure. The study shows that the sorption process of
the examined LDH samples is described by different mathematical models.

Keywords: layered double hydroxides; Mg/Fe; ultrasonic synthesis; sorption properties; chromate ions.
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been a growing number of publications on the study of

INTRODUCTION the LDH ability to sorb substances polluting wastewater,

Layered double hydroxides (LDHs) are considered
a promising class of compounds for the creation of catalytic
systems [1], biomedical materials [2], and adsorbents [3].
An LDH can be used both as a separate sorbent [4], and as
an element of a composite sorbent [5]. Recently, there has

i. e., pollutants. This includes substances containing heavy
metals [6] or chromates [7]. In an environmental context,
studies on the sorption properties of LDHs containing me-
tals with low water environment toxicity — Mg, Al, Fe are
the most interesting [8; 9].
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LDHs can be used as sorbents due to their physico-
chemical properties. LDHs are inorganic frameworks con-
sisting of two positively charged layers, formed by metal
ions and hydroxide ions, between which mobile anions and
water molecules are located [10]. In their structure and
properties, they are similar to anionic clays consisting of
brucite-like layers [11]. The LDH composition is expressed
by the general formula:

M2 M3 (OH), | (A™),, xmH,0,

where M?" and M3" are cations of divalent and trivalent
metals, respectively;

A" is an interlayer anion;

x 1s the molar ratio of trivalent cation to divalent cation;

n and m are the amount of interlayer water.

Due to their layered structure and electrostatic nature,
layered double hydroxides can be intercalated with anions
or anionic complexes of various sizes and nature, which
determines the possibility of their use as promising sorption
materials [12—14].

The LDH synthesis does not require complex laboratory
equipment, and the synthesis process itself consists of two
key stages: coprecipitation and crystallisation. The crystal-
lisation stage, in accordance with the classical LDH synthe-
sis method, is carried out by heating and takes from 10 h to
several days [15; 16]. Relatively recently, in the literature,
works have appeared on the use of ultrasound in the LDH
synthesis. These works state that the ultrasound effect on
the reaction mixture reduces the crystallisation stage to seve-
ral tens of minutes [17—19]. The sorption properties of LDH
produced in this way may differ from the sorption proper-
ties of LDH produced by the classical method. It should be
noted that the LDH synthesis under the influence of ultra-
sound in combination with increased hydrostatic pressure,
and therefore the sorption properties of such LDH, are not
described at all in the literature.

The purpose of this work is to investigate the possi-
bility of synthesising layered double hydroxides under
the influence of ultrasound and pressure, as well as to
study their sorption properties in relation to the CrO42~
chromate anion, compared to LDHs produced by the con-
ventional method.

METHODS

The authors used analytically pure magnesium (II) ni-
trate 6-water, analytically pure iron (III) nitrate 9-water
(JSC “Base of chemical reagents No. 1), sodium hydrox-
ide, sodium nitrate (JSC “Vekton”), potassium chromate
(Sigma-Aldrich). Other chemicals, solvents, and materials
were received from commercial sources and used without
additional purification.

The Mg(Il)/Fe(III)-NO;~ LDH synthesis was carried
out by coprecipitation. A solution of sodium hydroxide
and sodium nitrate (2 and 0.25 eq., respectively) was
added drop-by-drop to a solution of magnesium (II) ni-
trate hexahydrate, and iron (III) nitrate nonahydrate
(0.75 and 0.25 eq., respectively). Further processing of
the reaction mixture was carried out using one of the follo-
wing methods:

1) the reaction mixture was kept at 75 °C for 72 h;

2) the reaction mixture was processed with ultrasound at
a frequency of 22 kHz with an applied hydrostatic pressure
of 2 atm for 1 h.

The resulting precipitate was washed with distilled wa-
ter until pH=7, centrifuged (5000 rpm for 5 min), and then
stored under a layer of water or dried to constant weight at
30 °C for 24 h.

The resulting samples were examined for their ability to
sorption of chromate ions.

To determine the time of sorption equilibrium onset,
0.084 g of LDH, 4547 g of water, 1 g of 0.1000 N K,CrO4
solution, and 0.001 g of sodium hydroxide were placed in
a conical flat-bottomed flask, after that, the mixture weight
was made up to 50 g by adding distilled water. The result-
ing suspension was stirred for 1-10 min or exposed to ul-
trasound, or ultrasound in combination with increased hy-
drostatic pressure of 2 atm. The equilibrium concentration
of potassium chromate in the suspension was determined
photometrically using the calibration curve method. Expe-
rimental solutions and a control solution were photometered
against distilled water at a wavelength of 410 nm.

Experiments to study the sorption of LDH were carried
out at a temperature of 18 °C. An LDH (0.084 g), 4547 g
of water, 0.1000 N solution of K»CrOs4 (0.5, 1, 2, and 3 g),
0.001 g of sodium hydroxide were placed in a conical flat-
bottomed flask, after that, the mixture weight was made up
to 50 g by adding distilled water. The resulting suspension,
was stirred for 10 min. The potassium chromate concentra-
tion in the suspension was determined photometrically,
using the calibration curve method. Experimental solutions,
and a control solution were photometered against distilled
water at a wavelength of 410 nm. When photometering
experimental solutions, the equilibrium absorbance 4. was
determined, followed by the calculation of the equilibrium
concentration of potassium chromate C..

X-ray diffraction analysis (XRF) was performed on
a DRON-7 diffractometer, 20 angular interval from 7 to 80°
with a scanning step of A26=0.02° and exposure time of 7 s
per point. The authors used Cu-Ka radiation (Ni-filter),
which was subsequently decomposed into components Kol
and Ka2, when processing the spectra.

Thermal gravimetric analysis (TGA) was carried out on
a NETZSCH STA 449 F3 Jupiter device, using a heating
rate of 10 °C/min in a temperature range of 30 to 600 °C.

The microstructure study (SEM) was carried out at
the Interdisciplinary Resource Centre for Nanotechnology
of the Research Park of St. Petersburg State University on
a Carl Zeiss Merlin scanning microscope (Carl Zeiss AG,
Oberkochen, Germany) at 10 kV, SE2 detector, working
distance of 6.4 mm, pressure of 9.4:107" mbar. Graphite
was deposited by a Gatan PECS Model 682 device; deposi-
tion layer of 10 nm. Infrared (IR) spectra were recorded on
a Shimadzu IRPrestige-21 spectrometer (Japan). Photomet-
ric studies were carried out using a KFK-3 photoelectric
photometer.

RESULTS

Synthesis conditions, physical form, and codenames of
the obtained LDHs are given in Table 1.

An image of powder LDH taken using a scanning elec-
tron microscope (Fig. 1) clearly shows “flakes”, which are
a consequence of its layered structure. Fig.2 shows
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an example of the LDH IR spectrum. IR spectra were re-
corded in the range of 4000400 cm™!. The IR spectrum
contains two intense absorption bands (broad one with
a maximum at 3447 cm™' and narrow one with a maximum
at 1340 cm™"), two broadened low-intensity bands at 1642
and 750 cm™', and a band of medium intensity at 549 cm™'.

The diffraction patterns of the produced LDHs demon-
strate the presence of peaks characteristic of the LDH crys-
tal lattice (Fig. 3). Fig. 3 b also contains an additional peak
in the region of 26=40°, indicating the presence of an addi-
tional phase in the compound.

The TGA and DSC dependences for all produced LDHs
are of the same type; an example of a typical thermogram is
shown in Fig. 4. The thermogram shows that the thermal
decomposition of the sample, goes through the stages of in-
terlayer water removal, degradation of hydroxide layers to
oxide layers, and removal of interlayer anions, respectively.

The data obtained from the experiment on the chromate
sorption of Mg/Fe LDH are given in Table 2. The experi-
mental data obtained from studying the influence of chro-
mate weight on the sorption process are given in Table 3.
Fig. 5 shows the adsorption isotherms obtained from these
experimental data.

To select the most appropriate adsorption model, Lang-
muir (Fig. 6) and Freundlich (Fig. 7) isotherms were plotted
in inverse and logarithmic coordinates, respectively.

Langmuir adsorption is described by the equation

c, 1 c,

£ — +_’
q. QmKL Qm

where g, is the weight of adsorbed potassium chromate per
LDH adsorbent unit weight, mg/g;

Table 1. Synthesis conditions, physical form, and codenames of LDHs

Tabnuua 1. Ycnosus cunmesa, gusuueckas ¢popma u kodosvie Haumeroganus CHAI

Synthesis conditions
Code Temperature 75 °C, Ultrasound treatment Ultrasound treatment Physical form
72 h in water bath at 22 kHz at 22 kHz with pressure of 2 atm
1i + Powder
1ii + Suspension
2 + + Powder
2ii + + Suspension

2 pm

= | EHT = 10.00kV 1 Probe =

WD =64 mm

Mode = Hight
Resolution

Mag=1000K X

JA  Signal A = SE2 Noise Reduction = Frame int.

B
stem Vacuum =
-007 mbar

Fig. 1. A scanning electron microscope image of the Mg(Il)/Fe(Ill)-NOs~ layered double hydroxide
Puc. 1. Cuumox Mg(Il)/Fe(Il])-NO3™ croucmozo 0601iH020 2uOpPOKCUOA, COENAHHbII HA CKAHUPYIOWEM INEKMPOHHOM MUKDOCKONE
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Fig. 2. Infrared spectra of the Mg(1l)/Fe(lll)-NOs~ layered double hydroxide
Puc. 2. Hugpaxpacnvie cnexkmpur Mg(1l)/Fe(Il])-NOs~ cnoucmozo 08011020 cudpoxcuoa

C. is an equilibrium concentration of potassium chromate
calculated from photometric data, mg/l;

K; is an adsorption free energy constant (otherwise —
Langmuir affinity constant), I/mg;

O is a monolayer adsorption power, mg/g.

Within the framework of Langmuir adsorption theory,
it is expected that all adsorption centres are energetically
equivalent, and each such centre can hold only one adsor-
bent particle. Therefore, the adsorbent centre has a finite
capacity to adsorb an adsorbate.

Based on the graphically represented experimental data
(Fig. 6), the K; and (@, parameters were calculated

(Table 4). The Langmuir approach can be used to predict
the affinity force between adsorbate and adsorbent using
the dimensionless partition coefficient (R;) (Table 3), which
was determined by the equation

1
FU U+ K
At partition coefficient values 0<R;<l, adsorption pre-
dominates, at R;>1, desorption predominates, while at
R;=1, so-called linear adsorption is observed, and adsorp-
tion is irreversible at R;=0.

I, cps
5000 f
i
!l
2500 /\ 1
\”‘ww' \M A M/\"WWWWWWW /\f\w
500
15 25 35 45 55 65 75 e
I, Cps
5000 ﬂ
|
25004, | )
Ml N, WA A‘M"‘@W«w M
500 ‘ S - S
15 25 35 45 55 65 75 >g°

Fig. 3. Diffraction patterns of the Mg(Il)/Fe(Ill)-NOs~ layered double hydroxides synthesized by the 1i (a) and 2i (b) method.
The marked area is an additional peak indicating the presence of an extra phase in the compound
Puc. 3. Jugppaxmozcpammor Mg(1l)/Fe(Il])-NOs~ croucmuix 080iiHbIX 2UOPOKCUO08, cCunme3uposannvix cnocobom 1i (a) u 2i (b).
Buvioenennas obaacms — 00noIHUMENbHbLI NUK, 2080PAUUL O HATUYUU 8 COEOUHEHUU OONOTHUMENbHOU (a3bl
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Fig. 4. Stages of thermal decomposition of the Mg(Il)/Fe(Il])-NO3™ layered double hydroxide
Puc. 4. Cmaouu mepmuueckoeo paznoxceruss Mg(Il)/Fe(Il)-NOs~ croucmoeo 0801H020 2u0poKcuod

According to Freundlich, adsorption is described by
the empirical equation

1
lgg, =1gKp +;lgce,

where g. is the weight of adsorbed potassium chromate per
LDH adsorbent unit weight, mg/g;

Kr is a Freundlich constant, mg/g;

1/n is the adsorption intensity.

Based on the graphically represented experimental data
(Fig. 7), the Kr and 1/n parameters, as well as the partition
coefficient (Table 4), were calculated.

To determine the more likely adsorption mechanism,
the correlation coefficient 7* (Table 4) for the experimental
data was calculated using the Langmuir (Fig. 6) and Freund-
lich (Fig. 7) adsorption plots.

DISCUSSION

Chemical processes proceeding during LDH synthesis
can be expressed by the following equation:

6Mg?" +2Fe’" +160H™ +2NO,” +4H,0 =
= [Mg()FeZ (OH)lé] (NO3 )z x4H,0

The SEM image of LDHs (Fig. 1) clearly demonstrates
the flaky microstructure of the synthesised powder LDHs,
which, in turn, is a consequence of their layered organisa-
tion. The data obtained using SEM are consistent with lite-
rature data [20—22] on other LDHs, as well as their natural
analogues — cationic clays, which also have a flaky struc-
ture due to their layered morphology.

The presented IR spectra (Fig.2) contain absorption
bands that prove the presence of chemical bonds characte-
ristic of magnesium-iron LDHs: a wide intense absorption
band at 3750-3200 cm ™! corresponds to OH stretching vi-

brations of water molecules and hydroxyl groups. The pre-
sence of a broadened low-intensity absorption band at
1641 cm™' is caused by bending vibrations of water mole-
cules. Absorption bands at 1340 and 750 cm™! of high and
low intensity, respectively, relate to nitrate anion vibrations,
while the presence of a medium-intensity band at 549 cm™!
is caused by covalent metal-oxygen coordination bonds.

The diffraction patterns of the resulting LDHs are al-
most identical (Fig. 3) and contain a set of basal reflections
typical for LDHs with a hydrotalcite structure. All samples
are characterised by a hexagonal crystal system. These facts
indicate a layered structure of the produced LDHs and al-
low attributing the resulting LDHs to the hydrotalcite crys-
tallographic type. In addition, calculations using the ob-
tained experimental data indicate that the crystallinity of
the samples is maximum for 2i and 2ii. Moreover, in the case
of 2i and 2ii samples, an extra layer line appears in the dif-
fraction patterns in the region of 26=40.50° (d=2.225 A).

TGA/DSC analysis of LDH samples (Fig. 4) showed
that, in general, the thermal decomposition of the samples
proceeds in three stages. At the first stage, a loss of inter-
layer water occurs, which is accompanied by a pronounced
endo-effect (weight loss is about 6 %). At the second stage,
also accompanied by a visible endo-effect, the hydrotalcite-
like hydroxide layers are destroyed, accompanied by their
transformation into predominantly oxide-type layered struc-
tures. At the second stage, the NO3™ anion also decomposes.
The weight loss at the second stage is about 18 %. The third
stage is accompanied by a weakly expressed, barely notice-
able endo-effect; the final decomposition of residual hy-
droxides and the NO,™ anion occurs. As a result, a mixture
of iron (III) and magnesium (II) oxides is formed, and
the weight loss is about 12 %.

The data obtained when studying the LDH sorption
properties in relation to chromate ions (Table 2) indicate
that with normal stirring, sorption equilibrium is achieved
within 5 min after the experiment onset (Table 2, No. 1, 4, 7).
However, the maximum sorption is observed after 1 min.
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Table 2. Comparison of sorption efficiency under various conditions
Tabnuya 2. Cpasnenue s¢pghexmusnocmu copoyuu 8 pasnuuHbIX YCA08UIX

No Sorption conditions Optical density Optical density Optical density
: Treatment* Time. min of control solution 4o of experimental solution A, difference A4
1 18 °C, stirring (1i) 1 0.339 0.210 0.129
2 18 °C, stirring (2ii) 1 0.339 0.229 0.110
3 18 °C, stirring (1ii) 5 0.339 0.220 0.119
4 18 °C, stirring (1i) 5 0.337 0.236 0.101
5 18 °C, stirring (2ii) 5 0.339 0.241 0.098
6 18 °C, stirring (2i) 5 0.339 0.267 0.072
7 18 °C, stirring (17) 10 0.378 0.276 0.102
8 US 22 kHz (1if) 5 0.338 0.211 0.127
9 US 22 kHz (2ii) 5 0.338 0.222 0.116
10 US 22 kHz, p=2 atm (1if) 5 0.351 0.199 0.152
11 US 22 kHz, p=2 atm (2ii) 5 0.351 0.223 0.128
12 US 22 kHz, p=2 atm (1ii) 0.5 0.343 0.228 0.115
13 US 22 kHz, p=2 atm (2if) 0.5 0.337 0.246 0.091
14 US 22 kHz, p=2 atm (1) 0.5 0.337 0.233 0.104
15 US 22 kHz, p=2 atm (2i) 0.5 0.337 0.234 0.103
16 US 22 kHz (1if) 0.5 0.348 0.200 0.148
17 US 22 kHz (2ii) 0.5 0.348 0.219 0.129

Note. * LHD code is given in brackets (see Table 1).
Ipumeuanue. * B ckobrax yrkasan koo CAI" (cm. mabnuyy 1).

Table 3. Adsorption at constant LDH weight and different chromate weight
Tabnuua 3. Adcopbyus npu nocmosaunou macce C/I" u paznou macce xpomama

mo 0.1000 N Concentration Optical Weight of sorbate Concentration Adsorption LDH
of K:CrO4 in the initial solution density chromate of sorbate chromate value
solution, g Co, mg/1 Ae me K2CrQ4, mg Ce, mg/1 qe, Mg/g m, mg
for 1 LDH
0.500 64.7 0.126 2.20 44.0 12.4 0.0840
1.00 129 0.276 4.82 96.5 19.7 0.0840
2.00 258 0.581 10.2 203 333 0.0840
3.00 388 0.898 15.7 314 44.5 0.0840
for 2i LDH
0.500 64.7 0.096 1.80 36 17.22 0.0840
1.00 129 0.256 4.81 96.2 19.68 0.0840
2.00 258 0.578 10.87 217.4 24.36 0.0840
3.00 388 0.906 17.03 340.6 28.44 0.0840
24 Frontier Materials & Technologies. 2023. Ne 4
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Fig. 5. Adsorption isotherm of potassium chromate for 1i (a) and 2i (b)
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Fig. 6. Langmuir adsorption isotherm for 1i (a) and 2i (b)
Puc. 6. H3zomepma adcopoyuu ona 1i (a) u 2i (b) no Jlenemiopy

One should note that the use of the suspension LDH allows
achieving slightly better sorption results than the use of
the powder form (Table 2, No. 3 and 4, 5 and 6).

Experimental data (Table 2) indicate that when using
the same hydroxide forms as sorbents, sorption improves
for the same time when the system is exposed to ultrasound,
and even greater when ultrasound is applied in combination
with increased hydrostatic pressure (Table 2, No. 3, 8, 10
or5,9,11).

In the case of ultrasonic treatment of sorption systems,
the maximum sorption is observed in 0.5 min, and by 5 min
of exposure, partial desorption of chromate ions occurs
(Table 2, No. 8 and 16, 9 and 17). In the case of simultaneous
action of ultrasound and pressure, the amount of sorbate
chromate increases with an increase in sorption time from 0.5
to 5 min by approximately 30 % (Table 2, No. 10 and 12, 11
and 13). To determine accurately the time of maximum sorp-
tion, additional experiments are required.

Frontier Materials & Technologies. 2023. Ne 4

25



Golubev R.A., Rubanik V.V,, Rubanik V.V. Jr. et al. “Sorption properties of layered double hydroxides produced by ultrasonic exposure”

2

1,5
Ig qe 1

0,5

1,5

Ig q.
1,3

1,2 +—+——T—TTT—T—T1

o
o
(2}
[EEN

b

1,5 2
IgC,

Fig. 7. Freundlich adsorption isotherm for 1i (a) and 2i (b)
Puc. 7. H3omepma aocopoyuu ons 1i (a) u 2i (b) no @petinonuxy

Table 4. Comparison of Langmuir and Freundlich adsorption parameters
Taonuya 4. Cpasnenue napamempos aocopoyuu no Jlenzmiopy u @peiinonuxy

According to Langmuir According to Freundlich
KL Omn RL L Kr 1/n RL rr
for 1 LDH
0.0032 62.50 0.7073 0.99275 1.01 0.656 0.0076 0.99927
for 2i LDH
0.028 27.03 0.2168 0.8200 - - - -

It is important to note that, as a rule, 1/ and 1ii LDHs
produced by the conventional method, demonstrate better
sorption results than 2/ and 2ii LDHs produced under
the influence of ultrasound and pressure (Table 2, A4 va-
lues for No. 3 and 5,4 and 6, 8 and 9, 10 and 11, 12 and 13,
16 and 17).

The adsorption of LDH chromate ions obtained by
the classical method (17) is well described by both
the Langmuir and Freundlich models. Although the correla-
tion coefficients represented in Table 4 are very close,
the slightly larger correlation coefficient #*r indicates that
the adsorption of chromate ions by 1i LDH is somewhat
more consistent with the Freundlich equation. In the case of
an LDH produced by treating the reaction mixture with
ultrasound at elevated pressure (2i), the adsorption of
chromate ions is well described by the Langmuir model and
cannot be described by the Freundlich equation. This is
because, according to the Freundlich model, the straight

isotherm line must intersect the ordinate axis in the region
of negative values, which does not agree with the experi-
mental data. Thus, it seems possible to compare the effi-
ciency of 1/ and 2i samples only within the framework of
the Langmuir model. Within the framework of this model,
the adsorption power of LDH produced by the classical
method (17) is almost 2 times higher than the power of LDH
produced under the influence of ultrasound in combination
with pressure (2i), as evidenced by the O, values (Table 4).
Moreover, the values of the Langmuir constant K; given in
Table 4 indicate that the affinity of chromate ions for
1i LDH is greater than for 2i. Thus, the Langmuir model
indicates a higher sorption efficiency of 1 LDH, which is
consistent with the data represented in Table 2.

The structure, and therefore the sorption properties in
relation to chromate ions for LDHs produced by the clas-
sical method (1i and 1ii)) and LDHs produced under
the influence of ultrasound and pressure (27 and 2ii) differ.
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Chromate ion has a greater affinity for LDHs of 1/ and 1ii
types, which may be interesting for the creation of purifica-
tion systems. The lower affinity of the chromate ion for
LDHs of 2/ and 2ii types may be useful for the development
of delivery systems and oxidative microoperators, where
both the sorption of the chromate ion and its release, i. e.,
desorption are necessary. Thus, both LDH types are of in-
terest from a practical point of view.

CONCLUSIONS

1. Ultrasound in combination with high pressure intensi-
fies the interaction of magnesium (II) and iron (III) nitrates
with alkali, which can be used successfully to produce lay-
ered double hydroxides (LDH).

2. The use of ultrasound in combination with increased
pressure allows increasing the crystallinity of the resulting
LDHs.

3. The resulting LDHs are sorbents of chromate ions.
The sorption properties of LDH produced by the conven-
tional method are more pronounced than those of LDH ob-
tained under the influence of ultrasound and pressure.

4. For LDHs produced by the conventional method,
sorption is better described by the Freundlich model, and
for LDHs produced under the influence of ultrasound and
pressure — by the Langmuir model.

5. The experimental results indicate that when using
the same forms of hydroxide as sorbents, for the same time,
sorption improves when exposing the system to ultrasound,
and even more when ultrasound is applied in combination
with increased hydrostatic pressure.

REFERENCES

1. Aflak N., El Mersly L., Ben El Ayouchia H., Rafqah S.,
Anane H., Julve M., Stiriba S.E. A new CusAl-layered
double hydroxide heterogeneous catalyst for azide-
alkyne [3 + 2] cycloaddition reaction in water. Journal
of Coordination Chemistry, 2022, vol. 75, no. 17-18,
pp. 2346-2358. DOI: 10.1080/00958972.2022.2105701.

2. Seung Yu Seungjin, Piao Huiyan, Rejinold N. Sanoj,
Lee Hanna, Choi Goeun, Choy Jin-Ho. pH-Responsive
Inorganic/Organic Nanohybrids System for Controlled
Nicotinic Acid Drug Release. Molecules, 2022, vol. 27,
no. 19, article number 6439. DOI: 10.3390/molecules
27196439.

3. de Souza dos Santos G.E., dos Santos Lins P.V., Oli-
veira LM.T.M., Oliveira da Silva E., Anastopoulos I.,
Erto A., Giannakoudakis D.A., Almeida A.R.F., Duarte J.L.,
Meili L. Layered double hydroxides/biochar composites
as adsorbents for water remediation applications: recent
trends and perspectives. Journal of Cleaner Production,
2020, vol. 284, article number 124755. DOI: 10.1016/
j.jclepro.2020.124755.

4. Johnston A.-L., Lester E., Williams O., Gomes R. Un-
derstanding Layered Double Hydroxide properties as
sorbent materials for removing organic pollutants from
environmental waters. Journal of Environmental Che-
mical Engineering, 2021, vol. 9, no. 4, article number
105197. DOI: 10.1016/j.jece.2021.105197.

5. Matusik J., Rybka K. Removal of chromates and sul-
phates by Mg/Fe LDH and heterostructured
LDH/halloysite materials: Efficiency, selectivity, and

stability of adsorbents in single- and multi-element sys-
tems. Materials, 2019, vol. 12, no. 9, article number
1373. DOI: 10.3390/mal12091373.

6. Shafiq M., Alazba A.A., Amin M.T. Preparation of
ZnMgAl-Layered Double Hydroxide and Rice Husk Bio-
char Composites for Cu(II) and Pb(II) Ions Removal
from Synthetic Wastewater. Water (Switzerland), 2023,
vol. 15, no. 12, article number 2207. DOI: 10.3390/
w15122207.

7. Roy S.C., Rahman M.A., Celik A. et al. Efficient re-
moval of chromium(VI) ions by hexagonal nanosheets
of CoAl-MoS; layered double hydroxide. Journal of
Coordination Chemistry, 2022, vol.75, no.11-14,
pp. 1581-1595. DOI: 10.1080/00958972.2022.2101103.

8. Ma Lijiao, Islam S.M., Liu Hongyun, Zhao Jing,
Sun Genban, Li Huifeng, Ma Shulan, Kanatzidis M.G.
Selective and Efficient Removal of Toxic Oxoanions of
As(I1I), As(V), and Cr(VI) by Layered Double Hydrox-
ide Intercalated with MoS4>~. Chemistry of Materials,
2017, vol.29, no.7, pp.3274-3284. DOI: 10.1021/
acs.chemmater.7b00618.

9. Sankaranarayanan S., Gupta M. Emergence of God’s
favorite metallic element: Magnesium based materials
for engineering and biomedical applications. Materials
Today: Proceedings, 2021, wvol.39, pp.311-316.
DOI: 10.1016/j.matpr.2020.07.220.

10. Williams G.R., O’Hare D. Towards Understanding,
Control and Application of Layered Double Hydroxide
Chemistry. Cheminform, 2006, vol. 37, no. 45. DOI: 10.
1002/chin.200645266.

11. Evans D.G., Slade R.C.T. Structural Aspects of Layered
Double Hydroxides. Layered Double Hydroxides. Ber-
lin, Springer Berlin Heidelberg Publ., 2006, pp. 1-87.
DOI: 10.1007/430_005.

12. Srilakshmi Ch., Thirunavukkarasu Th. Enhanced ad-
sorption of Congo red on microwave synthesized lay-
ered Zn—Al double hydroxides and its adsorption beha-
viour using mixture of dyes from aqueous solution. /n-
organic Chemistry Communications, 2019, vol. 100,
pp. 107-117. DOI: 10.1016/j.inoche.2018.12.027.

13. Go Goh Kok-Hui, Lim Teik Thye, Dong Zhili. Applica-
tion of layered double hydroxides for removal of oxy-
anions: A review. Water Research, 2008, vol. 42, no. 6-
7, pp. 1343-1368. DOI: 10.1016/j.watres.2007.10.043.

14. Huang Weiya, Yu Xiang, Li Dan. Adsorption removal
of Congo red over flower-like porous microspheres de-
rived from Ni/Al layered double hydroxide. RSC Ad-
vances, 2015, wvol.5, mno. 103, pp.84937-84946.
DOI: 10.1039/C5RA13922H.

15. Ibrahimova K.A. The Synthesis Methods and Applica-
tions of Layered Double Hydroxides — a Brief Review.
NNC RK Bulletin, 2022, no. 4, pp. 16-29. DOIL: 10.
52676/1729-7885-2022-4-17-29.

16. Olanrewaju J., Newalkar B.L., Mancino C., Komarneni S.
Simplified synthesis of nitrate form of layered double
hydroxide. Materials Letters, 2000, vol.45, no.6,
pp. 307-310. DOI: 10.1016/S0167-577X(00)00123-3.

17.Li Yanlin, Wang Jun, Li Zhanshuang, Liu Qi,
Liu Jingyuan, Liu Lianhe, Zhang Xiaofei, Yu Jing. Ul-
trasound assisted synthesis of Ca—Al hydrotalcite
for U (VI) and Cr (VI) adsorption. Chemical Engineer-
ing Journal, 2013, vol. 218, pp.295-302. DOI: 10.
1016/j.cej.2012.12.051.

Frontier Materials & Technologies. 2023. Ne 4

27


https://doi.org/10.1080/00958972.2022.2105701
https://doi.org/10.3390/molecules27196439
https://doi.org/10.3390/molecules27196439
https://doi.org/10.1016/j.jclepro.2020.124755
https://doi.org/10.1016/j.jclepro.2020.124755
https://doi.org/10.1016/j.jece.2021.105197
https://doi.org/10.3390/ma12091373
https://doi.org/10.3390/w15122207
https://doi.org/10.3390/w15122207
https://doi.org/10.1080/00958972.2022.2101103
https://doi.org/10.1021/acs.chemmater.7b00618
https://doi.org/10.1021/acs.chemmater.7b00618
https://doi.org/10.1016/j.matpr.2020.07.220
https://doi.org/10.1002/chin.200645266
https://doi.org/10.1002/chin.200645266
https://doi.org/10.1007/430_005
https://doi.org/10.1016/j.inoche.2018.12.027
https://doi.org/10.1016/j.watres.2007.10.043
https://doi.org/10.1039/C5RA13922H
https://doi.org/10.52676/1729-7885-2022-4-17-29
https://doi.org/10.52676/1729-7885-2022-4-17-29
https://doi.org/10.1016/S0167-577X(00)00123-3
https://doi.org/10.1016/j.cej.2012.12.051
https://doi.org/10.1016/j.cej.2012.12.051

Golubev R.A., Rubanik V.V,, Rubanik V.V. Jr. et al. “Sorption properties of layered double hydroxides produced by ultrasonic exposure”

18. Salak A.N., Vieira D.E.L., Lukienko .M. et al. High-
Power Ultrasonic Synthesis and Magnetic-Field-
Assisted Arrangement of Nanosized Crystallites of Co-
balt-Containing Layered Double Hydroxides. Chem-
Engineering, 2019, vol. 3, no. 3, article number 62.
DOI: 10.3390/chemengineering3030062.

19.Sokol D., Vieira D.E.L., Zarkov A., Ferreira M.G.S.,
Beganskiene A., Rubanik V.V., Shilin A.D., Kareiva A.,
Salak A.N. Sonication accelerated formation of Mg—Al-
phosphate layered double hydroxide via sol-gel pre-
pared mixed metal oxides. Scientific Reports, 2019,
vol. 9, no. 1, article number 10419. DOI: 10.1038/

5. Matusik J., Rybka K. Removal of chromates and sul-
phates by Mg/Fe LDH and heterostructured
LDH/halloysite materials: Efficiency, selectivity, and
stability of adsorbents in single- and multi-element sys-
tems // Materials. 2019. Vol. 12. Ne 9. Article number
1373. DOI: 10.3390/mal12091373.

6. Shafig M., Alazba A.A., Amin M.T. Preparation of
ZnMgAl-Layered Double Hydroxide and Rice Husk Bio-
char Composites for Cu(Il) and Pb(I[) Ions Removal
from Synthetic Wastewater // Water (Switzerland).
2023. Vol. 15. Ne 12. Article number 2207. DOI: 10.
3390/w15122207.

$41598-019-46910-5.

20. Abdel Aziz S.A.A., GadelHak Y., Mohamed M.B.E.D.,
Mahmoud R. Antimicrobial properties of promising Zn—
Fe based layered double hydroxides for the disinfection
of real dairy wastewater effluents. Scientific Reports,
2023, vol. 13, no. 1, article number 7601. DOI: 10.
1038/s41598-023-34488-y.

21. Abdel-Hady E.E., Mohamed H.F.M., Hafez S.H.M.,
Fahmy A.M.M., Magdy A., Mohamed A.S., Ali E.O,,
Abdelhamed H.R., Mahmoud O.M. Textural properties
and adsorption behavior of Zn—-Mg—Al layered double
hydroxide upon crystal violet dye removal as a low cost,
effective, and recyclable adsorbent. Scientific Reports,
2023, vol. 13, no. 1, article number 6435. DOI: 10.
1038/s41598-023-33142-x.

22.Ghanbari N., Ghafuri H. Preparation of novel Zn—Al
layered double hydroxide composite as adsorbent for
removal of organophosphorus insecticides from water.
Scientific Reports, 2023, vol. 13, no. 1, article number
10215. DOI: 10.1038/541598-023-37070-8.

CIINCOK JIMTEPATYPbI

1. Aflak N., El Mersly L., Ben El Ayouchia H., Rafqah S.,
Anane H., Julve M., Stiriba S.E. A new CusAl-layered
double hydroxide heterogencous catalyst for azide-
alkyne [3 + 2] cycloaddition reaction in water // Jour-
nal of Coordination Chemistry. 2022. Vol. 75. Ne 17-
18. P.2346-2358. DOI: 10.1080/00958972.2022.21
05701.

2. Yu Seungjin, Piao Huiyan, Rejinold N. Sanoj, Lee Han-
na, Choi Goeun, Choy Jin-Ho. pH-Responsive Inorga-
nic/Organic Nanohybrids System for Controlled Nico-
tinic Acid Drug Release / Molecules. 2022. Vol. 27.
Ne 19. Article number 6439. DOI: 10.3390/molecules
27196439.

3. de Souza dos Santos G.E., dos Santos Lins P.V., Oli-
veira L.M.T.M., Oliveira da Silva E., Anastopoulos I., Er-
to A., Giannakoudakis D.A., Almeida A.R.F., Duarte J.L.,
Meili L. Layered double hydroxides/biochar composites
as adsorbents for water remediation applications: recent
trends and perspectives // Journal of Cleaner Production.
2020. Vol. 284. Article number 124755. DOI: 10.1016/
j.jclepro.2020.124755.

4. Johnston A.-L., Lester E., Williams O., Gomes R. Un-
derstanding Layered Double Hydroxide properties as
sorbent materials for removing organic pollutants from
environmental waters // Journal of Environmental
Chemical Engineering. 2021. Vol. 9. Ne 4. Article num-
ber 105197. DOI: 10.1016/j.jece.2021.105197.

7. Roy S.C., Rahman M.A., Celik A. et al. Efficient re-
moval of chromium(VI) ions by hexagonal nanosheets
of CoAl-MoS, layered double hydroxide // Journal of
Coordination Chemistry. 2022. Vol.75. Ne11-14.
P. 1581-1595. DOI: 10.1080/00958972.2022.2101103.

8. Ma Lijiao, Islam S.M., Liu Hongyun, Zhao Jing,
Sun Genban, Li Huifeng, Ma Shulan, Kanatzidis M.G.
Selective and Efficient Removal of Toxic Oxoanions of
As(II), As(V), and Cr(VI) by Layered Double Hydrox-
ide Intercalated with MoS4>~ // Chemistry of Materials.
2017. Vol. 29. Ne 7. P.3274-3284. DOI: 10.1021/acs.
chemmater.7b00618.

9. Sankaranarayanan S., Gupta M. Emergence of God’s
favorite metallic element: Magnesium based materials
for engineering and biomedical applications // Materials
Today: Proceedings. 2021. Vol.39. P.311-316.
DOI: 10.1016/j.matpr.2020.07.220.

10. Williams G.R., O’Hare D. Towards Understanding,
Control and Application of Layered Double Hydroxide
Chemistry // Cheminform. 2006. Vol.37. Ne4s.
DOI: 10.1002/chin.200645266.

11. Evans D.G., Slade R.C.T. Structural Aspects of Layered
Double Hydroxides // Layered Double Hydroxides. Ber-
lin: Springer Berlin Heidelberg, 2006. P. 1-87. DOI: 10.
1007/430_005.

12. Srilakshmi Ch., Thirunavukkarasu Th. Enhanced ad-
sorption of Congo red on microwave synthesized lay-
ered Zn—Al double hydroxides and its adsorption beha-
viour using mixture of dyes from aqueous solution // In-
organic Chemistry Communications. 2019. Vol. 100.
P. 107-117. DOI: 10.1016/j.inoche.2018.12.027.

13. Goh Kok-Hui, Lim Teik Thye, Dong Zhili. Application
of layered double hydroxides for removal of oxyanions:
A review // Water Research. 2008. Vol. 42. No 6-7.
P. 1343-1368. DOI: 10.1016/j.watres.2007.10.043.

14. Huang Weiya, Yu Xiang, Li Dan. Adsorption removal
of Congo red over flower-like porous microspheres de-
rived from Ni/Al layered double hydroxide // RSC Ad-
vances. 2015. Vol. 5. Ne 103. P. 84937-84946. DOI: 10.
1039/C5RA13922H.

15. Ibrahimova K.A. The Synthesis Methods and Applica-
tions of Layered Double Hydroxides — a Brief Review //
NNC RK Bulletin. 2022. Ne4. P.16-29. DOI: 10.
52676/1729-7885-2022-4-17-29.

16. Olanrewaju J., Newalkar B.L., Mancino C., Komarneni S.
Simplified synthesis of nitrate form of layered double
hydroxide // Materials Letters. 2000. Vol.45. No 6.
P. 307-310. DOI: 10.1016/S0167-577X(00)00123-3.

17.Li Yanlin, Wang Jun, Li Zhanshuang, Liu Qi,
Liu Jingyuan, Liu Lianhe, Zhang Xiaofei, Yu Jing.

28

Frontier Materials & Technologies. 2023. Ne 4


https://doi.org/10.3390/chemengineering3030062
https://doi.org/10.1038/s41598-019-46910-5
https://doi.org/10.1038/s41598-019-46910-5
https://doi.org/10.1038/s41598-023-34488-y
https://doi.org/10.1038/s41598-023-34488-y
https://doi.org/10.1038/s41598-023-33142-x
https://doi.org/10.1038/s41598-023-33142-x
https://doi.org/10.1038/s41598-023-37070-8
https://doi.org/10.1080/00958972.2022.2105701
https://doi.org/10.1080/00958972.2022.2105701
https://doi.org/10.3390/molecules27196439
https://doi.org/10.3390/molecules27196439
https://doi.org/10.1016/j.jclepro.2020.124755
https://doi.org/10.1016/j.jclepro.2020.124755
https://doi.org/10.1016/j.jece.2021.105197
https://doi.org/10.3390/ma12091373
https://doi.org/10.3390/w15122207
https://doi.org/10.3390/w15122207
https://doi.org/10.1080/00958972.2022.2101103
https://doi.org/10.1021/acs.chemmater.7b00618
https://doi.org/10.1021/acs.chemmater.7b00618
https://doi.org/10.1016/j.matpr.2020.07.220
https://doi.org/10.1002/chin.200645266
https://doi.org/10.1007/430_005
https://doi.org/10.1007/430_005
https://doi.org/10.1016/j.inoche.2018.12.027
https://doi.org/10.1016/j.watres.2007.10.043
https://doi.org/10.1039/C5RA13922H
https://doi.org/10.1039/C5RA13922H
https://doi.org/10.52676/1729-7885-2022-4-17-29
https://doi.org/10.52676/1729-7885-2022-4-17-29
https://doi.org/10.1016/S0167-577X(00)00123-3

Golubev R.A., Rubanik V.V., Rubanik V.V. Jr. et al. “Sorption properties of layered double hydroxides produced by ultrasonic exposure”

Ultrasound assisted synthesis of Ca—Al hydrotalcite Fe based layered double hydroxides for the disinfection
for U (VI) and Cr (VI) adsorption // Chemical Engineer- of real dairy wastewater effluents // Scientific Reports.
ing Journal. 2013. Vol. 218. P. 295-302. DOI: 10.1016/ 2023. Vol. 13. Ne 1. Article number 7601. DOI: 10.
j.cej.2012.12.051. 1038/541598-023-34488-y.

18. Salak A.N., Vieira D.E.L., Lukienko I.M. et al. High- 21. Abdel-Hady E.E., Mohamed H.F.M., Hafez S.H.M,,
Power Ultrasonic Synthesis and Magnetic-Field- Fahmy A.M.M., Magdy A., Mohamed A.S., Ali E.O., Ab-
Assisted Arrangement of Nanosized Crystallites of Co- delhamed H.R., Mahmoud O.M. Textural properties and ad-
balt-Containing Layered Double Hydroxides // Chem- sorption behavior of Zn—-Mg—Al layered double hydroxide
Engineering. 2019. Vol.3. Ne3. Article number 62. upon crystal violet dye removal as a low cost, effective, and
DOI: 10.3390/chemengineering3030062. recyclable adsorbent // Scientific Reports. 2023. Vol. 13.

19. Sokol D., Vieira D.E.L., Zarkov A., Ferreira M.G.S., Ne 1. Article number 6435. DOI: 10.1038/s41598-023-
Beganskiene A., Rubanik V.V., Shilin A.D., Kareiva A., 33142-x.

Salak A.N. Sonication accelerated formation of Mg—Al- 22.Ghanbari N., Ghafuri H. Preparation of novel Zn—Al
phosphate layered double hydroxide via sol-gel prepared layered double hydroxide composite as adsorbent
mixed metal oxides // Scientific Reports. 2019. Vol. 9. Ne 1. for removal of organophosphorus insecticides from
Article number 10419. DOI: 10.1038/s41598-019-46910-5. water // Scientific Reports. 2023. Vol. 13. Ne 1. Ar-

20. Abdel Aziz S.A.A., GadelHak Y., Mohamed M.B.E.D., ticle number 10215. DOI: 10.1038/s41598-023-

Mahmoud R. Antimicrobial properties of promising Zn— 37070-8.

COpﬁIII/IOHHbIe CBOMCTBA CJAOMCTBIX HBOﬁHLIX I'MAPOKCHUI0B,

MOJIYYECHHBIX NPH YJIbTPa3ByKOBOM BO31CHCTBUH
© 2023
Tonyées Poman Anexcandposuu™', Mnaunii HayuHbIH COTPYIHUK, aCTIMPAHT
Pybanux Bacunuii Bacunveeuu'*, TOKTOp TEXHMYECKHX HAYK,
yieH-KoppecnoHieHT HanronanbHoM akagemun Hayk benapycu,
JIOLICHT, 3aBEAYIOMINI JTabopaTopuel (GU3NKHA METaJIOB
Pybanux Bacunuii Bacunveeuu ma.'>, IOKTOp TEXHHYECKHMX HAYK, TOLEHT, TUPEKTOP
Kpumuenxoe Unva Cepzeesuu'>®, Kanmunar XMMHYECKHX HAYK, CTAPIIMN HAYIHBIN COTPYIHUK
Kpumuenxoe Andpeit Cepzeesuu'>’, TOKTOp XMMUYECKUX HAYK, BELYIMH HAYYHBIH COTPYIHHAK
' Unemumym mexuuyeckoti axyemuxu Hayuonanvnoti axademuu nayx benapycu, Bumebck (Pecnybauxa Benapyce)
2Poccuiickuii ynugepcumem opyacovl Hapooos, Mockea (Poccus)
3Canxm-Ilemepbypeckuii 2ocyoapcmeennsiii ynusepcumem, Cankm-Ilemepbype (Poccus)

*E-mail: ita@vitebsk.by, 4ORCID: https://orcid.org/0000-0002-0350-1180
asdfdss.asdasf@yandex.ru SORCID: https://orcid.org/0000-0002-9268-0167
SORCID: https://orcid.org/0000-0003-0108-0690

ORCID: https://orcid.org/0000-0002-6411-5988

Tlocmynuna 6 peoaxyuio 03.07.2023 Ipunama xk nyoauxayuu 12.11.2023

Annomayusn: Crioucteie nBoiHble runpokcus! (CJI7) MOXKHO OTHECTH K KJIacCy NEpCIEeKTUBHBIX MaTepHajoB OJaro-
Jlapsi POCTOTE CHHTE3a, a Takke 00MMpHOH cepe ux nmpumenenns. Oguako nporecc cuareza CIT B 3aBUCHMOCTH OT UX
XHUMHYECKOTO COCTaBa MOKET 3aHMMATh OT JIECSITKOB YacOB JI0 HECKOJIBKUX CYTOK. PaHee ObUIO yCTaHOBIICHO, YTO BO3/CH-
CTBHE yJIbTPa3ByKOM B mpouecce noxydenus C/II" 3HauYMTeNbHO COKpaIIaeT BpeMsl CHHTE3a, a MOJIyYEeHHbBIC TAKUM CIIOCO-
6om C/II' nHTEpecHB! B OTHOIICHUH M3y4YCHHSA MX (DU3NKO-XMMHUYECKHX CBOMCTB, a TaKX€ COPOIIMOHHON CHOCOOHOCTH.
B pa6ote noxyuenst Mg/Fe CAI" B HuTpaTHON (hOopMe TPaOHIIMOHHBEIM METOIOM, a TaKkKe IIPU COBMECTHOM JICHCTBUU YIIb-
Tpa3ByKa M IMOBBIIIEHHOTO THAPOCTaTHYECKOTO NaBiieHus. [lomydeHHble 00pa3ibl 0XapaKTepH30BaHbl C MOMOIIbIO KOM-
TieKca (PU3MKO-XMMUYECKUX METOJ/IOB aHaIM3a, BKIIOUYAIONIMX CKaHUPYIOIIYIO 3JIEKTPOHHYI0 MHUKpockonuio (COM), un-
¢pakpacuyto cnekrpockonuto (MK), penrrenodazopeiii anamuz (PPA), tepmorpaBumerpuueckuii anammuz (TT'A)
¢ mupdepenunansHoil ckanupyromei kagopumerpueit (JICK). [IpoBeneHs SKkCeprUMEHTHI 110 UCCIIEA0BAaHUIO COPOIIMOH-
HOH criocoOHoCcTH noity4eHHbIX 00pasioB Fe/Mg CIII' mo OTHOLIEHUIO K XpOMaT-HOHaM B HOPMAJIBHBIX YCJIOBHUSX, a TaK-
JKe TIPH JICUCTBUU YJIBTPa3ByKa, B T. 4. B COYETAHWH C ITOBBIILICHHBIM THAPOCTaTHYECKUM JaBieHreM. Ha ¢oroanextpuue-
CKOM (poTOMeTpe OBIIIM MOIYyYSHBI U NPOAHATN3NPOBAHBI JaHHBIE C KOJIMYECTBEHHBIMU 3HAYCHUSIMHU TIpoliecca COpOIHH.
JlaHHBIC, TTOMyYEeHHBIE B X0JIe KOMIUIEKCHOTO aHalli3a TOTOBOTO MPOAYKTA, YKAa3bIBAIOT HAa TO, YTO CHHTE3MPOBAHHBIN Ma-
Tepuan sieisiercst Mg/Fe ciouctsiM 1BOWHBIM rHApoKcHaoM. [Ipu npoBenennn peHTreHo]a3oBoro aHaiu3a BEISIBICHO, YTO
cuare3 CAI' ¢ mpuMeHEeHHEM yIbTpa3ByKa M JABJICHHS IOBBIMIACT CTENEHb KPHCTAUIMYHOCTH KOHEYHOTO NPOAYKTA.
YcranoBieHo, 9to copOrmonHble cBoricTBa C/II, mMOMydeHHBIX TpaAUIHOHHBIM criocoboM, U CII, momy4deHHbIX o AeH-
CTBHEM YJbTpa3ByKa W HaBieHus, ominmdarorca. Y Mg/Fe CAI', cHHTe3MpOBaHHBIX TPAAULIUOHHBIM METOIIOM, COPOIHS
XpoMaTa MpoTeKaeT Jydlle, YeM Y 00pa3lioB, CHHTE3UPOBAHHBIX IIPH MOMOIIN YJIbTPa3ByKOBOH 0OpabOTKH B COUCTaHUU
C MOBBIIICHHBIM THAPOCTAaTHYECKUM JAaBieHueM. Ilokazano, uro mporecc copOuun uccienoBanHsix odpasnos C/I onm-
CBIBAETCS PA3HBIMU MAaTEMAaTHIECKUMH MOIEISIMHU.
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Abstract: Magnesium alloys are an ideal material for creating lightweight and durable modern transport systems, but
their widespread use is limited due to some physical and chemical properties. This paper considers the effect of nonlinear
elastic unloading of the MA14 (ZK60, Mg—5.4Zn—0.5Zr) magnesium alloy in a coarse-grained state after recrystallisation
annealing. The study found that the nonlinearity of the unloading characteristic, is formed when reaching a certain thresh-
old stress level. It is expected that the effect under the study is associated with the deformation behavior of the alloy, dur-
ing which the twin structure formation according to the tensile twinning mechanism is observed. The sample material mi-
crostructure was determined, by scanning electron microscopy using electron backscattered diffraction analysis. Determi-
nation of the threshold stress, for the formation of unloading nonlinearity was carried out by two methods: 1) by the value
of the loop area formed by the nonlinearity of the unloading mechanical characteristics and the repeated loading (mechani-
cal hysteresis) characteristics, and 2) by analysing the acoustic emission recorded during failure strain. A comparison of
the results obtained, allows suggesting that the unloading nonlinearity is caused by twinning in grains, in which an unfa-
vorable configuration (low Schmidt factor), for dislocation slip is observed. Rotating the twinned crystal at an angle close
to 90° does not contribute to an increase in the Schmidt factor and activation of dislocation slip systems to secure the de-
formed structure through the dislocation strengthening mechanism. With a subsequent decrease in the external stress,

detwinning and partial restoration of the crystal lattice configuration occur.
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INTRODUCTION

Lightweight magnesium alloys have a high strength-
to-weight ratio, which makes them extremely attractive
for application in vehicle construction. Currently, magne-
sium alloys are used primarily for casting into moulds or
manufacturing elements using turning and milling from
rolled products (plates, sheets, rods, and pipes). Elastic
forging, and other methods of pressure metal treatment
(PMT) of magnesium alloys are significantly limited or
require the application of alloys with relatively high dop-
ing with expensive elements, which significantly reduces
the attractiveness of magnesium for widespread use.
The problems of pressure metal treatment of magnesium
alloys, especially in the cast or coarse-grained state, are
associated with the peculiarities of their deformation be-
haviour manifested in the form of: asymmetry of the me-
chanical response to the application of tensile, and com-
pressive loads; highly limited plasticity, even at elevated

shaping temperatures; nonlinear characteristics of elastic
behaviour (unloading) [1-6].

The peculiarities of magnesium hardening and plasticity
are associated with its hexagonal close-packed (hcp) crystal
lattice, which is the cause of strong anisotropy of elastic
and deformation properties. It is quite difficult to get rid of
the anisotropy manifestation, so many authors are forced to
study magnesium alloys, including after hardening defor-
mation treatment, in several directions. For example, for
rolling (forging), three directions are selected (normal, lon-
gitudinal, transverse), for extrusion — two (normal, trans-
verse) [7].

When a magnesium alloy is compressed and tensioned,
pronounced strain anisotropy and deformation behaviour
asymmetry are observed, manifested in a significant differ-
ence in the yield strengths during tension and compression
[8-10], and the initial hardening may be a reason for
the material asymmetric behaviour [11]. In the above
works, one can note the nonlinear behaviour of the unload-
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ing characteristics of magnesium alloys, but the authors do
not specify the reasons and parameters for the formation of
such an effect.

The purpose of this work is to determine the conditions
and reasons for the formation of nonlinear elastic beha-
viour, during unloading of the MA 14 magnesium alloy.

METHODS

The chemical composition of magnesium alloy samples
was pre-studied according to the GOST 7728-79 method,
using a Thermo Fisher Scientific ARL 4460 optical emis-
sion spectrometer. Table 1 gives the chemical composition
of the studied material; the element content values corre-
spond to the requirements for the MA14 grade according to
GOST 14957-76.

The material under study has a coarse-grained struc-
ture with a grain size of 60...120 um and a texture corre-
sponding to homogenising recrystallisation annealing
(not textured). Fig. 1 shows an image of the alloy struc-
ture obtained on a Zeiss Sigma scanning electron micro-
scope, using electron backscattered diffraction analysis
(SEM+EBSD), as well as histograms of the grain size dis-
tribution, and the crystal lattice misorientation at the grain
boundaries. Determination of the mechanical characteristics
of the alloy, under cyclic loading, and monotonic tension-
ing until failure was carried out on flat samples with blades
for grippers, sample working section 4x4 mm, length
4 mm. The samples were cut using the electroerosive me-
thod on a numerically controlled machine, which makes it
possible to obtain samples of identical geometry without
hardening the surface layer.

The test specimens were prepared in the same initial state
(after homogenising annealing), and were not subjected to
initial deformation or hardening, before both compression
and tensile testing, and when installing the specimens in
the grips of the testing machine, the procedure for protecting
the specimen from loading prior to testing was followed.

To study the reasons forming the nonlinearity of elastic
behaviour and unloading, the authors performed a series of
tests with a loading — unloading cycle with a maximum
stress point below, near and above the yield strength at en-
gineering stress of 6.,,~50, 90, and 145 MPa, respectively,
and the active grip displacement rate corresponded to
a strain rate of 1-10*s™'. To measure small deformations
in the elastic loading area, an HBM MX440 strain-gauge
complex with strain-elements glued directly to the sample
surface was used. Magnesium and its alloys are
prone to creep [12] and long intervals of relaxation of elas-

tic stresses [13], therefore, to reduce the influence of
the viscous-dynamic component of plasticity, the sample
was statically kept under load for a long time relative to
the loading interval, and after unloading — until the activity
of deformation processes decreased. The activity of defor-
mation processes was monitored by the acoustic emission
(AE) signals. Mechanical twinning, during deformation of
magnesium alloys, generates discrete high-amplitude
acoustic pulses [14], therefore, when the AE activity de-
creased to less than one signal/s, the authors considered
activity of the deformation process during relaxation insig-
nificant and proceeded to the next stage of the loading—
unloading cycle. AE was recorded on the PAC PCI-2
equipment, in a wideband mode of 20 kHz — 1 MHz, with
a sampling frequency of 2 MHz, gain of +60 dB, the ampli-
tude detector threshold was 27 dB at a noise level of 25 dB.
After testing, the sample material from the deformed area
was re-examined using scanning electron microscopy with
structure analysis.

To test the assumption that the peculiarities of the “dis-
location sliding” and “twinning”, deformation mechanisms
may be the reasons for the nonlinear elastic behaviour for-
mation, the same sample was tested for tension to failure
at a strain rate of 1-10 ° s, During the stretching process,
the AE signal was recorded in a continuous (threshold-free)
mode, synchronised with the stress/strain parameters.
To assess the staging, the authors used the spectral-energy
parameters of AE signals [15; 16]: in this case, for the re-
corded signal, the change in two parameters of the spectral
characteristic resulting from the applied mechanical stress
was assessed: 1) power — the integral of the signal power
spectral density and 2) median frequency — the median of
the signal power spectral density calculated according
to the method described in [17].

RESULTS

The tests of cyclic tension and compression without
changing the deformation direction relative to the original
direction are shown in Fig. 2, which presents three loading
cycles separately for compression and tension. The first
loading up to a stress of 50 MPa demonstrates elastic load-
ing, and a linear return of the material to its original state,
and the slope of the linear loading and unloading section
corresponds to an elastic modulus of 42...44 GPa. In the se-
cond (90 MPa) and third (145 MPa) loading cycles, the elas-
tic section nonlinearity is observed, which can be estimated
according to the area of the hysteresis loop formed by
the loading and unloading lines.

Table 1. Chemical composition of the studied alloy
Taonuya 1. Xumuueckuii cocmas ucciedyemozo cniasa

Materials Element weight content, %
Mg Zn Zr Al Fe Cu Ni Mn Si
Studied material Base 5.4 0.47 0.002 0.001 | 0.002 0.001 0.005 0.003
MAI14 Base 5.0-6.0 | 0.3-0.9 <0.05 <0.03 | <0.05 | <0.005 <0.1 <0.05
according to GOST 14957-76 - - - - - -
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For each loop, the authors recorded the stress at the top
of the loop and the energy volumetric density of the materi-
al viscoelastic behaviour — the area of the loop formed by
the loading and unloading characteristics, the measurement
results of which are shown in Fig. 3.

To determine the twinning activation stress, the authors
processed AE recorded during monotonic tensioning of
the sample; the loading characteristic is shown in Fig. 4.
Calculation of the AE signal spectral parameters was car-
ried out by post-processing, using spectral clustering algo-
rithms [16].

The results of studying the microstructure, using
scanning electron microscopy after deformation show
the presence of twins, which are formed simultaneously
with nonlinear elastic behaviour and, therefore, may be
the cause of it. Fig. 5 shows the structure of the samples
after compression and tensile testing up to a residual
deformation of 1.5 %.

DISCUSSION

A quantitative comparison of the obtained elastic modu-
lus of 42...44 GPa is fully consistent, with data from litera-
ture sources for the MA14 (ZK60) alloy — 42...45 GPa [18;

19]. When the alloy is loaded to a stress of 90 MPa,
at which a microplastic deformation of 0.05 % is formed,
the elastic modulus retains its value, but the material unload-
ing occurs along a curved downward characteristic, forming
a hysteresis of the “loading — unloading” characteristic.
During tensile twinning, lattice rotation is observed, and
the rotation directions may correspond to the maximum
anisotropy of the elastic constants of the material,
E(0001)=50.8 GPa, E(—1-120) (—1100)=45.5 GPa [20], but
the influence of the anisotropy factor only is quite small, or
insignificant, since repeated loading occurs along a curved
upward trajectory.

During loading of more than 100 MPa, a transition to
the mode of active plastic deformation occurs: in the experi-
ment, this is observed after the third loading cycle, which
was stopped when the stress reached 145 MPa, and the re-
sidual deformation was 0.29 and 0.22 % for compression
and tension, respectively. The difference in the magnitude
of plastic compressive, and tensile deformation when ap-
plying the same magnitude of stress is described in [8—11],
and is a manifestation of the asymmetry in the deformation
behaviour of magnesium, and some other metals and alloys.

A feature of the unloading stage after applying a stress
of 145 MPa is strong nonlinearity, in which the divergence
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Fig. 1. The initial structure of the MA14 alloy (a), histograms of the grain size distribution (b)
and the crystal lattice misorientation at the grain boundaries (c)
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Fig. 3. Energy volumetric density of the material viscoelastic behaviour
Puc. 3. Obvemuas nIOMHOCHb SHEPSUU BAZKOYIPY2020 NOBEOEHUS MAMEPUAA

of the loading and unloading trajectories increases forming
a visually symmetrical mechanical hysteresis loop. Similar
descriptions of the behaviour of the MA14 (ZK60) alloy are
given in [1; 4; 6; 7].

Approximation of experimental values of the energy
volumetric density, which forms the nonlinear elasticity
behaviour, and interpolation towards the stress axis in
Fig. 3 show that the nonlinear unloading effect appears,
when the stress reaches a value in the range of 65...70 MPa.

It was shown in [13] and [16] that analysis of AE signal
parameters and signal clustering according to the power
spectral density distribution make it possible to accurately
monitor twinning activity. The operation of deformation
twinning systems is accompanied by high-amplitude AE
pulses with a sharp leading edge and relaxation decay, and

the spectral characteristic has a low median frequency. AE
generated by dislocation slip is characterised by small am-
plitudes and a wide spectrum.

In this case, it is worth paying attention to the nature
of changes in the power parameters, and median frequen-
cy of the AE signal, which are shown in Fig. 4. Acoustic
emission exhibits intermittence when twinning is activat-
ed, while the measured signal parameters respond propor-
tionally to the intensity of the process by increasing ener-
gy (amplitude), and median frequency in the mechanical
stress range of 70...140 MPa, it is in this stress range that
the material is most actively deformed by the twinning
mechanism.

It is obvious that the stress “threshold” of 65...70 MPa
corresponds to the physical yield strength of the material
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being tested: at this stress, strain hardening and the mani-
festation of the relaxation properties of the strain mecha-
nisms, slip and, to a greater extent, twinning creating power-
ful AE begin.

The structural state of the samples tested in compression
and tension was similar. The deformed structures contain
signs of activity of dislocation slip systems forming a sub-
grain structure, with small grain-boundary angles (3...5°)
and tensile twins with crystal lattice grain-boundary angles
of about 86°. The type of active strain mechanisms in adja-
cent grains may be different, since the activation of a spe-
cific deformation system occurs only after a certain critical
shear stress is exceeded: the basal plane slip systems have
the lowest values of the critical shear stress; the prismatic
slip and tensile twinning systems are the next as the criti-
cal shear stress increases [13; 21], and it is these systems
that can be identified at the small deformations observed
in this study. The critical shear stress is primarily
achieved in crystals (grains) that are favourably oriented
with respect to external stress, and is numerically deter-
mined by the Schmidt factor [22; 23]. The heterogeneity of
activation of deformation systems forms a stress state that is
uneven throughout the volume of the material, and elastic
stress gradients can inhibit the twin propagation inside
the grain, and then, when the external stress decreases un-
der the influence of elastic forces, the reverse detwinning
process can occur [24; 25].

CONCLUSIONS

The most likely mechanism forming the nonlinear un-
loading characteristic, and nonlinear elastic behaviour of
the MA14 alloy is the twinning—detwinning mechanism in
the “twinning — tension” systems. The twin formation in
a grain is associated with an insufficient number of active
easy slip systems in the basal and prismatic planes, which
are orthogonal to each other. At the same time, “twinning —
tension”, with a crystal lattice rotation of 86° does not cre-
ate more favorable conditions for the activation of easy
slide systems. As a consequence, in magnesium, the condi-
tions for the formation of a twin are observed in an un-
strengthened lattice (with short lengths of sections of
pinned dislocations), while after the twin formation, its pin-
ning (strengthening) by active slip is not observed. Thus,
apparently, unrelaxed elastic stresses are formed both at the
periphery of the twin inside the grain and along the grain
perimeter, and it is these stresses that lead to detwinning
when removing the external stress. The mechanism of ope-
ration of an unpinned (unstrengthened ‘“elastic” twin) is
similar to the behaviour of a curved elastic beam between
two supports, which has the possibility of elastic deflection
and two deformation “paths” depending on the direction:
increasing or decreasing stress, while the sign of loading
has no effect.
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Annomayua: MaraueBble CIUIaBbl — UIEATbHBIM MaTepuan A CO3JaHUs JIETKUX M MPOUYHBIX COBPEMEHHBIX TPaHC-
MOPTHBIX CUCTEM, OJIHAKO €ro IMPOKOe NPHUMEHEHNE OTPaHNUUCHO U3-3a HEKOTOPBIX (PU3MKO-XMMHUECKHX CBOMCTB. B pa-
60Te paccMoTpeH 3 dekT HeaMHEeHHOW yrpyroi pasrpy3ku MaraueBoro ciiasa MA14 (ZK60, Mg—5,4Zn—0,5Zr) B xpyn-
HO3EPHHCTOM COCTOSIHHH TOCJE PEKPHCTAIUIM3AIMOHHOTO OT)KUTA. YCTAaHOBICHO, YTO HEIMHEHHOCTh XapaKTEPHUCTHKHU
pasrpy3ku GopMupyercs mocie JOCTIDKEHHS OIPEeAeTICHHOTO IMOPOTOBOTO YpPOBHS HampspkeHus. [Ipemmomaraercs, 9To
n3ydaeMblil 3P QeKT cBA3aH ¢ IehOpPMANNOHHBIM ITOBEICHUEM CIUIaBa, IPH KOTOpOM HabiromaeTcst OpMHpPOBAaHUE JABOII-
HUKOBOU CTPYKTYPHI 110 MEXaHU3MY JABOMHHUKOBAaHUS pacTsHKeHUs. MUKPOCTPYKTypa MaTepuaga oOpas3ioB Oblia ompese-
JIeHa METOAAMH PACTPOBON NEKTPOHHON MHUKPOCKOIUH C MPAMEHEHHEM aHaIu3a Au(dpakuyu o0paTHO pacCcesHHBIX IEK-
TpoHOB. OTpe/eneHne MoporoBOro HaNpspKeHHUs: (OPMUPOBAHUS HEMHEHHOCTH pasrpy3Kd OBUIO NPOBEJICHO IBYMS Me-
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TogaMu: 1) MO BENMYMHE IUIOLIAAW METIH, 00pa3syeMol HEIMHEHHOCThIO MEXAaHMYECKOH XapaKTEPUCTHKU Ppasrpy3Ku
1 XapaKTePUCTHKHU TIOBTOPHOTO HATrpyKeHUs (MEXaHUIECKUI TUCTEPE3NC), U 2) M0 aHAITU3Y aKyCTHYECKON IMHUCCHH, 3ape-
THCTPHPOBAHHOM IPU pPacTSHXEHUH 10 paspymeHus. CONOoCTaBleHHE IONYyYCHHBIX PE3YJbTATOB IO3BOJIET IIPEATIONO-
XKHTb, YTO HEIMHEHHOCTh pa3rpy3Ku OOYCIOBJIEHA IBOMHMKOBAHHEM B 3€pHAX, B KOTOPHIX HAOIIONACTCS HEBBITOAHAS
koH(urypanus (Hm3kui ¢axrop IlIMuara) amas AUCIOKALMOHHOTO CKOJBKEHUS. Pa3BOpPOT NMpOJBOWHMKOBABIIETO KPH-
cTayuta Ha yrodi, onmskuid k 90°, He cnocoOcTBYeT noBbImeHn0 (hakTopa IlIMuaTa 11 aKTHBALIMU CHCTEM CKOJIBKEHHS JTUC-
JIOKAIM{ AJIs 3aKperuieHus: 1epOPMUPOBAHHOM CTPYKTYpBI 10 MEXaHH3MY JUCIOKAI[MOHHOTO yrpouHeHus. [Ipu moce-
JIYIOIIEM CHIYKEHHH BEJIMYHMHBI BHEITHErO HANpsDKEHUS! MPOMCXOIUT Pa3IBOMHUKOBAaHHWE M YaCTHYHOE BOCCTAHOBICHHE
KOH(UTypanuy KPUCTAJUINIECKON PEeLIETKH.

Kniouegvie cnosa: marunii; MaruueBblid croias; MA14 (ZK60, Mg—5,4Zn—0,5Zr); HenuHeiiHas pa3rpy3ka; mopor Ha-
NPsDKEHUST; YIIPYTrOCTh; IBOMHUKOBaHNE; pa3ABOMHNKOBaHNE; 1e(OPMAIIIOHHOE TIOBEJICHHUE.

Bnrazooapnocmu: ViccnenoBaHue BBINOIHEHO NpH (MHAHCOBOW mojaepkke Poccuiickoro HaydHoro ¢oHzia B pamkax
peanu3anuu HayqHOTO mpoekTta Ne 22-23-01169.

Jna yumuposanusa: laniox A.B., Mepcon J[.JI., bpunesckuit A.W., AdpanaceeB M.A. Onpenenenue mopora Hamps-
KCHHUS W MHUKPOCTPYKTYPHBIX (aKTOpOB, (GOPMHUPYOMNX 3PGEKT HETMHEHHONW pasrpy3Kd MarHHueBoro cruiaBa MA14
(ZK60) // Frontier Materials & Technologies. 2023. Ne 4. C. 31-39. DOI: 10.18323/2782-4039-2023-4-66-3.
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Abstract: The main problem of submicrocrystalline (SMC) materials formed as a result of severe plastic deformation is
their thermal stability. The large stored energy and the formation of strongly disordered microcrystallites in the structure
lead to a decrease in the recrystallization onset temperature and, therefore, possibly decrease the structure stability.
In the work, severe plastic deformation by high-pressure torsion and annealing of pure nickel and an alloy containing
2 at. % chromium were carried out. The structure of both deformed and annealed material was studied by scanning and
transmission electron microscopy. The dependence of hardness on the square root of true strain and structure evolution
were analyzed to identify the boundaries of the stages of structural states. The energy stored during deformation was esti-
mated using differential scanning calorimetry by the amount of absorbed heat energy. The author studied the behaviour of
materials during annealing depending on the stored strain energy at the SMC structure stage. Three stages of structural
stats were identified in pure nickel: cellular, mixed, and SMC structure, while in the alloy containing 2 at. % chromium,
a cellular structure stage was not detected. A decrease in the stored strain energy was found at the stage of the SMC struc-
ture for both materials. Alloying nickel with 2 at. % chromium increases its thermal stability, which increases the tempera-
ture when the grain growth becomes intensive by 150 °C. The amount of stored strain energy affects grain growth in
the alloy containing 2 at. % chromium, whereas in pure nickel no effect was detected. In the Ni—Cr alloy, greater stored

energy corresponds to larger recrystallized grain size.
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INTRODUCTION

Industrial development requires the creation of new
materials with unique physical and mechanical properties.
One of the approaches to achieve these properties is the for-
mation of submicrocrystalline (SMC) and nanocrystalline
(NCQ), structural states in these materials, for which severe
plastic deformation (SPD) can be used [1; 2], in particular,
high-pressure torsion (HPT) [3; 4]. The structure for-
mation directly depends on the stacking fault energy
(SFE) of the studied materials. Thus, in materials with
a medium SFE during deformation at room temperature,
the structure evolution appears to be three successive
stages: cellular, mixed, and SMC structure [1; 5; 6].
The cellular-type structure is formed due to the movement
of dislocations. At the second stage, along with the dislo-
cation mechanism, rotational modes of deformation ap-
pear leading to the formation of individual microcrystal-

lites [7]. Such a structure contains both high- and low-
angle boundaries; it is usually called a mixed structure [8].
Finally, at the last stage, the structure consists of micro-
crystallites only — this is the SMC structure stage. In mate-
rials with high SFE during HPT, the cellular structure
stage is not registered; after small angles of anvil rotation,
a mixed structure appears [9].

The presence of an SMC structure leads to a significant
(by about 150 °C) decrease in the recrystallization tempera-
ture, which may be associated with a decrease in the ther-
mal stability of the structure [10]. On the other hand, in
[11-13] it is shown that grinding the structural elements
below a certain critical size, leads to an increase in thermal
stability. In the works [14; 15], it was found that the for-
mation of a honeycomb-type structure as a result of SMC
structure recrystallization gives the material high thermal
stability. The SMC structure can be obtained in the material
surface layer by frictional processing [16]. This treatment
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of martensitic and austenitic steels delays the softening
(by 200-300 °C) of the material surface layer [17].

Another characteristic of thermal stability is the grain
growth rate during recrystallization. It is possible to reduce
the grain growth rate by alloying to form a solid solution.
It is important to limit the content of the alloying element to
prevent such a decrease in the SFE, that would lead to
a change in the strain mechanism.

The stored strain energy also affects recrystallization
[18]. In a number of materials, SPD can lead to the deve-
lopment of relaxation processes, such as dynamic recovery
and dynamic recrystallization [3; 5; 19]. As a result of these
processes, with an increase in true strain, a decrease in
the stored strain energy can be observed, and, consequently,
a decrease in the recrystallization driving force.

The purpose of this work is to study the influence of al-
loying Ni-2 at. % Cr on the SMC structure formation,
the amount of stored energy during HPT deformation, as
well as on the thermal stability of the resulting structure
upon heating.

METHODS

To carry out the study, single-crystalline nickel
(99.98 wt. % Ni) and a polycrystalline single-phase Ni—Cr
alloy, with a chromium content of 2 at. % (Ni—2Cr) were
selected. The samples had a diameter of 5 mm and a thick-
ness of 0.3 mm. They were deformed by HPT in Bridgman
anvils at room temperature under a pressure of 8 GPa by
upsetting and with anvil rotation: for Ni — from 15° to 7 re-
volutions, and for Ni-2Cr — from 15° to 10 revolutions.
The true strain was calculated using the formula

1
2\, .
e=In|1+| ¥ +In| =21,
h; h;

where ¢ is the angle of anvil rotation, rad.;

r; is the radius from the center of the sample, mm;

hy is the sample thickness before deformation, mm;

h; is the thickness of the sample after deformation at
the i-radius, mm.

The hardness of the studied materials was measured af-
ter deformation, using a METOLAB 502 device under
a load of 0.5 N along two mutually perpendicular diameters
of the sample with a step of 0.25 mm. Hardness values were
averaged over true strain intervals Ae=0.4. The boundaries
of the deformation stages were determined by the inflection
points in the hardness dependence on the square root of true
strain H=f{e"?) in accordance with the technique described
in [20]. To assess the mechanical properties of nano- and
submicrocrystalline materials, hardness values were used as
flow stress, as substantiated in [21]. Before measuring
hardness, the samples were ground and electropolished.

Calorimetric studies were carried out using a STA 449
F3 thermal analyser, with a heating rate of 20 °C/min in the
temperature range of 25—1000 °C. Two successive heatings
were carried out in the same temperature range with the
sample being cooled to room temperature after each heat-
ing. During the first heating, heat release peaks were re-
corded on the curves. The peak temperatures were deter-
mined by the secant method, and the amount of released

thermal energy was determined as the area under the peak.
This energy was then associated with the stored strain ener-
gy [22]. Reheating was carried out to ensure that the heat
release process was irreversible. The error, when determin-
ing the amount of energy released during calorimetric
measurements did not exceed 2.5 %.

The samples were annealed in a vacuum furnace at
the following temperatures: for Ni — 200-350 °C with
a step of 50 °C for 1 h; for Ni-2Cr — 200-400 °C with
a step of 100 °C for 1 h. Samples with the maximum stored
energy (for Ni — ¢=7.0 and for Ni-2Cr — ¢=9.3, which cor-
responds to the anvil rotation by 2 and 10 revolutions), and
SMC structure samples, where the maximum stored energy
has not been reached (for pure nickel — with the anvil rota-
tion by 7 revolutions (e=8.3), and for Ni-2Cr — by 5 revolu-
tions (e=8.5)), were selected for annealing.

The resulting structures were assessed using QUANTA 200
and TESCAN MIRA scanning electron microscopes, and
a JEM200CX transmission electron microscope. Using
scanning electron microscopy (SEM), the structure was
examined at a distance of 1.0 mm from the centre of
the samples. Based on the SEM results, the spectra of grain-
boundary angles, and grain sizes were determined. Using
transmission electron microscopy, the structure was exami-
ned at the distances of 1.5 mm from the centre of the sam-
ples. The sizes of structural elements (dislocation cells,
microcrystallites, and recrystallized grains) were deter-
mined from bright-field images, as well as from dark-field
images in the {111} type reflection, based on the results of
more than 400 measurements, which ensured an error of
less than 10 %.

The results were processed using the STATISTICA
software.

RESULTS

Fig. 1 shows a diagram of the hardness dependence on
the true strain of the studied materials. It can be seen that
alloying with 2 % of Cr only slightly influences the strain,
hardening of Ni in the region of relatively small strains
(up to e=6). At e>6, alloying, ensures an increase in
the hardness growth coefficient; in Ni, hardness stabilisa-
tion is registered after e=5.

To identify the stages of deformation in the studied ma-
terials, the dependences shown in Fig. 2 were obtained. For
pure Ni, three stages were identified, their change occurs
at e=0.8 and e=5. For the alloy containing 2 % of Cr, only
two stages were obtained; the transition from one stage to
another in Ni-2Cr occurred at e=8.5.

Fig. 3 shows the structures of pure Ni and the Ni—2Cr
alloy deformed in this work. It can be seen that the evolu-
tion of the pure nickel structure goes through three stages.
First, a cellular-type structure is formed up to e=0.8
(Fig. 3a). In the interval 0.8<e<5, individual micro-
crystallites with high-angle boundaries are formed in
the structure, which is a sign of a mixed-type structure
(Fig. 3 b). Moreover, after e=5, the structure contains only
microcrystallites, which is a sign that the SMC structure has
been achieved (Fig. 3 ¢). Unlike pure nickel, in Ni—2Cr,
the cellular structure stage was not registered, therefore,
only one boundary is identified in this alloy, at which the
mixed structure is replaced by the SMC structure at e=8.5
(Fig. 3d, 3 e).
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Fig. 1. Microhardness dependence on true strain: © — pure Ni; A — Ni-2Cr alloy
Puc. 1. 3asucumocms meepoocmu om ucmurnou oegpopmayuu. © — yucmotii Ni; A — cniae Ni-2Cr

Fig. 4 shows the dependence of the average size of
structural elements on true strain. It has been found that
alloying with chromium in an amount of 2 % does not lead
to a decrease in the size of microcrystallites in the single-
phase Ni-2Cr alloy compared to pure nickel: after e=9,
the average size of microcrystallites in both cases is
(0.14+0.01) um. It can be seen that the output of the de-
pendencies shown in Fig. 4 to saturation in grinding is typi-
cal for both studied materials.

Fig. 5 shows that the stored energy (£) in the studied
materials continuously increases with increasing defor-
mation up to e=7 in pure Ni and e=9 in Ni-2Cr, and with
continued deformation at the SMC structure stage it de-
creases in both materials. Thus, the maximum stored energy
was recorded after deformation ¢=7.0 for Ni and ¢=9.3 for
Ni—2Cr, which corresponds to the anvil rotations for 2 and
10 revolutions.

Fig. 6 gives images of the pure nickel structure after de-
formation and annealing. Annealing pure nickel at 150 °C
leads to the recrystallization onset (Fig. 6 a). The average
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size of structural elements is 0.2 pm. Increasing the anneal-
ing temperature to 200 °C leads to the recrystallization
completion (Fig. 6 b). The average size of recrystallized
grains is 6 pm, while the maximum size of recrystallized
grains is about 40 pm. After annealing at 300 °C, a decrease
in the average size of recrystallized grains to 5.5 pm is ob-
served, apparently due to the appearance of nuclei through
the thermal activation mechanism (Fig. 6 c). At the anneal-
ing temperature of 350 °C, the grain growth rate becomes
greater than the rate of nucleation of new recrystallization
centres (Fig. 6 d), and the average grain size increases
again.

Fig. 7 shows that in nickel, the average grain size ob-
tained through annealing the material with the maximum
(2 revolutions) and lower (7 revolutions) stored strain ener-
gy is almost the same. The temperature when rapid grain
growth begins also does not depend on the strain amount
(stored energy). Thus, no effect of the difference in
the stored strain energy on recrystallization in pure nickel
with an SMC structure was detected.
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Fig. 2. Diagram of microhardness dependence on the square root of true strain: a — pure Ni; b — Ni-2Cr alloy

Puc. 2. I'papux 3asucumocmu meepoocmu om K6aopamuo20 KOPHs U3 UCMUHHOU Oeghopmayuu.
a — yucmoiii Ni; b — cnnae Ni—2Cr
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Fig. 3. Fine structure of pure nickel and Ni-2Cr alloy deformed by high-pressure torsion:
a— Ni, e=0.3; b— Ni, e=4.2; ¢ — Ni, e=6.9; d — Ni-2Cr, e=4.0; e — Ni-2Cr, e=8.6
Puc. 3. Toukas cmpyxmypa uucmozo Huxens u cniaéa Ni—2Cr, oegpopmuposannvix CIT/]:
a— Ni, e=0,3; b— Ni, e=4,2; ¢ — Ni, e=6,9; d — Ni-2Cr, e=4,0; e — Ni-2Cr, e=8,6
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Fig. 4. Dependence of average size of structural elements on true strain:
O — pure Ni; A — Ni-2Cr alloy
Puc. 4. 3asucumocmsv cpednezo pasmepa s1eMeHmos CmpyKkmypsl om UCMUHHOU Oegpopmayuu:
O — yucmuoui Ni; A — cnnase Ni-2Cr
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Fig. 5. Dependence of stored strain energy on true strain: © — pure Ni; A — Ni-2Cr alloy;
the inset shows an example of a DSC (differential scanning calorimetry) curve for Ni deformed by 5 anvil revolutions
Puc. 5. 3asucumocmo 3anacennoil suepeuu depopmayuu om ucmunHou oegpopmayuu. © — yucmoiii Ni; A — cnias Ni-2Cr;
Ha ecmaeke npumep JJCK (Oughpepenyuanvroii ckanupyroueli karopumempuu) kpueoui onst Ni,
O0ehopmMuposanto2o Ha 5 060pomos HaKoBAIbHU

There are individual recrystallized grains with a size of
about 0.7 pm in the Ni-2Cr alloy after annealing at 200 °C
(Fig. 8 a, 8 b). The average size of the structural elements
did not change much, relative to the size of the micro-
crystallites in the deformed state. It amounts (0.16+0.03) um.
This shows that the number of recrystallized grains is small.
Thus, recrystallization in this material just begins at a tem-
perature of 200 °C.

In turn, annealing at 300 °C shows that in the Ni-2Cr al-
loy, recrystallization occurs more completely after defor-
mation with e=9.3 (10 anvil revolutions, Fig. 8 ¢). In this
case, in the sample that was deformed by HPT for
5 revolutions, a large fraction of the non-recrystallized ma-
trix is retained (Fig. 8 d). The structure contains large de-
formed structure areas, as well as individual grains larger

than 1 um in size, which do not contain dislocations. SEM
images demonstrate that annealing led to the bimodal
structure formation (Fig. 9). The average size of the struc-
tural elements for both treatments is close: 1.2 pm after
deformation with e=8.5 and 0.8 um with ¢=9.3, while
the maximum size differs by a factor of 2 and is 5 and
9 um, respectively.

Increasing the annealing temperature to 400 °C increas-
es the dimensional heterogeneity of the structure of the al-
loy with 2 % of Cr deformed by both 5 and 10 anvil revolu-
tions (Fig. 10); along with large grains, small crystallites
are observed. It can be seen that after deformation by
10 revolutions, and annealing at 400 °C, individual coarse
grains larger than 50 pm in size appeared (Fig. 10 a),
the average grain size is approximately 8 pm. After

Fig. 6. Electron microscope images of the structure of pure nickel deformed with e=7
(2 anvil revolutions) and following annealing at:
a—150°C; b—-200°C; ¢—300°C; d - 350 °C

Puc. 6. Dnexmponno-mukpockonudeckue uzoopasicenuss Cmpykmypul YUcmo2o HUKes,

deghopmupogannozo ¢ e=7 (2 060poma HAKOBANbHU), U NOCIEOVIOUE20 OMIHCUSA NPU:
a—150°C; b—-200°C; c—300°C; d—350 °C
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Fig. 7. Dependence of average size of structural elements on annealing temperature:
® — pure Ni; A — Ni—2Cr alloy;
filled markers correspond to the deformation when the stored energy is maximum according to DSC data
Puc. 7. 3asucumocmsv cpednezo pasmepa 1emMennos CImpyKmypbl 0m memnepamypbl Omicu2d.:
® — yycmuiti Ni; A — cnnag Ni—-2Cr;
3aKpauleHHble MAPKEPbL COOMBEMCMEYIOm dedhopmayuu,
npU KOMOPOU 3aNACEHHAs, IHEP2USL MAKCUMANbHA, co2aacHo dannbim JJCK

Fig. 8. Microstructure of the Ni-2Cr alloy after deformation
and subsequent annealing at 200 (a, b) and 300 °C (c, d):
a — bright-field image, e=8.5; b — dark-field image, e=8.5; ¢ — bright-field image, e=9.3; d — bright-field image, e=8.5
Puc. 8. Muxpocmpyxkmypa cnaasa Ni—2Cr nocie oepopmayuu
u nocnedyiowezo omacuea npu 200 (a, b) u 300 °C (c, d):
a — cgemaononvHoe uzobpaoicenue, e=8,5; b — memnononvroe uzobpadcenue, e=8,5;
¢ — ceemnonovHoe usobpadicerue, e=9,3; d — ceemaononvroe uzobpasicenue, e=8,5
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Fig. 9. Orientation map in colours of the inverse pole figure of the Ni-2Cr alloy after deformation
and subsequent annealing at 300 °C: a — e=8.5; b — e=9.3
Puc. 9. Opuenmayuonnas kapma 6 yeemax o6pammuou noaocroti guzypel cnaasa Ni—2Cr nocie oepopmayuu
u nocneoyrowezo omcuea npu 300 °C: a — e=8,5; b —e=9,3

Fig. 10. Orientation map in colours of the inverse pole figure and fine structure of the Ni-2Cr alloy
after deformation and subsequent annealing at 400 C: a — e=9.3; b, c — e=8.5; a, b— SEM; ¢ — TEM
Puc. 10. Opuenmayuonnas kapma 6 ygemax oOpamHoi NOIOCHOU Guaypsl u monxas cmpykmypa cniasa Ni—2Cr
nocne oegpopmayuu u nocredyioweeo omaucuea npu 400 C: a—e=9,3; b, c —e=8,5; a, b— COM; ¢ — [IDM

deformation by 5 revolutions and annealing at 400 °C,
relatively large grains up to 8 um in size and small areas
of non-recrystallized structure are also observed (Fig. 10 b,
10 c), but the average grain size is several times smaller —
2.5 um. Thus, in this alloy, primary recrystallization does
not complete even at 400 °C. For the Ni-2Cr alloy, the de-
pendences of the average size of structural elements on
the annealing temperature obtained by SEM and TEM
methods are shown in Fig. 7.

DISCUSSION

Pure nickel deformation at the SMC structure stage does
not lead to a change in hardness (Fig. 1). At the same time,
the dimensions of the nickel structural elements also remain
constant (Fig. 4), and calorimetric studies show a decrease
in the stored strain energy (Fig. 5). Based on these results,

one can conclude that in nickel deformed by HPD at
the SMC structure stage, the dominant structure-forming
process is dynamic recovery. This is consistent with data
known from the literature [23].

The results of the work confirmed that alloying with
a small amount of chromium did not cause a change in
the strain mechanism, which is observed, for example, in
the Ni-20Cr alloy [24]. In this work, the author managed to
identify the influence of solid solution strengthening on
the formation of the structure of the studied materials dur-
ing deformation and subsequent annealing. In the Ni—2Cr
alloy, the SMC structure is formed at a significantly higher
true strain (e=8.5) than in pure Ni (e=5). In this case, de-
formation at the SMC structure stage does not lead to stabi-
lisation of the alloy hardness value. However, the average
size of the SMC structure elements, just as in nickel, does
not change (Fig. 1 and 2). Despite the stabilisation of sizes
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in Ni-2Cr, according to calorimetric studies, the stored en-
ergy changes: it increases to e=9.3 (10 anvil revolutions),
and then decreases. Consequently, the structure continues to
change. A decrease in the stored strain energy, at the SMC
structure stage indicates the occurrence of dynamic reco-
very in the alloy (Fig. 5). However, the increase in hardness
shows that in this case, dynamic recovery is not the domi-
nant process.

Annealing of SMC nickel showed that recrystallization
begins at 150 °C (Fig. 6 a) and proceeds as the growth of
individual centres. This leads to strong grain heterogeneity:
a small number of large grains are located in a fine-grained
matrix. Recrystallization is completed at 200 °C (Fig. 6 b).
After annealing at 300 °C, a decrease in the average size of
recrystallized grains is observed (Fig. 6 ¢). A similar effect
was recorded in [15] as a result of annealing the iron SMC
structure. In the latter case, the decrease in size was associ-
ated with the appearance of thermally activated recrystalli-
zation nuclei. A further increase in the annealing tempera-
ture of nickel shows a tendency towards grain structure
coarsening (Fig. 6 d).

Nickel alloying with 2 at. % of chromium increases
the temperature of the recrystallization onset from 150
to 200 °C, and the temperature of the beginning of intensive
grain growth — from 150 to 300 °C (Fig. 7 and 8). There-
fore, one can conclude that solid solution strengthening
increased the thermal stability of the SMC structure. Just
like in Ni, in the Ni-2Cr alloy, recrystallization occurs ac-
cording to the mechanism of accelerated growth of indivi-
dual centres, which does not allow obtaining a homogene-
ous submicrogranular recrystallized structure, as, for exam-
ple, in iron [14; 15]. In this work, it was not possible to
determine the temperature of the end of recrystallization in
the Ni—2Cr alloy.

In pure nickel, a change in the stored strain energy at
the SMC structure stage does not affect recrystallization,
while in Ni-2Cr the stored strain energy affects the size of
the recrystallized grain: greater stored energy corresponds
to a larger recrystallized grain size (Fig. 7).

CONCLUSIONS

1. During high-pressure torsion deformation, in the Ni—
2Cr alloy, in contrast to pure nickel, a continuous increase
in hardness is observed throughout the entire studied de-
formation range. Alloying with chromium significantly
inhibits the transition to the SMC structure stage: in the Ni—
2Cr alloy, the transition to the submicrocrystalline structure
stage occurs at a true strain e=8.5+0.3 — higher than for
pure nickel (e=5.3).

2. Nickel alloying with chromium in an amount of 2 at. %
does not lead to an increase in the submicrocrystalline
structure dispersion; in both cases, after deformation with
=9, the microcrystallite size is (0.14+0.01) um.

3. Alloying with chromium affects the recrystallization
temperature of nickel. The temperature, when the recrystal-
lization of nickel with a submicrocrystalline structure be-
gins, is 150 °C, and that of the Ni—2Cr alloy is 200 °C.
The temperature of the intensive grain growth onset in-
creases from 150 °C in pure nickel, to 300 °C in the Ni-2Cr
alloy.

4.In the Ni-2Cr alloy, preliminary high-pressure tor-
sion deformation and the energy stored during this, influ-

ence the recrystallized grain size. As a result of annealing
of the Ni-2Cr alloy, in which the maximum energy was
accumulated during deformation, the largest recrystallized
grains, and high dimensional heterogeneity of the structure
are observed, whereas in pure nickel, the dependence was
not detected.

5.In both studied materials, submicrocrystalline
structure recrystallization occurs through the accelerated
growth of individual centres. This makes it impossible to
obtain a submicrogranular recrystallized structure uni-
form in size.
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Annomayun: OcHOBHOU TipobaeMoil cyomukpokpuctammnaeckux (CMK) matepuanos, copMApOBaHHEIX B pe3yibTa-

Te OONBIION TUTACTHYECKOW IeOpManuy, SBISETCS HX TepMHUYECKas CTaOWIIBHOCTh. boiblmas 3amaceHHas YHEPTHUs
1 (hopMHUpPOBaHKE B CTPYKTYPE CHIIBHO Pa30pHUEHTHPOBAHHBIX MUKPOKPUCTAIUTUTOB BEJET K YMEHBIIICHHIO TEMIIEPATyphl Hadaia
PEKPUCTAIITN3AINH U, KaK CIIICTBHE, BO3MOXKHO, K CHIDKEHHIO CTaOMIBHOCTH CTPYKTYpHL. B pabote mposeneHa Gombias mia-
cTuueckas aedopMars METOJIOM «CABHT TIOJ JIAaBJICHHEM», a Takke OTKUT YHCTOTO HMKENS M €ro CIUIaBa, COMAEpIKaIllero
2 ar. % xpoma. VccnenoBaHue CTpyKTypbl Kak Ae()OPMUPOBAHHOTO, TaK M OTOXOKEHHOTO MaTepHaa OCYIIECTBISIIN METOJaMU
CKaHHUPYIOIIEH U MPOCBEYMBAIONIECH 3IEKTPOHHOW MUKPOCKOIMH. AHAIN3 3aBUCHMOCTH TBEPJOCTH OT KBAJPATHOTO KOPHS M3
MCTHHHOM Jie(hopMaIiy COBMECTHO C aHAIIM30M CTPYKTYPHBIX U3MEHEHHIA TI03BOJIMII BBIIEIIUTD TPAHHUIIBI CTAJIUH CTPYKTYPHBIX
COCTOSTHHH. 3amaceHHyI0 P IeopMaIiiy SHEPTHIO OIICHUBAIIN C MOMOIIBI0 TU(depeHITnaTbHO-CKaHUPYIOMIEH KalIopuMeT-
pHUH 10 KOJIMYECTBY TOTIONIEHHON TEMI0BOM 3Heprun. MccienoBaHo NOBEAEHUE MATEPHANIOB IPHU OTHKUTE B 3aBUCUMOCTH OT
3araceHHoi sHeprun nedopmarmu Ha cragnn CMK-cTpykTypsl. B urcToM HUKene BBIICNEHBI TPH CTaJUU CTPYKTYPHBIX CO-
CTOSIHUI: stuencToi, cmemanHoi 1 CMK-cTpykTypsl, Toraa kak B ciase, coaepakaieM 2 ar. % Cr, cTaaus s’ MeucToi CTpyKTy-
pb! He 3adukcupoBana. OOHApPY)KEHO CHIPKEHHE 3araceHHON 3Hepruu aedopmanuu Ha cragun CMK-cTpykTypsl uist 00oux
MmarepuaioB. JlernpoBanue HuKens 2 aT. % Xpoma MOBBIIIAET TEPMUYECKYIO CTAOWIBLHOCTB, YTO MPOSIBISIETCS B MOBBIICHUN
TeMIIepaTyphbl Hauajla HHTEHCUBHOTO pocTa 3epHa Ha 150 °C. BennunHa 3anmaceHHOM dHeprin AeopMaIlii OKa3bIBAET BIMSIHAE
Ha POCT 3€pHa B CIIaBe C COEepPKaHueM xpoMa 2 aT. %, Torja Kak B YUCTOM HHKeJIe BIUsHUE He 3adukcuposaHo. B crutaBe Ni—
Cr 6ombIIIas 3araceHHast SHEPTUsi COOTBETCTBYET OOJIBIIEMY pa3Mepy PeKpUCTAIUTM30BAHHOTO 3epHa.

Knrouesvie cnosa: nukens; ciuiaB Ni—Cr; CIBHUT 1OJ TaBICHHEM; CYyOMUKPOKPUCTAIUINYECKAs CTPYKTYpa; 3armaceHHas
SHeprus aedopmanun.
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bnazooapuocmu: Pabora BBITOJIHEHA B paMKax TOCYIapCTBEHHOTO 3amaHus MuHoOpHayku Poccmm (Tema «/laBme-
Hue», Ne 122021000032-5).

ABTOp Oaromaput coTpynHukoB MHcTuTyTa Dmszuku MeramuioB umeHrn M. H. Muxeea YpO PAH: kanaunata pusnuko-
MaTeMaTHYeCKNX HayK, 3aBeAylomiero yaboparopueit ¢usnku Beicokux mapiennii B.I1. [ImmrornHa 3a mpoBeneHue ne-
¢dopMaryu, a TakKkKe JTOKTOpa TEXHHYECKHMX HAYyK, 3aBEAYIOIIECr0 OTIEIOM IPEIU3HMOHHOW METATypTrHHM M TEXHOJIOTHH
00paboTtku maBnerneM M.B. Jlertapesa 3a 00Cy)IeHUS pe3yIbTaTOB.

Pabota BeimonHeHa ¢ ucnonb3oBanueM obopyznoBanusi LIKII «McnbitarensHblii IEHTP HAaHOTEXHOJIOTUI M TEpCHeK-
TUBHBIX MaTepuanos» UOM YpO PAH.

CraTpsl HOATOTOBIJIEHA 110 MaTepuaiaM JOKJIaI0B ydacTHHUKOB X1 MexayHapoaHoi mikonsl «Pu3nueckoe MaTtepuao-
BeaeHue» (ILIOM-2023), TombsitTh, 11-15 centsdps 2023 rona.
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Abstract: The data of a comparative analysis of the structure and hardness of pure metals with a face-centered
cubic lattice — aluminum, nickel and copper, subjected to complex thermomechanical treatment (TMT), including
isothermal cryogenic rolling at liquid nitrogen temperature and subsequent high-density electropulse treatment (EPT)
were presented. The main stages, features and advantages of TMT, which first ensure strong work hardening of
the processed material due to deformation at low temperatures and then its ultra-fast contact electropulse heating up
to a specified temperature, were considered. A multi-level analysis of the metals structure evolution due to TMT was
carried out using modern methods of scanning electron microscopy and X-ray diffractometry, recording a wide range
of its linear and angular parameters. The kinetics and nature of the processes of the metals structure evolution under
cryogenic rolling and EPT, their driving forces and controlling factors, as well as general patterns and temperature
intervals of activation of the deformation structure recovery and recrystallization influenced by an electric pulse are
identified and discussed. Based on the results of the analysis of the structural and mechanical behaviour of metals, it
was concluded that the combination of severe plastic cryogenic deformation and a single-step treatment with
ultrashort alternating current pulses is an effective way to obtain semi-finished products with controlled parameters
of their structure and properties, including high-strength ultrafine-grain rolled products. At that the phenomenology
and nature of the strengthening/softening of metals during cryogenic rolling and subsequent electropulsing are simi-
lar to those observed under cold rolling and furnace annealing.

Keywords: FCC metals; cryogenic deformation; cryogenic rolling; electric pulse treatment; ultrafine-grain structure.
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and mechanical behaviour of metallic materials has been

INTRODUCTION

The development of effective industrial methods for in-
creasing the service properties of metals and alloys, through
the controlled strain and thermal effects on them leading,
among other things, to a decrease in the size of crystallites
(grains and subgrains) to nanosizes [1-3] is an urgent task
of modern materials science. Among these methods are
thermomechanical treatment (TMT) based on a combina-
tion of cryogenic rolling (CR) and subsequent electric pulse
treatment (EPT) [4—6] and ensuring at least the formation of
an ultrafine-grained (UFG) structure (with a grain size of
less than 10 pm) in the processed material.

Currently, the effect of temperature decrease during
the transition from cold (at room temperature) to cryogenic
(at temperatures below 120 K) deformation on the structure

studied quite well. Generally, it is described as their extra
strengthening due to the suppression of dynamic recovery,
and an increase in the dislocation density [7-9]. Moreover,
in a number of studies, for example in [9—11], strengthening
is also associated with crystallite refinement.

At the same time, the effect of electric current on the de-
formation structure of metals and alloys has been studied to
a much lesser extent, especially when using short-time high-
density current pulses [12], and in relation to cryodeformed
materials. Most investigations in this area connected with
direct current, and with its long-term (up to several hours)
exposure [13; 14]. Carrying out such experiments was prima-
rily caused by the needs to study the peculiarities of the influ-
ence of contact electric heating on the structural and mechani-
cal behaviour of objects during their direct deformation
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processing, as well as by the search for a less expensive
alternative to their non-contact (furnace, induction) heating.
The main result of these studies includes a convincing
demonstration of high efficiency when using electric heating
of blanks for deformation and post-deformation heat treat-
ment [13; 14]. The papers [15-17] describe the so-called
electroplastical effect, which “facilitates” the process of me-
tal plastic flow, when directly exposed to electric current, and
propose options for interpreting its nature.

As a result of a few studies, where short-time electric
pulse exposure was implemented, it was found that the ac-
tivation of the recovery, polygonization and recrystalliza-
tion processes [18] in pre-strained metal materials, im-
proves a number of their technological properties [15; 19;
20]. The reason is obvious — a decrease in strength, and an
increase in ductility due to a decrease in the structure defec-
tiveness and an increase in its dispersity [2; 18]. However,
there is some literature data with an opposite trends in
structure changes, indicating the multidirectionality of
the EPT effect on the structure and properties of materials.
For example, in [21] it was noted the suppression of recrys-
tallization in steels during EPT.

There is a belief that the softening of work-hardened ma-
terial during electro-induced heating is accompanied by
the so-called “electron wind” effect [22] contributing to an
increase in the mobility of dislocations, and the accelerated
formation of recrystallization centres. While the latter phe-
nomenon can be explained within the framework of classical
ideas on the influence of heating rate on nuclei formation
during recrystallization [18], the nature of the former still
does not have a clear physical interpretation. Another EPT
character feature is the skin-effect [20; 22]. It is caused by
the uneven distribution of electric and heat flows inside and on
the surface of the blank (conductor) under the electrical im-
pulse action. As a result, the structure formed on the surface
may differ significantly from the structure inside the blank.
In this case, the degree of grain size nonhomogeneity, and the
depth of the subsurface layer directly depend on the nature of
the material being processed, the shape and cross-sectional
area of the conductor, as well as on the EPT parameters, in
particular on the pulse energy [20; 22].

From general point of view, TMT based on a combina-
tion of CR and EPT should be the most popular and effec-
tive for pure metals and solid solutions. The reason is that
in such objects, there are no dispersed particles of second
phases, which act as the main factor in controlling the struc-
ture and strength of alloys through limiting the rearrange-
ment of dislocations in them and the growth (migration of
boundaries) of crystallites [18]. During TMT of metals and
solid solutions, their structuring is controlled by dislocation
reactions, which are often determined by stacking fault en-
ergy (SFE). In our previous works [23-26], we have al-
ready analysed and partially published data on the pheno-
menology and nature of the structural-mechanical beha-
viour of various pure fcc metals, subjected to rolling up to high
strains at liquid nitrogen temperature, and subsequent single-
step EPT with different integral current densities. At the same
time, in the papers mentioned, the analysis of the data ob-
tained was carried out separately for each metal, and
the overall picture of changes in their structure and proper-
ties occurring during TMT was not presented.

The purpose of this work is to supplement the published
data, identify common patterns, and discuss the nature of

the structural and mechanical behaviour of three fcc metals —
Al, Cu and Ni during cryogenic rolling, and subsequent
electric pulse treatment, taking into account the differences
in their melting temperature and stacking fault energy value.

METHODS

Al (99.99 %), Ni (99.5 %), and Cu (99.99 %) were used
as research materials. Plates cut from forged and annealed
coarse-grained billets, were subjected to cryogenic defor-
mation to a total strain of 90 % (e=2.3) on a laboratory iso-
thermal six-roll mill with a removable work rolls diameter
of 64 mm. Isothermal rolling conditions were ensured by
pre-cooling the work rolls and blanks in a bath of liquid
nitrogen for 1 h. The deformed blanks were cooled after
each pass and the rolls — after 4-5 passes. The absence of
nitrogen boiling was the criterion for achieving the required
temperature. The deformation temperature of Ni, Cu and Al
was about 0.05, 0.06 and 0.08 of their melting point, conse-
quently. The strain per pass did not exceed 7 % at a rolling
speed of about 100 mm/s. The rolled strips were stored in
a freezer at a temperature of —18 °C. The duration of their
room temperature annealing during the subsequent TMT
stage, as well as during the objects fabrication and analysis
of the structure and properties of metals, was recorded to
control the degree of their softening.

Using a MIU-20 device, EPT was carried out on flat
samples with a gauge part of 3x4 mm cut on an electric
spark machine from cryo-rolled strips 0.4 mm thick along
the direction of their rolling. The selected thickness guaran-
teed the absence of skin effect in the working area of sam-
ples, made of all metals and the uniform distribution of
thermal and electrical flows over their cross section.
The samples were fixed in clamps served as current con-
ductors during the discharge of the capacitor bank. The cur-
rent pulse was recorded using a Rogowski coil, and an
AKTAKOM ASK-3107 storage oscilloscope. As the pulse
energy criterion, the integral current density K; was taken,
which was calculated using the following equation [22]:

where j is the current density;

7 is the pulse duration;

k is the Rogowski coil coefficient;

S is the cross-sectional area of the sample;

Ay, Ay and Aj are the first, second, and third amplitudes of
the damped pulse, respectively.

During EPT, the sample was heated according to
the Joule — Lenz law. Due to pulsed thermoelectric action
of about ~107*s, reliable measurement of sample heating
temperature (7,) was a difficult technical point. In this re-
gard, as recommended in [22], this temperature was deter-
mined by the calculation method, assuming that

2
J or
— =pCc— ,
c P ot

e

where p, ¢, 6, are the density, heat capacity and electrical
conductivity of the metal being processed, respectively.
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By integrating this equation, the authors obtained
the dependences of the heating temperature of metals on
the integral pulse current density.

The microstructure of metals was analysed in the rolling
plane by the EBSD method using a TESCAN MIRA 3
LMH scanning electron microscope, and the HKL Chan-
nel 5 software package. Diffraction patterns were indexed
by 6 Kikuchi lines with a scanning step of no more than
0.5 um. A grain-boundary angle of 15° was used as a crite-
rion for dividing into low- and high-angle boundaries
(LABs and HABs). The sizes of grains and subgrains
(d, and d,,) were determined by the equivalent diameter
method. The average grain-boundary angle of intercrystal-
line boundaries (6,,) and the fraction of high-angle and
twin boundaries (Fj,, and Fx) were determined from
the grain-boundary angle spectra. In this case, boundaries
with ®<2° were not taken into account. The fraction of re-
crystallized grains (F,..) was determined as the ratio of the
area they occupy to the area of the map.

X-ray diffraction analysis (XRD) was carried out on
a DRON-4-07 diffractometer in Cu-Ka radiation at a volt-
age of 40 kV and a current of 30 mA with a wavelength of
A=1.54418 A. The scanning was carried out with a rotating
sample, a step of 0.1° and an exposure time of 4 s, using
a graphite monochromator on a diffracted beam. The root-
mean-square microstrain of the crystal lattice (<e*>'?) and
the size of coherent domain size (D) were calculated
by full-profile analysis in the MAUD software package.
The dislocation density (p) was determined as

N =

2\/§<82>
p:D—xb s

where b is the Burgers vector.

The strength of metals was assessed by the microhard-
ness level determined by the Vickers method using
10 measurements on an MVDM 8 AFFRY hardness tester
at loads of 1 and 0.5 N and duration of their application of
10 s in the central part of the rolled strips and samples sub-
jected to EPT.

Structure analysis and assessment of the hardness of
metals were carried out in laboratory conditions. In this
case, the total duration of cryo-rolled samples at room tem-
perature required for preparation of objects (samples for
EPT) and their structural and mechanical analysis did not
exceed 24 h.

RESULTS

Tables 1 and 2 show the results of assessing the linear
and angular parameters of the structure of Al, Cu, and Ni,
as well as their hardness recorded after cryogenic rolling
and EPT with different integral current densities. Even
a cursory glance at these data allows concluding that the
implemented TMT scheme makes it possible to effectively
control the processes of deformation structure transfor-
mations of all studied metals, to comparatively easy change
its type and parameters, and most importantly, to ensure
the achievement of its main goal. In particular, to obtain
sheets in three main structural states: 1) with a developed
dislocation-cellular structure with nanosized cells; 2) with

a homogeneous UFG structure with a grain size of 1-3 pum;
3) with an “intermediate” composite structure with con-
trolled dislocation density and ratios of the main compo-
nents, as well as low- and high-angle boundaries.

As should be expected, due to the lowest melting tem-
perature (the highest homologous CR temperature),
the least dispersed (with the largest crystallite sizes) struc-
ture of all types was recorded in aluminium (Table 1). Such
a result was caused by the formation during cryogenic roll-
ing of coarsest and the least developed cellular structure
with an integral dislocation density almost an order of
magnitude lower than in other metals (Table 2). Another
fact that attracted attention was that with an increase in
the pulse energy (heating temperature) during EPT,
the hardness of cryo-rolled metals noticeably decreased.
At the same time, the almost twofold softening observed in
the studied range of integral current densities was caused
primarily by the activation of recrystallization processes
(see changes in F,,. and F,;, in Table 1 and dislocation den-
sities in Table 2).

Despite the differences in the structure types and pa-
rameters and in the level of strength of metals recorded
at various TMT stages, there was a similarity in their be-
haviour during EPT. Thus, the dependences of the hardness
of all cryo-rolled metals on the homologous temperature of
their heating turned out to be qualitatively similar (Fig. 1).
These dependences consist of three characteristic tempera-
ture regions indicating a similar nature and kinetics of
the development of thermally activated processes under
electric pulsing. In the first region, the deformation struc-
tures were relatively stable and retained the maximum
strengthening effect recorded after rolling. In the second
and third regions, the metals became softer. In the second
region, intensive softening was occurred in a narrow tem-
perature range. In the third region, on the opposite, it was
observed weak softening, leading to an almost complete
loss of deformation and structural (due to grain refinement)
hardening by cryorolled metals.

It is noteworthy that for all three metals, the boundaries
between the marked regions were quite close, although
the parameters of their deformation structure and the level of
stacking fault energy were different. Thus, the deformation
structure of Ni was retained after EPT up to the temperature
of heating the sample to 0.33 7, with its SFE of about of
90 mJ/m’, Cu — up to 0.38 7,, with the SFE of about
70 mJ/m?>, and Al — up to 0.42 T,, at SFE of about 200 mJ/m>.
To define more exactly, the SFE values of metals are given
based on the averaged values published in [27-29]. Intense
softening of Ni was completed at 0.36 7,,, Cu and Al — at
0.42-0.45 T,,. At first glance, these data indicated the ab-
sence of SFE influence on the structural and mechanical
behaviour of metals during TMT. However, in reality, this
effect took place in the form of structural manifestations of
the processes of accumulation of internal stresses during
rolling and their relaxation during EPT. Thus, when rolling
aluminium, its highest SFE level contributed to the least
accumulation of dislocations and lattice distortions among
the metals studied due to the easiest dynamic recovery.
During EPT, the same factor ensured the development of
polygonization in aluminium, which preceded recrystalliza-
tion. Meanwhile in copper and nickel there were observed an
active twinning, resulting in new a smaller size of recrystal-
lized grains due to the lower mobility of twin boundaries.
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Table 1. EBSD data on metals structure parameters after cryorolling to 90 %

and further single electropulsing with different energies

Taonuuya 1. Ilapamempor cmpykmypol kpuokamanwix 0o 90 % u nodseperymoix oonokpamuoti SMO
€ PasnuyYHOU dHepauell UMNYIbCa Memanios no oanuvim EBSD-ananuza

Metal State 10 Alz(é’/mm“ % T/ T ﬁsfﬁ :Lifl’l IT% f})é‘;’ F'%b’ f/i
CR - 203 | 031 2.040.3 4.00.4 3 7 11 -
1.0 398 | 042 2.0£0.4 4.0+0.8 6 6 | 23 | -
Al EPT 12 23 | 045 5.0403 190611 | 66 | 31 | 76 | -
2.9 623 | 067 | 140:05 | s30+13 | 76 | 32 | 74 | -
CR - 203 | 017 0.240.1 2.540.5 3 7 7 | <«
_ 1.0 573 | 033 1.30.2 1.9+0.4 5 5 4 | 44
N EPT 1.1 593 | 0.34 2.8+0.6 32606 | 92 | 47 | 92 | 4
1.6 943 | 0.5 4.4+1.0 47509 | 95 | 48 | 92 | 41
CR - 203 | 020 0.340.1 0.720.2 5 | 17 | 3| 2
3.5 513 | 038 0.420.1 0.9+0.1 37 | 21 | 42 | s
« EPT 3.8 573 | 042 0.840.2 1.0£0.2 8 | 39 | 79 | 22
6.8 923 | 0.68 1.240.2 13403 9% | 43 | 88 | 30

Note. K; is integral current density,
T,/T,, is heating/melting temperature;
d, and d, are grain and subgrain size, respectively,

F.., Fy and Fs are fraction of recrystallized grains, high-angle boundaries

and twin boundaries, respectively,

0, is average angle of grain boundary misorientation.
IIpumeuanue. K; — unmezpanvnas niomuocmes moxa,

T,/T,, — memnepamypa Hazpesa/niasnenus;

dy u dy, — pasmep 3epna u cyb3epna coomeemcmeenno;

F o, Fpp u Fx— 00251 pexpucmaniu308anmvix 3epet, 8blcOK0Y2108bIX 2PaHUY

U OBOUHUKOBLIX epanuly, COoomeemcmeeHHo,

0, — cpeonuil y2on pazopuenmuposKu MedCKPUCMALIUIMHBIX SPaAHUY.

Data in Table 2 also follow that the maximum strain en-
ergy was stored in nickel, the homologous rolling tempera-
ture of which was the lowest, and the SFE level was close
to copper. Therefore, to activate recrystallization in nickel,
processing with the minimum pulse energy for three metals
was required. As a result, after EPT, even with an energy of
only Kj=l.1X104 A’s/mm*, it was possible to fix in nickel
a grain structure close in degree of dispersion to copper,
and treated with a current pulse with an integral density
almost 4 times higher (Table 1). At the same time, it should
be noted that EPT of copper with Kj=3.5X104 A’s/mm* did
not lead to significant changes in the linear parameters of
the structure and hardness with a simultaneous increase in
the proportion of HABs and recrystallized grains against
the background of a twofold decrease in internal lattice
distortions. At the same time, the homologous rolling tem-
perature of copper was slightly higher, and occupied an
intermediate position among the metals studied, and its SFE
was slightly lower than in nickel. Structural changes during
EPT detected in copper were caused by the greater intensity
of the processes of static recovery and recrystallization,

leading to a more significant increase in the structure equi-
librium, and to a significant compensation of the softening
effect by the strengthening one, caused by the formation of
submicron-sized grains. In other words, probably the more
active formation and improvement of the structure of ultrafine
crystallites, and their boundaries were the reason for the less
intensive softening of cryorolled copper in this EPT area.
When increasing current density to Kj=3.8><104 A’s/mm”*,
the stored deformation energy (and hardness) of copper,
similar to nickel and aluminium, sharply decreased due to
the transformation of the subgrain structure into a partially
recrystallized one with significantly larger subgrains
(Table 1). This structure was also characterized by almost
complete levelling of lattice microdistortions, due to a de-
crease in the dislocation density to an equilibrium level
(Table 2). A further increase in the pulse energy upon tran-
sition to the third EPT temperature range, led to the recrys-
tallization in the full volume of the processed materials
accompanied by subsequent normal growth of recrystal-
lized grains (Table 1), which was able to occur even with
an extremely short time of exposure of electric current.
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Table 2. XRD data on structure parameters and hardness of metals after cryorolling to 90 %
and further single electropulsing with different energies
Taonuya 2. [lapamempuor cmpykmypwut no daruvim PCA u meepoocme kpuokamanwvix 0o 90 %
u noogepenymuix oOHokpamuoti MO ¢ pasnuunou sHepauell UMNYIbCa Memanios

I(j’ Th’ P <£2>1/29 D’
Metal State 104 Azs/mm4 K Th/Tm 1014 m_z % nm HV
CR - 293 0.31 0.5 0.060+0.001 340+4 4945
1.0 398 0.42 0.2 0.014+0.003 156+2 49+4
Al
EPT 1.2 423 0.45 96+3 314
<0.01 0.001+0.001
2.9 623 0.67 12344 26+5
CR - 293 0.17 3.5 0.165+0.002 68+4 246+8
1.0 573 0.33 0.2 0.116+0.001 75+3 24247
Ni
EPT 1.1 593 0.34 12942 101£8
<0.01 0.001+0.001
1.6 943 0.55 14142 91+9
CR - 293 0.20 4.5 0.186+0.004 5742 152+7
3.5 513 0.38 32 0.111+0.005 48+2 143+8
Cu
EPT 3.8 573 0.42 67+4 96+7
<0.1 0.001+0.001
6.8 923 0.68 1004 8148

Note. K; is integral current density; T,/T,, is heating/melting temperature; p is dislocation density;

12 .

2 . . . . . .
<¢”>"" is root-mean-square microstrain of crystal lattice; D is coherent domain size.

IIpumeuanue. K; — unmezpanvnas nnomnocmo moxa; Ty/T,, — memnepamypa nazpesa/niasnenus;

. 2
P — NJIOMHOCMb 0u0ﬂ0Kaz4uu; <>
D — pazmep obracmeti Ko2epenmHo20 paccesaHus.

12

— CPEOHeKBAOPAMUYHASL MUKDOOCDOPMAYUsL KDUCIATIULECKOU PEULemKIL;

300
—o—Al
250 —O— Ni
—r—
200 Cu
>
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T /T

Fig. 1. Changes in hardness of cryorolled metals
after room temperature annealing and further heating to a T, temperature due to electropulsing
Puc. 1. Hzmenenus meepoocmu KpUOKAMAHBIX MEMALIO08, 6bI36AHHbIE OMAICUSOM
npu komHamrot memnepamype u IHO ¢ nazpesom 0o memnepamypul T,
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DISCUSSION

The generalized character of behaviour of cryodeformed
metals during EPT can be represented as follows. In
the first temperature range, the main mechanism for their
structure transformation was static recovery, which led to
a decrease in the defectiveness of the deformation struc-
ture and its improvement. Along with the recovery, static
recrystallization developed locally, and prevailed in
the second temperature range. As a result, when heating
nonequilibrium work-hardened metals within this range,
their predominant dislocation-cellular structure was al-
most completely replaced by an equilibrium grain-type
one, which was accompanied by a decrease in their
strength almost to the level of undeformed metal. In
the third range there was occurred normal grain growth,
which led to further softening of metals due to the loss of
the Hall-Petch effect caused by the refinement of recrys-
tallized grains [18].

Compared to the continuous static recrystallization, ob-
served during furnace annealing of metals highly deformed
at room temperature [2; 18], during EPT in the range of
0.3-0.4 7,,, the main process of transforming the defor-
mation structure of cryorolled metals, was a transition pro-
cess of the structure improvement by the in situ type, con-
trolled by a recovery, to normal grain growth. A sharp drop
in hardness at the boundary of the first and second tempera-
ture ranges in Fig. 1 was caused by two main reasons. On
the one hand, the growth of individual nanosized crystal-
lites formed during rolling, which could potentially serve as
recrystallization centres, intensified. On the other hand, due
to the structural heterogeneity inherent in the deformed
state and the different recrystallization kinetics in each in-
dividual grain, grains formed in situ in the deformed struc-
ture acquired the potential for accelerated growth. When the
pulse energy/heating temperature, during EPT, reached
a certain “thresshold” level, some grains were “freed” from
defects, which activated their growth, while neighbouring
grains still “occupied” with high-densities of dislocations
and, could undergo polygonization or twinning. The grain
growth was the result of migration of their boundaries,
which occurred under the influence of driving forces caused
by previous deformation. The migrated boundaries of grow-
ing grains absorbed the crystal structure defects (vacancies,
dislocations and other boundaries) [18], which led to a de-
crease in the internal energy of the system and, as a conse-
quence, to a decrease in the metal strength level achieved
due to rolling.

It should also be noted, that the boundaries of new
grains formed as a result of severe low-temperature de-
formation had increased specific energy, and accordingly,
the ability to migrate more quickly during EPT. In con-
trast to such boundaries, low-energy low-angle boundaries
of both dynamically and statically formed cells had less
mobility. As a result, at low heating energies/temperatures,
migration of the boundaries of recrystallized grains pre-
dominantly took place towards the deformed matrix. At
higher energies, in particular, after the deformed structure
disappearance (the end of the transition from the poly-
gonization and recrystallization processes to normal grain
growth), grain boundaries continued to migrate under
the influence of a driving force, caused by a decrease in

the local radius of their curvature. This process was ac-
companied by an increase in grain sizes due to their nor-
mal growth [18].

Based on the above, and considering the results of few
investigations [5; 10; 18; 26], one can conclude that
the processes occurring during EPT of cryorolled fcc me-
tals are close to the ones occurring at static annealing of
cold-strained materials: static recovery, continuous static
recrystallization, and grain growth. At that, the short dura-
tion (pulse nature) of the thermal effect on the deformed
metal during EPT was compensated by the high applied
energy. Since recovery and static recrystallization are con-
trolled by self-diffusion [18; 30], then, according to
the Arrhenius law, even a slight increase in the EPT tem-
perature/energy should lead to a noticeable increase in
the rate of these processes, and consequently, to a de-
crease in the time of their completion, which is what we
observed in the experiments.

Thus, the data obtained cannot testify for either the
presence or absence of the “electron wind” effect, which
could have a noticeable impact on the structural and me-
chanical behaviour of cryorolled fcc metals during high-
dense electropulsing. All experimental results found and
discussed can be explained from the well-known, classical
positions developed for conventionally work-hardened ma-
terials, subjected to annealing without exposure to electric
current.

CONCLUSIONS

1. Thermomechanical treatment based on a combination
of severe plastic deformation at cryogenic temperatures,
and subsequent high-dense electric pulsing, is an effective
way to produce sheets of pure fcc metals with controlled
structure, and strength parameters, including those with
homogeneous UFG recrystallized structure with a grain size
of 1-3 pm, and a developed dislocation-cellular structure
with nanosized cells.

2. The processes of softening of cryorolled fcc metals
under electric pulse exposure to high-density currents, are
similar in nature and kinetics and are characterized by the
presence of clearly defined three energy/heating tempera-
ture intervals. In the first of them, EPT has virtually no ef-
fect on the level of metal hardness after cryogenic rolling to
high strains. In the second one, starting from a certain
“threshold” value of the integral current density K corre-
sponding to the calculated temperature equal to 0.33 7, for
nickel, 0.38 T, for copper and 0.42 7,, for aluminium, their
hardness is significantly reduced, due to the activation of
static recrystallization of the deformation structure. When
the heating temperature exceeded the values equal to
0.36 T, for nickel, and 0.42-0.45 T,, for copper and alumi-
nium, the third EPT region is observed, which accompa-
nied by low hardness loss to the values corresponding to
the original undeformed states, caused by the recrystallized
grain growth.

3. The processes of transformation of a highly work-
hardened structures during EPT of cryorolled fcc metals,
are close to the processes occurring during static annealing
of cold-deformed materials — static recovery, continuous
static recrystallization and grain growth.
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Annomayua: IIpoBeneH CpaBHUTEIbHBIN aHATU3 CTPYKTYPHI M TBEPIOCTH YHCTBIX METAIIOB C FPAaHELIEHTPUPOBAHHOMN
KyOMUYEeCKOH peIIeTKOll — aJIOMHUHUS, HUKENS W MEIH, MOJBEPTHYTHIX KOMIIJIEKCHONH TepMOMEXaHH4YEecKoil oOpaboTke
(TMO), BkiIrOuYaBIIeH N30TEPMUUECKYIO KPHOT€HHYIO TIPOKATKY MPH TEMIIEPaType KHUAKOTO a30Ta M MOCIEAYIONIYIO 3JIeK-
TPOMMITYJBbCHYIO 00paboTKy (DMO) TokamMu BBICOKOH INIOTHOCTH. PaccMOTpeHBI OCHOBHBIE 3TaIbl, 0COOCHHOCTH U Mpe-
umyiectsa TMO, obecrieunBaroniye cHavala CHUIIBHbIM Hakjen o0padaTeiBaeMOro Marepuaia 3a cuet JaedopMmanuu npu
OTPHIATENIBHBIX TEMIIEPaTypax, a 3aT€M €r0 CBepXOBICTPHIN KOHTAKTHBIHN AJIEKTPOUMITYJIECHBIN HarpeB 10 3aaHHON TEeM-
nepatypsl. C HCIOJIB30BAaHMEM COBPEMEHHBIX METOJOB CKAHUPYIOIIEH JIIEKTPOHHON MMKPOCKOIMHM W PEHTIeHO-
CTPYKTYPHOTO aHaJM3a MPOBEICHO MHOTOYPOBHEBOE MCCIIEIOBAHNE CTPYKTYPhI METAJUIOB MOCJIE OCHOBHBIX 3TarmoB TMO
¢ ¢uKcanyeil MIMPOKOrO CIEeKTpa ee JTUHEWHBIX M YTIIOBBIX NapaMeTpOB. BEIABIICHBI KMHETHKA M MPHPOJA IMIPOIECCOB
TpaHcopMauy CTPYKTYphl METAIIOB Npu Kpuorpokarke 1 WO, nx ABmKymas cuia U KOHTPOJIHUPYIOMHKE (aKTopHl,
a TaKke oOIIMe 3aKOHOMEPHOCTH W TEMIIepaTypHbIC HHTEPBAJIbl aKTUBALIMKM BO3BpaTa M PEKPUCTALIM3ALNH AedOopMaIu-
OHHOM CTPYKTYpBI MOJ BO3AEHCTBHEM AIEKTpouMIlysibca. Ha ocHOBE pe3ynbTaToB aHalIM3a CTPYKTYPHO-MEXaHUUECKOrO
TIOBE/ICHHS METAJUIOB C/IeJIaH BBIBOA O TOM, YTO cOYeTaHHE OOJBIION IIIaCTHYEeCKOW KPUOTEHHOH Jedopmanuu ¢ mocie-
JIyIOIIeH OJTHOKpATHOI 00paboTKOM yIbTPaKOPOTKUMH MMITYJIbCAMU IIEPEMEHHOTO TOKa SBIIsIETCS () (PEKTHBHBIM CIIOCO-
O0M IoJTy4eHHs oIy (aOPUKATOB C PErJIaMEHTHPOBAHHBIMY ITapaMeTPaMH UX CTPYKTYPbI M CBOMCTB, B T. 4. BBICOKOIIPOY-
HOTO YJIBTPAMEIKO3EpHHUCTOro mpokara. Ilpn 3ToM (peHoMeHoorus U mpHupoaa yIpOYHEHUs/pa3yIpOYHEHNS METaJIOB
IIPU KPHOTEHHOM MPOKATKEe M MOCIEAyIoei 00padoTke NMITYyIbCaMi TOKA aHAJIOTHYHBI HAOJIOJAFOIIUMCS TIPH XOJIOTHON
MIPOKATKE ¥ IEYHOM OTIXKHTE.
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Abstract: Currently, an active increase in requirements for fuel efficiency and specific gravity of aircraft turbojet en-

gines is observed. Existing coatings based on zirconium dioxide intended for protecting engine parts are largely outdated
and have exhausted their development potential, so new ceramic systems for the production of protective coatings based
on them are an area of research. The authors carried out a study of a heat-resistant two-layer coating based on the Y-AI-O
system (outer layer) and the Ti,AIC MAX phase of the Ti—Al-C system (sublayer) produced using vacuum-arc deposition
on the Inconel 738 heat-resistant nickel alloy and molybdenum by alternate deposition of layers based on Ti—Al-C and
a Y-AI-O layer. Using synchrotron radiation, phase transformations in the coating were examined when samples were
heated to 1400 °C in a vacuum and to 1100 °C in the atmosphere to study the process of oxidation and coating for-
mation in the presence of oxygen. Using scanning electron microscopy, the authors studied the microstructure and
chemical composition of the coating. The study identified that heating the coating in a vacuum and in the atmosphere
causes various phase transformations in it, but in both cases, the formation of a mixture of oxides of the Y—-AI-O group
and destabilization of the Ti—Al-C-based sublayer are observed. After heating the coating in the atmosphere without
preliminary heat treatment, the coating was destroyed upon cooling, which was not observed when the coating was

heated in a vacuum.

Keywords: heat-resistant coating; ceramic coating; MAX phase; yttrium oxide; vacuum-arc deposition; synchro-

tron radiation.
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INTRODUCTION

In modern aircraft engine building, there is a constant
search for ways to improve the efficiency of gas turbine
engines, due to the growing requirements of aviation regu-
lators. It is known that to improve the efficiency and speci-
fic power of engines, the main task is to increase the operat-
ing temperature in the combustion chamber, and turbine,
which leads to increased requirements for the materials
used. Nickel alloys traditionally used in turbines are capa-
ble of operating at temperatures up to 1050 °C at the alloy
surface; however, this is not enough to operate in modern
engines. Therefore, to protect the blades of gas turbine
engines, industry applies multilayer heat-barrier and
heat-resistant coatings consisting of a sublayer based on

MeCrAlY or the Ni—Al-Pt system, and an external co-
lumnar thermal barrier layer based on zirconium dioxide,
stabilised with ZrO,-Y,0; (6...8 wt. %) yttrium oxide.
The sublayer based on MeCrAlY, or the Ni-Al-Pt system
during operation creates an oxide film layer that prevents
oxygen diffusion to the substrate material [1-3]. This pro-
tective coating architecture allows the blades to operate at
ambient temperatures up to 1300 °C by creating a tempera-
ture gradient, between the layer surface and the inner part
of the cooled blade [4—6]. However, the mentioned combi-
nation of coatings is rapidly becoming obsolete, and is not
suitable for the next generation of gas turbine engines,
whose operating temperature exceeds 1500 °C in the tur-
bine [7-9]. The reasons for such obsolescence, were
the phase transformations occurring in the ceramic layer
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at temperatures above 1300 °C on the coating surface,
the ceramic layer sintering, a sharp increase in thermal con-
ductivity, and degradation of the heat-resistant sublayer.
This leads to the impossibility of further increasing the ope-
rating temperature of gas turbine engines without a cata-
strophic drop in the service life of the blades [10-12].

The listed factors actualise the search for new heat-
resistant and heat-barrier coatings to protect the engine
blades of the next generations. One of the promising candi-
dates for replacing the traditional ZrO,-Y,0;, coating is
the Y=AI-O system including stable Y;Al;0;,, YAIO; and
Y,ALLOy compounds, which demonstrate promising high-
temperature characteristics, such as oxidation resistance, and
a relatively high thermal expansion coefficient [13—15]. One
of the promising candidates for replacing the MCrAlY
(Ni—Al-Pt) sublayer can be a coating consisting of
the M, AX,, phase of Ti,AlC. The M,,;;AX, phase of Ti,AlC
has high heat resistance due to the formation of a strong
a-AlLO; oxide film, and a relatively high thermal expansion
coefficient, that allows creating a transition oxidation-resistant
sublayer under the Y-—AI-O ceramic coating [16-18].

Another important task is the study of the structure and
phase transformations in a combined coating, during heat-
ing to understand the processes occurring in the coating.

The purpose of this work is to study structural and phase
transformations, in a combined Y-Al-O+Ti—Al-C coating
when heating the sample in a vacuum, to a temperature of
1400 °C in real time using synchrotron radiation.

METHODS

The coatings of the Ti—Al-C system and the Y-AIl-O
system were deposited using a modernised NNV-6.6-11 in-
stallation. The coating was applied to the Inconel 738 alloy
and commercially pure (99.96 %) molybdenum. To study the
qualitative phase composition, and phase transformations in
the coating in real time, when heating the sample to 1400 and
1100 °C, the authors used the following equipment: VEPP-3
synchrotron radiation source of the Institute of Nuclear Phy-
sics of the Siberian Branch of the Russian Academy of Sci-
ences, an Anton Paar HTK-2000 high-temperature X-ray
camera, OD-3M-350 position-sensitive single-axis detector,
and Origin software for data processing.

Due to the peculiarities of the imaging technique using
synchrotron radiation with heating in the atmosphere,
the maximum test temperature was limited and amounted to
1100 °C. All diffraction patterns are presented in the angle
scale corresponding to CuKo radiation (0.15406 nm). To
estimate the quantitative content of phases, a method of
shooting without a standard was used, based on assessing
the ratio of the intensity of the desired phase reflexes to
the total intensity of oxide reflexes in the diffraction pattern.
The coating structure was studied using a JEOL JSM-6390
scanning electron microscope. Secondary electron mode was
used to obtain images of the polished section surface.
The coating chemical composition was assessed using
the INCA Energy system for energy dispersive microanalysis.

The Ti—Al-C coating was applied by the vacuum-arc
method, assisted by a plasma source with an incandescent
cathode, through which a mixture of acetylene and argon
was supplied in a ratio of 1:4. The discharge current
was 10 A. The current on the arc evaporators was 50 and
80 A for titanium and aluminium, respectively, the pressure

in the chamber was 0.3 Pa. Coating deposition time was
2 h. After coating deposition, vacuum heat treatment was
carried out at a temperature of 800 °C for 2 h.

The Y—AI-O coating was applied using the vacuum-arc
method. A mixture of oxygen and argon was supplied to
the chamber in a ratio of 54.5 I/h of argon to 42.7 I/h of
oxygen. The discharge current was 55 A. The current on
the arc evaporators was 60 and 80 A for yttrium and alu-
minium, respectively, the pressure in the chamber was
0.3 Pa. Coating deposition time was 2 h.

RESULTS

The study of phase transformations in a Ti-Al-
C+Y-AI-O coating when heating in a vacuum

Fig. 1 demonstrates a series of X-ray photographs of
the process of heating a coated molybdenum sample in
a vacuum, in the form of a projection of the intensity of
reflexes, onto the “diffraction angle — temperature” plane.
The first frames show that in the initial state, the coating is
an amorphous structure — the X-ray diffraction pattern
shows a smooth increase in the diffracted intensity, with
a maximum in the region of angles of 26 ~29...31°. Indivi-
dual reflexes belonging to yttrium and aluminium are re-
corded. No reflexes of titanium or phases containing titani-
um and carbon are observed in the diffraction pattern of
the initial sample (before heating).

When the sample is heated in a vacuum to 1400 °C,
a series of X-ray diffraction patterns shows a change in
the phase composition of the coating, which begins at
a temperature of ~1200 °C. The amorphous component
disappears, and predominantly phases of YAIO; mixed ox-
ide and Y,0; yttrium oxide appear. Reflexes related to
phases containing titanium or carbon are still not observed.
There are no further changes in the coating phase composi-
tion when keeping the sample at a temperature of 1400 °C.
Fig. 2 presents the final diffraction pattern of a sample with
a Ti—Al-C+Y-AIl-O coating on molybdenum after cooling
to room temperature.

The study of phase transformations in a Ti-Al-
C+Y-Al-O coating when heating in the atmosphere

Fig. 3 shows a series of X-ray diffraction patterns of
the process of heating a coated Inconel 738 alloy sample in
the atmosphere in the form of a projection of the reflex in-
tensity onto the “diffraction angle — temperature” plane.
The first frames show that in the initial state, the coating
has an amorphous structure with separate yttrium and alu-
minium reflexes. During heating at a temperature of
~890...910 °C, the broad maximum associated with the amor-
phous component begins to disappear, and reflexes begin to
appear. Their identity is difficult to be accurately deter-
mined due to thermal expansion. At the same time, the re-
flexes of the Y,0;, YAIO; and Y4Al,O4 oxides appear. Re-
flexes related to titanium or carbon-containing phases are
still not observed. With further exposure of the sample at
a temperature of 1100 °C for 1 h, the coating phase com-
position practically does not change, except for the disap-
pearance of reflexes of aluminium and phase transfor-
mations, at the beginning of exposure, which is associated
with the diffusion processes, and the formation of oxides
in the coating. When cooling the sample after exposure, at
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Fig. 1. Series of diffraction patterns of the process of heating a sample with a combined Ti—Al-C+Y-AI-O coating

on molybdenum in a vacuum in the form of a set of reflexes in the “diffraction angle — intensity — temperature” coordinates
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Fig. 2. Diffraction pattern of a sample with a combined Ti—Al-C+Y-AI-O coating
on molybdenum after heating and cooling in a vacuum
Puc. 2. [lugppaxmozpamma obpasya ¢ kombunuposanuvim nokpvimuem Ti—Al-C+Y-AI-O
Ha MoubOeHe nociie npospesa u OCMblEAHUsL 8 BAKYYME

a temperature of ~420 °C, partial coating destruction and
peeling occurs, as well as a change in the optical scheme of
the experiment, so the final coating composition could not
be determined with sufficient accuracy. Therefore, the be-
longing of reflexes indicated in Fig. 3 and 4 is a matter of
judgment. Unlike the previous heating experiment, a complex
Y,ALL,Oy oxide with a monoclinic structure was formed in

this coating. The high intensity of chromium reflexes pre-
sent in the Inconel 738 alloy is worth noting. The appear-
ance of chromium reflexes indicates a loss of coating conti-
nuity and beam penetration to the substrate layer.

Fig. 4 shows the final diffraction pattern of a sample
coated with Ti—Al-C+Y—AI-O on the Inconel 738 alloy
after cooling to room temperature.
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Fig. 3. Series of diffraction patterns of the process of heating a sample with a combined Ti—Al-C+Y-AI-O coating

on the Inconel 738 alloy in the atmosphere in the form of a set of reflexes in the “diffraction angle — intensity — temperature”’ coordinates
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Fig. 4. Diffraction pattern of a sample with a combined Ti—Al-C+Y-AI-O coating on the Inconel 738 alloy
after heating and cooling in the atmosphere
Puc. 4. Jugppaxmozpamma obpaszya c kombunuposannvim nokpvimuem Ti—Al-C+Y-AI-O na cnnase Inconel 738
nocie npoepesa u OCmuléanus 6 ammocpepe

The study of the coating structure and chemical
composition

Fig. 5 and 6 present the results of scanning electron mi-
croscopy of samples, with a Ti—Al-C+Y-Al-O coating
deposited on the Inconel 738 alloy. Analysis of the images
shows the formation of 2 regions: on the outer surface of

the sample there is a Y-AI-O coating, demonstrating a ra-
ther non-continuous layered structure (without vacuum heat
treatment), underneath there is a Ti—Al-C sublayer (sub-
jected to vacuum heat treatment), which retains its continuity
and adhesion to the surface. In the Ti—Al-C layer, an in-
creased nickel content is observed (up to 57 wt. %).
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No diffusion is observed between the Y-AIl-O and Ti—Al-
C layers. Under the coating, two characteristic diffusion
zones saturated with aluminium are observed in the alloy.

Table 1 presents a set of points for spectral elemental
analysis of coatings. Diffusion zone I (Fig. 5) is located
from the boundary of the Ti—Al-C coating deep into the
nickel alloy, and has a thickness of ~11 um. According
to elemental analysis, the zone covered by spectra 9 and 11
consists of intermetallic compounds of the Ni—Al system
(spectra 9—11 in Fig. 6 and in Table 1) and possibly con-
tains the d-phase of the Ni,Al; intermetallic compound,
which is stoichiometrically appropriate. This zone also con-
tains an increased content of chromium, which is released
along the d-phase boundaries in the form of finely dispersed
particles less than 1 um in size. Diffusion zone II (Fig. 5)
is located under diffusion zone I, and has a thickness of
7 um. The structure of this zone is characterized by nee-
dle-like precipitates of excess phases based on chromium
and cobalt.

DISCUSSION

The presented results showed that immediately after
deposition, the Y—AI-O coating has an amorphous struc-
ture, which was also observed in the works of other authors
[15; 21]. To crystallise the YAIO; phase, it is necessary to
exceed a certain energy level, and maintain the required
temperature. Moreover, the cooling rate must be low
enough to complete the rearrangement of atoms, and
the formation of long-range order [15]. Such conditions can
be implemented under conditions of vacuum-arc coating
deposition using additional heating sources. However, in
this case, due to the non-stationary conditions of deposition
at each point of the vacuum chamber, and the sputtering
of more low-melting elements during additional heating,

20kv  X2,000

10pm

a shift from the stoichiometrically required phase com-
position and the formation of secondary phases will oc-
cur. Therefore, to form the required phase composition,
it is rational to carry out subsequent heat treatment of
the coating.

The results of studying changes in the phase composi-
tion, during vacuum heating of the Y-Al-O coating
(Fig. 1), showed that for its complete crystallisation and
decomposition of secondary phases, the required annealing
temperature is 1200 °C. In this case, the coating phase
composition will be represented predominantly by the re-
quired YAIO; phase with a small content of the Y,O;
phase. Semi-quantitative analysis based on assessing
the ratio of the intensity of the YAIO; phase reflexes to
the total intensity of all oxide reflexes of the diffraction
pattern (Fig. 2), showed that the content of the required
phase in the coating is ~85 %. The formation of the Y,0;
phase is caused by the high yttrium content in the coating —
up to 60 wt. % (Table 1, spectra 1-5). It follows from this
that to form a homogeneous YAIO; coating, it is necessary
to increase the aluminium component content.

In the work [22], it was noted that the Y,0; phase in-
creases the coating adhesion and has a thermal expansion
coefficient similar to the YAIO; and Al,O; phases. When
the coating is heated in air (Fig. 3), coating crystallisation
occurs at lower temperatures. The formation of oxide phas-
es occurs already at a temperature of 890 °C. Presumably,
this is related to the fact that due to the excess concentration
of oxygen from the atmosphere, the surface oxidation oc-
curs, and specified reflexes represent the phase composition
of the surface layer, and not the coating as a whole. In this
case, during the cooling process, coating peeling occurred,
which is associated with stresses and cracks that appeared
immediately after deposition (Fig. 5), as well as with a high
oxidation rate compared to vacuum heating. The formation

Substrate
10 56 SEI

Fig. 5. The structure of the combined Y-AI-O+Ti—AI-C coating on the Inconel 738 alloy after deposition
Puc. 5. Cmpyxmypa kombunuposannozo nokpvimusi Y—Al-O+Ti—AI-C na cnnase Inconel 738 nocne ocascoenus
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Table 1. Results of spectral analysis by points
Taonuya 1. Pesynvmanivi CReKMpaibHO20 AHAAU3A NO TMOYKAM

Spectrum (0] Al Ti Cr Co Ni Y
Spectrum 1 22.34 17.67 0.00 0.00 0.00 0.00 59.99
Spectrum 2 26.01 16.05 0.00 0.00 0.00 0.00 57.95
Spectrum 3 25.25 16.28 0.00 0.36 0.00 0.00 58.11
Spectrum 4 20.84 20.13 0.33 0.00 0.00 0.00 58.70
Spectrum 5 17.717 29.22 5.72 0.00 0.00 1.95 45.34
Spectrum 6 7.17 16.04 51.39 1.60 2.19 21.61 0.00
Spectrum 7 0.00 24.48 6.99 436 6.68 57.49 0.00
Spectrum 8 0.00 26.30 16.73 2.88 4.92 49.18 0.00
Spectrum 9 0.00 20.64 4.11 6.00 7.32 61.93 0.00
Spectrum 10 3.53 11.13 4.33 36.93 6.48 37.61 0.00
Spectrum 11 0.00 19.99 4.96 7.23 7.83 59.99 0.00
Spectrum 12 0.00 14.08 4.87 10.92 9.44 60.68 0.00
Spectrum 13 4.29 9.53 4.20 22.24 10.36 49.39 0.00
Spectrum 14 0.00 6.10 5.72 16.24 9.12 62.82 0.00
Spectrum 15 2.83 3.74 3.19 19.74 10.37 60.12 0.00
Spectrum 16 0.00 5.08 3.75 15.54 7.78 67.86 0.00
Spectrum 17 0.00 2.60 2.89 23.18 11.49 59.85 0.00
Spectrum 18 3.54 2.50 2.11 22.20 10.87 58.77 0.00
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of cracks is apparently caused by the occurrence of unwant-
ed stresses in the coating due to the discrepancy between
the physical and mechanical properties of the Ti,AlC phase
and the Y-AI-O layer. For an exact explanation, additional
study and determination of the optimal parameters for
the Y—AI-O coating deposition are required.

CONCLUSIONS

In this work, using synchrotron radiation, the authors
studied real-time phase transformations in a two-layer Ti—
Al-C+Y—AIl-O coating. During heating in a vacuum to
a temperature of 1400 °C, the coating crystallises with
the formation of predominantly YAIO; yttrium ortho-
aluminate and Y,0; yttrium oxide. After heating in the at-
mosphere, the coating crystallises with the formation of
a mixture of YAIO;, Y,0;, and Y4AL Oy oxides; however,
if heated in the atmosphere, the coating is destroyed upon
cooling.
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Annomayun: Ha CceromHAIIHUN ICHb TPOWCXOAWT AaKTHBHBIA POCT TPeOOBaHWI K TOIUIMBHOW 3(PPEKTHBHOCTH
U yJIeNTbHOMY BECy aBHAllMOHHBIX TypOOpEeakTUBHBIX ABHraresneil. CyIecTBYIONINE MOKPBITHS U 3allUThI JeTaneH IBU-
rareiei Ha OCHOBE AMOKCHJA IIUPKOHHUS BO MHOTOM yCTapeiM M HCUEpIaay MOTEHIMAl Pa3BUTHSA, IO3TOMY BEIyTCS HC-
CJIEJIOBAaHUS HOBBIX KEPaMHUECKUX CHCTEM JUIS MPOM3BOJACTBA 3aLIUTHBIX MOKPHITUH HAa MX OCHOBE. B paboTe mpoBeneHo
HCCIIeJOBaHHE HKapOCTOWKOrO NBYCIOWHOTO TOKpPHITHS Ha ocHOBe cucteMbl Y—Al-O (BHemHuil cnoit) 1 MAX-¢a3sl
Ti,AIC cuctemsr Ti—Al-C (mmozcioit), MOAYyYeHHOTO0 METOIOM BaKyyMHO-IyTrOBOTO OCAX/ICHHS Ha XKapOIPOYHOM HHKEJIe-
BoM cruiaBe Inconel 738 u Ha MonmOneHe noovyepeHbIM ocaxaeHueM ciioeB Ha ocHoBe Ti—Al-C u cios Y-AI-O. Ipu
MOMOIIM CHHXPOTPOHHOI'O H3JIyYeHHsl MCCIeNOBaHbI (ha30BbIe IMPEBpPAllEeHHs B IOKPHITUM IIPH HarpeBe oOpasloB 0
1400 °C B Bakyyme u g0 1100 °C B atmocdepe ¢ Ienblo H3y4eHHUs Mpolecca OKUCICHHUS W (OPMUPOBAHUS TTOKPHITHS
B YCIIOBUSIX HPHUCYTCTBHA KHcCiopoda. IIpy momomy pacTpoBOH 3IIEKTPOHHOM MHUKPOCKOIHMH H3YYEeHBI MHUKPOCTPYKTypa
1 XMMHUYECKHH COCTaB MOKPHITHS. Y CTaHOBIJICHO, YTO HarpeB IOKPHITHS B BaKyyMe M B aTMOC(epe BBI3bIBACT B HEM pas3-
T4HbIe ()a30BBIE MpEBpAIleHHs, HO B 000MX ciydasx HaOitomaercss (POPMHUPOBAHHME CMECH OKCHAOB rpymmsl Y—Al-O
n necrabmimzanms noaciost Ha ocHoBe Ti—Al-C. ITocne HarpeBa MOKpHITHS B aTMOcdepe 0e3 peBapuTeIbHOH TEPMO0O-
pabOTKH ITPpH OCTHIBAHUH HOKPHITHE Pa3pyLIMIOCh, YeTO He HaOIIOAaI0Ch IPH HAarpeBe MOKPHITHS B BaKyyMe.
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Abstract: Microarc oxidation is a promising technology for producing wear-resistant anticorrosive coatings for goods

made of valve metals and alloys and is used in many industries. One of the main problems of this technology is low con-
trollability caused by the complexity and interconnectedness of physical and chemical phenomena occurring during
the coating process. To solve such problems, digital twins are currently actively used. The paper covers the development
of mathematical models that are advisable to use as structural elements of the digital twin of the microarc oxidation pro-
cess. An equivalent electrical circuit of a galvanic cell of microarc oxidation is given, which takes into account the electro-
lyte resistance, the part coating resistance in the form of a parallel connection of nonlinear active resistance and capacitive
reactance. The authors propose a mathematical model describing the behaviour of the equivalent electrical circuit of a gal-
vanic cell of microarc oxidation. A technique for determining the parameters of this model was developed, including
the construction of a waveform of changes in the resistance of the cell and its approximation, estimation of the values of
resistances and capacitance of the galvanic cell equivalent circuit. The authors proposed a calculation method and deve-
loped a Simulink model of the microarc oxidation process, which allows simulating the current and voltage waveforms of
a galvanic cell. The analysis of the model showed that the model is stable, controllable and observable, but poorly condi-
tioned, which leads to modelling errors, the maximum value of which is 7 % for voltage and 10 % for current. By the para-
metric identification method using experimental current and voltage waveforms, the dependences of the parameters of
the galvanic cell equivalent circuit on the oxidation time are obtained. It is found that the change in the period average of
the galvanic cell active resistance correlates with the coating thickness.

Keywords: microarc oxidation; equivalent electrical circuit; mathematical model; Simulink model; coating resistance
and capacitance; model adequacy.
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Currently, one of the promising ways to manage com-
plex production processes is the use of digital twins, which
allows simulating and predicting the behaviour of a real

INTRODUCTION
Microarc oxidation (MAO) is used to improve the me-

chanical and physicochemical properties of the surfaces
of parts made of aluminium alloys. The process is appli-
cable both to aluminium and to other valve group metals,
such as Ti, Zr, Mg, and Ta. The combination of high
microhardness and wear resistance with corrosion re-
sistance of coatings produced by the MAO method en-
sures the widespread application of products with such
coatings in many industries [1; 2]. However, at present
there are a number of unresolved issues hindering
the MAO technology development, the main of which
are high energy consumption [3; 4], and low controlla-
bility of the technological process, associated with
the combined influence of many different factors on
the properties of the formed coatings [5; 6].

object in the virtual world, using information received from
sensors on the object throughout its entire life cycle. In this
case, as a rule, models of real system components are
known or easily created using CAD systems, such as, for
example, 3D models in mechanical engineering production
[7]. However, for complex multifactor technological pro-
cesses, such as MAO, the process of creating a digital twin
is significantly complicated due to the imperfection or ab-
sence of mathematical models of some physical phenome-
na, leading to the formation of oxide coatings. Many works
are concerned with the study of the mechanism of coating
formation during MAO [8; 9], however, only some of them
provide its analytical description. Thus, in the review paper
[10] dealing with the MAO of titanium alloys, there is
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a sufficiently detailed mathematical interpretation of
the mechanism of electrolysis at high voltage, but
microplasma processes are not considered. The work [11]
gives formulas for calculating the electron temperature of
microdischarge plasma during MAO under the local ther-
modynamic equilibrium conditions, but no relationship with
electrochemical processes is traced. Moreover, according to
[10; 12], the fundamental theory of plasma electrolysis con-
taining an analytical description of different phenomena
(electrochemical, microplasma, etc.) occurring in the pro-
cess of MAO as a single interconnected system, has not
currently been developed.

Thus, an urgent scientific task is to build a mathematical
model that could serve as the basis for a digital twin of the
MAO process. At a first approximation, this model should
estimate the thickness of the formed coatings based on
the hidden information contained in the waveforms of cur-
rent and voltage measured during the MAO process, by
identifying the parameters of the galvanic cell equivalent
circuit.

The purpose of the study is to identify the parameters of
the equivalent electrical circuit of a galvanic cell, that cor-
relate with the thickness of MAO coatings, and to develop
a methodology for determining these parameters.

METHODS

During the study, 30 samples of MAO coatings were
produced on blanks made of AD31 commercially pure alu-
minium, GOST 4784-97 (2000) (Table 1), with the di-
mensions of 20x15x2 mm. The MAO coatings were
formed using an automated MAO installation developed
by the authors containing a technological current source,
measuring channels for current, voltage and electrolyte
temperature, and a control module based on a microcontrol-
ler. The technological current source of this system is
a series connection of a bank of capacitors with adjustable
capacitance and a galvanic cell. The technological current
source is powered by sinusoidal voltage from a 220 V
50 Hz mains. Before starting the MAO process, the ampli-
tude value of the current through the galvanic cell was set
by changing the capacitor bank capacitance (connecting the
required number of capacitors), which remained constant
until the MAO processing completion. MAO was carried
out for 30 min at a current density of 5 A/dm” in the anodic-
cathode mode with the ratio of the anodic, and cathodic
current equal to 1, in an electrolyte of the NaOH (2 g/l),
Na,SiO; (9 g/l) composition, and the first sample was pro-
cessed for 1 min, the second — for 2 min, etc. Every minute,
waveforms of two periods of the forming voltage and cur-
rent in the galvanic cell were measured using measuring
channels built into the MAO installation, with a relative
error of +0.5 % and a sampling frequency of 128 points per
period equal to the supply voltage period (20 ms). The elec-
trolyte temperature, during the coating process did not ex-
ceed 30 °C. After processing, samples with MAO coatings
were removed from the galvanic cell, washed with distilled
water and dried. The thickness of the coatings was mea-
sured on transverse sections using a Mitaka PF-60 3D con-
tour measuring station-profilometer. Software processing of
the obtained experimental dependencies was carried out in
the MATLAB+Simulink environment.

RESULTS

Mathematical model of the microarc oxidation
process

Fig. 1 shows a characteristic view of experimentally
measured waveforms of the galvanic cell voltage and cur-
rent. The deviation of the forming voltage from the sinusoi-
dal shape is caused by the supply voltage imperfection, as
well as by the one-sided conductivity of the “anode — coat-
ing — electrolyte — cathode” system, as a result of which
voltage rectification is observed (the so-called “valve
effect”). Breaks in the voltage waveforms occurring in
the anode half-cycle at a voltage of about 320 and 370 V
are associated with the ignition and extinguishing of
microdischarges. The difference between the current shape
and the sinusoidal one (triangular current pulses in the anode
and cathode half-cycles), is caused by the electrical break-
down of the oxide layer, which occurs only at the sinusoid
peak, when the voltage on the sample exceeds the break-
down voltage. The nonlinearity of the current-voltage
characteristics indicates the nonlinear nature of the coating
formation process, and the presence of hysteresis with
a characteristic loop indicates the capacitive nature of
the load. To construct a mathematical model of the MAO
process, we will use the nonlinear electrophysical model
developed in [13] in the form of an electrical equivalent
circuit of a galvanic cell (Fig. 2).

The electrolyte resistance is simulated by R; active re-
sistance, the coating resistance is simulated by a parallel
connection of R, nonlinear active resistance and C, capaci-
tance reactance. C; capacitance connected in series with
the galvanic cell does not belong to the sample under study,
and is intended to simulate the output signal of the techno-
logical current source (current limiting in the circuit).

The mathematical model describing the behaviour of
the MAO electrical equivalent circuit of the galvanic cell
(Fig. 2) is as follows:

1
ajlldHRlll +R, (U))L, =U

1
C—2j13dt—R2 (U)1, =0

(1
1
U =U-—|1dt
1 Cl'[ 1
I, =1,+1,
Let us change a model (1) to a state space model:
dx
— =Ax+BU
dt ; 2)
y=Cx+DU

where X=(I1 Iz)T;

U
= +—;
y=14 R,
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Let us estimate the parameters of the model of the MAO
electrical equivalent circuit of the galvanic cell. Three
equivalent circuit parameters are evaluated: the R, electro-
lyte active resistance, the R, nonlinear active resistance of
the coating and its C, equivalent capacitance.

Since the model is nonlinear, the use of traditional iden-
tification methods is impractical and can lead to unaccepta-
ble errors in determining the model parameters. In this re-
gard, the authors propose a sequential procedure for deter-
mining the model parameters.

1. Construction of a waveform of changes in cell re-
sistance and its approximation. To construct a waveform of
changes in cell resistance, we find the derivative of the cur-
rent-voltage characteristics:

Table 1. AD31 alloy composition
Taoénuua 1. Cocmas cnnasa A/[31

Element

Si

Fe

Mg Cr Zn Ti Others Al

Content, wt. %

0.2-0.6

0.5

0.1

0.1

0.45-0.9 0.1 0.2 0.15 0.15 The rest
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Fig. 1. Waveforms of voltage and current of a galvanic cell (a) and its current-voltage characteristics (b)
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Fig. 3 shows waveforms of U; voltage, I; current and
total resistance calculated by formula (3). It can be ob-
served that the waveform of the total resistance of the gal-
vanic cell contains four characteristic sections. In the first
section (=2—7 ms), coating breakdown occurs with a posi-
tive half-wave of the voltage applied to it, and the coating
resistance sharply drops to a value of the order of 100 Q.
In the second section (=7—13 ms), the current in the cell
changes polarity, and the coating resistance is restored to
its original value of approximately 12 kQ. In the third
section (=13—17 ms), coating breakdown occurs with
a negative voltage drop. In the fourth section (=17—
22 ms), the voltage on the cell changes sign and the coat-
ing resistance is restored.

It is known that the electrolyte specific conductivity lies
in the range of 6.75..22.5mS-cm ' [14]. Assuming that
the R, electrolyte resistance remains constant, one can con-
sider that the coating resistance nonlinearly depends on
the voltage applied to it and the current flowing through it.

The resulting waveforms allow finding the dependence
R+R,=f(U,), which is shown in Fig. 4. The values of the ap-
proximating curve of the dependence of the cell resistance on
the voltage applied to it are summarised in Table 2.

Fig. 5 shows the approximation of the calculated cell re-
sistance curve presented in Table 2 by a cosine equation

-150
R +R, =70-[1—cos(%n-

2. Estimation of the value of R, and R, resistances. Tak-
ing into account that after the breakdown the R, coating
resistance is close to zero, the estimate of R; will be

R =min(R,), (4)

where R;, is the set of galvanic cell impedances formed in
the coating breakdown areas.

Fig. 6 shows areas of cell low resistance corresponding
to time intervals from 2 to 7 ms and from 13 to 17 ms (see
Fig. 3). The average resistance value in these sections is
R,=163 Q, which is an estimate of the R, low resistance
value. An estimate of the high value of R, resistance can be
the average value of the resistances taken from Table 2,
which corresponds to the value of R,,=5.9 kQ. In accord-
ance with (4), the estimate of the R; electrolyte resistance
will be equal to R;=22 Q.

3. Estimation of the C, cell capacitance value. To esti-
mate C,, write an expression for the conductivity transfer
function. From (1), it follows that

5@)_ R,Cyp+1

= . %)
U, (p) RR,C,p+R +R,

w(p)=

Using the MATLAB System Identification Toolbox ap-
plication, let us find the parameters of the cell conductivity
transfer function. As a result, the following time constants
of the transfer function were obtained:

T, = RR,C, =0,002417 s (6)
T, = R,C, =0,0009829 s

Let us take the value of R, resistance equal to its aver-
age value over the period of supply voltage R,,=4.4 kQ.
Then, according to (6), the estimate of C, capacitance will
be equal to C,=0.22 pF.

Calculation of time and frequency characteristics of
the model of the microarc oxidation process

From knowing the estimate of the model parameters (2),
it is easy to calculate its time and frequency characteristics,
using the MATLAB Control System Toolbox application.
The main characteristics of the linearised model of the
MAO process were calculated for the coating breakdown
(short-circuit) and open-circuit modes, when the coating
resistance is high (Fig. 7).

The transfer functions of conductivity with respect to I,
current have the form:
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Fig. 3. Waveforms of voltage, current and resistance of a galvanic cell
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Table 2. Approximating curve values
Tabnuua 2. 3uauenus annpoxcumupyroujeli Kpugou

Voltage, V

—-100 -50

50 100 150 200 250 300 350 400

Resistance, kQ

0.15 0.15 6.6

9.4 11.2 14.1 12.2 7.5 32 2.1 0.15
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1.5

Relative centered
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Fig. 5. Approximation of the calculated curve of cell resistance by the cosine equation
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where k index indicates the short-circuit model.

The accuracy of determining the parameters of the gal-
vanic cell equivalent circuit using the parametric identifica-
tion method was assessed in terms of stability, controllabi-
lity, observability, and conditionality of the model using
the time and frequency characteristics of the MAO process
model. The authors revealed that the model is stable, since
the performance equation roots are negative. The model is
controllable and observable, since the ranks of the control-
lability and observability matrices are equal to the order of
the system, but the model is poorly conditioned, which can
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lead to significant errors in its parametric identification.
The condition numbers for the open-circuit R,. and short-
circuit R, models are 8410 and 317, respectively. A large
value of the model condition number indicates its poor con-
ditioning, i. e., a small change in the input signal can lead to
a fairly large change in the output signal, which introduces
an error into the modeling results.

Simulation of current and voltage waveforms in
the MAO process

The construction of a mathematical model (1) of the MAO
process and the assessment of its parameters allow proceed-
ing to modelling the process under consideration. The MAO
process modelling was carried out in Simulink. Fig. 8 pre-
sents the simulation results. It is found that the maximum
voltage modelling error in relation to the U,,, amplitude
value does not exceed 7 %, the maximum current model-
ling error in relation to the I, amplitude value does not
exceed 10 %.

Methodology for determining the significant parame-
ters of the galvanic cell equivalent circuit of the MAO
process

Based on the proposed mathematical models, a tech-
nique has been developed that allows establishing which
parameters of the galvanic cell equivalent circuit change
most significantly with increasing coating thickness dur-
ing the MAO process. The technique is implemented as
follows.

1. During the MAO-coating formation, 30 waveforms of
the voltage drop and current drop of the galvanic cell are
recorded sequentially every minute.

2. In each experiment, R;tR,; are calculated using for-
mula (3) and the estimate of R;=min(R;;+R,,) is found.

3. The instantaneous value of R, resistance is calculated
in each experiment:

AU,

R +R,y =
li

4. The time dependence of the period average R, re-
sistance value is constructed (Fig. 9).

5.In each experiment, using the MATLAB System
Identification Toolbox application, the parameters of the tran-
sfer function (5) are calculated.

6. Using formulas (6), taking R,=4400 Q, the C, capaci-
tance, the change graph of which is shown in Fig. 10 is cal-
culated.

DISCUSSION

The developed MAO process models make it possible,
using the parametric identification method, to estimate the nu-
merical values of the parameters of the nonlinear electrical
equivalent circuit of the galvanic cell, as well as to identify
the most significant parameters correlating with the thick-
ness of the coatings.

The nonlinear electrophysical model, used in the calcu-
lations in the form of a galvanic cell electrical equivalent
circuit is simplified, and does not take into account some
features of the process of formation of MAO-coatings. One
of the sources of error of a model is the use of ideal C ca-

pacitance to simulate the oxide layer, while in electroche-
mical processes they usually use constant-phase elements
CPE, with decomposition into a frequency-independent
O factor, and an » indicator of the degree of heterogenei-
ty of the system [15; 16]. Nevertheless, the model gives
satisfactory results (the maximum error in simulating
the volt-ampere characteristic is no more than +7 % for
voltage, no more than +10 % for current), and to a first
approximation, can be used to formalise the coating de-
position process.

The developed technique for sequential determination of
the parameters of the galvanic cell equivalent circuit is
physically justified, since the shape of the resulting wave-
form of changes in the total cell resistance confirms
the existing ideas about the MAO process mechanism [17;
18]. For example, Fig. 3 clearly shows areas of the galvanic
cell low resistance at maximum anodic and cathodic volt-
ages corresponding to dielectric coating breakdown with
subsequent ignition of microdischarges.

As can be observed in Fig. 4, the coating resistance
value is 12—15 kQ. On the other hand, it is known that
the impedance modulus of oxide layers on aluminium
alloys reaches values of 20-200 MQ-cm®, and the polari-
sation resistance reaches 130—150 MQ-cm® and higher
[15; 19]. The revealed discrepancy in the coating re-
sistance values is explained by the fact that the known
impedance modulus values were obtained at a low fre-
quency (up to 10 Hz), and in this study the impedance
was calculated using the current-voltage characteristics
measured at a frequency of 50 Hz. According to available
data [16], at this frequency, the coating impedance modu-
lus is of the order of 10*-10° Q/cm?, which is consistent
with the experimental results.

In the graph of the dependence of the galvanic cell re-
sistance on the forming voltage (Fig. 4), a maximum is ob-
served, the presence of which is determined by the choice
of a relatively simple approximating function (cosine equa-
tion) and is not associated with physical phenomena occur-
ring in the galvanic cell. The choice of a simple approxi-
mating function improves the conditionality of the initially
poorly conditioned equation for the MAO process dyna-
mics. In fact, a sharp decrease in the R, resistance of the bar-
rier layer is caused by its electrical breakdown by both
positive and negative half-waves of the voltage applied to
the galvanic cell. During the positive half-cycle, breakdown
occurs at a voltage of about +320 V, during the negative
half-cycle — about —40 V. Electrical breakdown of the bar-
rier layer at the bottom of the pores when the electrolyte is
depleted in ions leads to electrolyte boiling, the appearance
of a vapour-gas bubble, and the ignition of a microarc dis-
charge in it. The recovery of the barrier layer resistance is
associated with the microarc discharge damping, which
occurs because of an increase in the size and the vapour-gas
bubble exit beyond the pore, and an accompanying drop in
the field strength in it [16; 20]. Thus, the complex form of
change in the R, barrier layer resistance is caused by
a combination of various physical and chemical processes
occurring in the pore channels of the barrier layer during
the processes of its breakdown and recovery.

Fig. 8 presents the results of modelling the galvanic cell
current and voltage waveforms in the Simulink environ-
ment. It can be observed that the calculated dependence,
well approximates, the experimental curve in the anodic
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half-cycle, while in the cathodic half-cycle the discrepancy
between these curves becomes significant. This is caused
by the fact that the proposed electrical equivalent circuit of
a galvanic cell, does not fully reflect the behaviour of a real
electrochemical system, as well as by the error of the para-
metric identification method and the poor conditionality of
the model.

Fig. 9 and 10 present the results of applying the deve-
loped technique for determining the significant parameters
of the galvanic cell equivalent circuit of the MAO process.
To identify the degree of relationship between resistance
and capacitance and coating thickness, the authors per-
formed a correlation analysis, during which point and inter-
val estimates of the correlation factor were obtained using
the Fisher criterion with a confidence probability of 95 %.
The results of the correlation analysis are presented in
Fig. 11 and Table 3. It can be observed that there is a strong
direct correlation between resistance and coating thickness;
in the case of capacitance, an inverse correlation occurs, but
it is less pronounced (perhaps this is due to the peculiarities

of the galvanic cell equivalent circuit and the error of
the model). Thus, as a significant parameter for determining
the thickness of coatings in the MAO process, it is reason-
able to use the coating resistance calculated according to
the proposed technique using the current-voltage characte-
ristics of the galvanic cell.

Taking into account the above, the authors can con-
clude the following. The proposed mathematical model
fundamentally provides the ability of determining the thick-
ness of coatings during the MAO process, despite the low
accuracy. Moreover, the model allows reproducing wave-
forms of the galvanic cell current and voltage, which satis-
factorily approximate the experimental data. Improving
the model taking into account electrochemical impedanc-
es will allow improving the simulation accuracy, the re-
sult reproducibility and its convergence with experiment,
and the use of experimental waveforms from the updated
database in calculations, will provide the ability of pre-
dicting the thickness of coatings for various MAO pro-
cessing modes.
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Table 3. Correlation analysis results
Tabnuya 3. Pesynomamvl KOpperayuoHHo20 anaiu3da

Coating parameter

Correlation factor

Confidence interval

Resistance 0.968 [0.93; 0.98]
Capacitance —0.611 [—0.80; —0.30]
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Fig. 11. Scattering graphs for coating resistance (a) and capacitance (b)
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The results of the study can be used both in scientific
research when developing digital twins and automated con-
trol systems for the MAO process, and in production when
developing the technology for applying microarc oxide
coatings.

CONCLUSIONS

The proposed mathematical model based on the electri-
cal equivalent circuit of a galvanic cell, reflects the rela-
tionship between current and voltage in a galvanic cell, and
allows simulating current and voltage waveforms during
the MAO process with an error of no more than £10 %.
The model is simplified; it does not take into account some
physical and chemical laws of the oxide coating formation,
which is its disadvantage. Nevertheless, the model has sa-
tisfactory accuracy, which allows using the calculation re-
sults as an initial approximation, when estimating the elec-
trical parameters of coatings.

The developed technique for identifying the proposed
model parameters allows determining the time dependences
of the coating resistance, and capacitance during the MAO
process using experimentally obtained waveforms of cur-
rent and voltage in a galvanic cell. Using the correlation
analysis method, the degree of relationship between these
parameters, and the coating thickness was established.
A strong correlation was found between resistance and
coating thickness, which allows using the coating resistance

as a significant parameter for assessing the thickness of
the coating during its formation.

Using the developed identification technique, the pa-
rameters of the electrical equivalent circuit of the galvanic
cell correlating with the thickness of MAO-coatings were
identified.
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Annomayusn: MUKpOIyroBoe OKCHIUPOBAHHE SIBJISICTCS IEPCIICKTUBHON TEXHOJIOTHEH MTOTy4eHHsI N3HOCOCTOMKHX aH-
TUKOPPO3HOHHBIX MOKPBITHH H3/ENNI W3 BEHTHJIBHBIX METAJUIOB M CIUIABOB M MPHUMEHSETCS BO MHOTHX OTPACIAX IPO-
MBIIIeHHOCTH. OMHON M3 OCHOBHBIX MPOOJIEM JaHHON TEXHOJIOTHHM SIBISIETCSI HU3Kas YHPaBJIIEMOCTh, 0O0YCIIOBICHHAS
CJIO’KHOCTBIO M B3aHMMOCBSI3aHHOCTBIO (PM3MKO-XUMHYECKUX SBICHUH, MPOUCXOISAIINX B MPOLECCEe HAHECCHUS MOKPBITHH.
Jls penreHust NOZOOHBIX MPOOJIEM B HACTOAIIEE BPEMs aKTUBHO HCIIONIB3YIOTCS IppoBsle nBoitHMKH. McciaenoBanne
MOCBSIIICHO Pa3paboTKe MAaTeMaTHYECKUX MOJEINEH, KOTOpBIE IENecOo00pa3HO HCIOIb30BaTh B KA4ECTBE CTPYKTYPHBIX
JIEMEHTOB LU(POBOro IBOWHHUKA MPOIECCa MHKPOAYTOBOTO OKCHAMpoBaHMA. [IpemcraBieHa sneKkTpuUecKas cxema 3a-
MEIEHUS TAIbBAHUYECKON SYEHKM MHMKPOAYTOBOTO OKCHIMPOBAHUS, YYUTHIBAIOIIAS CONPOTHBIICHUE JJICKTPOJIMTA, CO-
MIPOTUBJICHHE TOKPBITHS JIETAlld B BUJE MapajuICIbHOIO COEIMHEHUS] HEJIMHEHHOr0 aKTHBHOTO CONPOTHBIICHHS M peak-
TUBHOTO €MKOCTHOTO comnpoTHBieHus. [Ipennoxkena Maremarinyeckas MoJieilb, ONMCHIBAIONIAs TOBEACHUE 3JIEKTPUIECKON
CXEMBI 3aMeIIEHHs TalbBaHMYECKOH STYEHKH MUKPOJYTrOBOTO OKCHUAMpPOBaHUs. PazpaboraHa MeTonuka omnpenesieHus ma-
paMeTpoB yKa3aHHOM MOJEJH, BKIIIOYAIOIIAs MOCTPOCHHE OCIMIUIOrPaMMbl U3MEHEHHUS CONPOTHUBIICHUS STYSHKU U €€ an-
[IPOKCUMALIMIO, OLEHKY 3HAYEHUH CONPOTUBICHUH U €EMKOCTH CXEMBbI 3aMEIICHMsI rajdbBaHUUECKOU sueilku. Ilpennoxen
crocob pacuera M paspaborana Simulink-momens mporecca MEKPOAYTOBOTO OKCHAWPOBAHMS, TTO3BOJISIONIAS MMHTHPO-
BaTh OCLIJUIOTPaMMbI TOKAa M HANPSDKEHHS TalbBaHMUYECKOH SYeHKH. AHAIW3 MOJEIH MTOKa3aj, YTO MOJETh yCTOWYMBa,
ynpasisieMa ¥ HaOJIfoAaeMa, HO II0X0 00yCIIOBICHA, YTO MPUBOJUT K BOSHUKHOBEHUIO OIIMOOK MOJEIMPOBAHMS, MAKCH-
MaJIbHOE 3Ha4EHHE KOTOPBIX cocTaBisieT 7 % aist HanpspkeHus u 10 % amst Toka. MeTozom nmapameTpuaeckoi HaeHTu(u-
KaIll{ C MCHOJIb30BaHUEM KCIIEPUMEHTAIBHBIX OCIIMIUIOIPaMM TOKA M HaNPsDKEHMS TOJTyYeHBI 3aBUCHMOCTH ITapaMeTPOB
CXEMbI 3aMEILeHUs TaIbBAHUYECKON SYEHKH OT BPEMEHU OKCHAMPOBAHUs. Y CTaHOBJECHO, YTO M3MEHEHHE CpPEIHEro 3a
MEepHO/ aKTHBHOTO CONPOTHUBIICHUS I'aJIbBaHUUECKO TUSHKU KOPPEIUPYET C TOJIIIMHON TTOKPBITHSL.

Kniouegvie cnoéa: MUKpOIYroBOoe OKCHIMPOBAHME; JIEKTPUYECKas cCXeMa 3aMelleHUs; MaTeMaTiHieckass Moenb; Si-
mulink-mMozenb; CONpOTHBICHNUE U EMKOCTb MTOKPBITHS; aJIeKBATHOCTH MOZECIIH.
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Abstract: Magnesium alloys with a strengthening long-period stacking ordered structure (LPSO-phase) offer outstand-

ing mechanical properties, but their low corrosion resistance necessitates additional surface protection. The work investi-
gates the influence of adding ZrO, nanoparticles at a concentration of 1—4 g/I to the electrolyte on the thickness, structure,
composition, wettability, and anticorrosion properties of oxide layers formed during plasma electrolytic oxidation (PEO)
of the Mgy,Y,Zn; alloy with the LPSO-phase. It was found that during PEO, under the influence of an electric field, ZrO,
nanoparticles penetrate into the forming oxide layer and reduce its porosity. The study revealed a decrease in the quantity
and size of pores near the barrier layer in places where the alloy LPSO-phase comes out to the interface with the oxide
layer. Low concentrations of ZrO, nanoparticles (1-2 g/l) reduce the corrosion rate of the alloy up to two times compared
to the base case. The minimum corrosion current density i.,~14 nA/cm® and the highest polarization resistance
R,=2.6 MQ-cm? are found in the sample formed in an electrolyte with the addition of 1 g/l of ZrO, nanoparticles. Calcula-
tion of the barrier zone parameters of oxide layers showed that an increase in the ZrO, concentration in the electrolyte
leads to an increase in the barrier layer thickness and in its specific conductivity, which negatively affects the corrosion
resistance of the formed oxide layers — the barrier zone resistance of the layer obtained by adding 4 g/l of ZrO,, drops

by ~20 % compared to the base case (up to ~1 MQ-cm?).

Keywords: magnesium alloy; Mgy;Y,Zn;; ZrO, nanoparticles; LPSO-phase; plasma eclectrolytic oxidation; nanoparti-
cles; zirconium oxide; surface contact (wetting) angle; corrosion resistance; barrier zone conductivity.
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INTRODUCTION

Magnesium alloys (MA) belong to the most promis-
ing materials for technical and biomedical purposes due
to their high specific strength, ability to absorb vibra-
tions and block electromagnetic waves [1-3], as well
as complete biocompatibility and biodegradability in
the human body [4].

In the last decade, a significant progress has been
achieved in the development of MA with an LPSO-
structure (long-period stacking-ordered structure, LPSO-
phase) [5; 6] with the ultimate strength and ductility compa-
rable to the mechanical characteristics of aluminum alloys
and structural steels [7]. However, the formation of an
LPSO-structure in MA, as a rule, negatively affects their
corrosion resistance due to the resulting potential difference
between a-Mg and the strengthening LPSO-phase (up to
200-250 mV), which provokes alloy degradation contacting
with a corrosive environment as a result of micro-galvanic

corrosion [8; 9]. Therefore, for such alloys it is necessary to
provide additional technological solutions to increase their
anticorrosion properties.

A promising method for MA surface hardening is mi-
cro-arc or plasma electrolytic oxidation (MAO or PEO),
which allows forming the protective ceramic layers with
high hardness, adhesive strength, wear resistance, and anti-
corrosion properties [10]. However, the presence of
a strengthening LPSO-phase in the alloy complicates mi-
cro-arc breakdown and leads to disruption of the barrier
layer continuity in places where this phase reaches the “al-
loy — oxide layer” interface, which reduces the quality and
properties of oxide layers obtained in traditional PEO
modes [9]. In [9], it was found that treatment of
the Mgo;Y,Zn,; alloy in an aluminate electrolyte at an in-
creased frequency of forming pulses (500 Hz) allows
forming the most uniform and high-quality oxide layers
with high short-term corrosion resistance (impedance
modulus is [Z]g.0 n,~2.2 MQ~cm2). However, after a day
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of exposure to a corrosive environment, their resistance
decreases by 1-2 orders of magnitude.

It is known that the introduction of micro- or nanosized
particles (MPs or NPs) of simple SiO,, ZrO,, CeO,, TiO,,
etc. oxides into the electrolyte, as a rule, leads to an in-
crease in the PEO productivity and positively affects the
quality and protective properties of oxide layers on magne-
sium alloys [11; 12]. In [13], a significant increase in the
anticorrosion properties of oxide layers was revealed
caused by the effect of sealing pores, and blocking access
of the corrosive environment to the substrate. It was con-
cluded in [14] that the introduction of ZrO, and SiO, NPs
during PEO leads to an increase in the non-porous layer
thickness, as evidenced by a decrease in the constant phase
element (CPE,). It was shown in [2] that a low concentra-
tion of NPs (2 g/) positively affects the oxide layer micro-
structure, blocking pores and cracks, which gives signifi-
cant anticorrosion resistance to the coating.

There are very few works on PEO of MAs with
the LPSO-phase in Russian and foreign literature [15], and
there is no experience in treatment these alloys after adding
dispersed particles to the electrolyte. It was possible to find
only one work [16], where the authors revealed a significant
positive effect from the post-treatment of the oxide layer in
a Ce-containing electrolyte on an LPSO alloy, however, this
treatment was also carried out in solutions without a dis-
persed phase. The influence of nanoparticles on the PEO of
LPSO alloys in highly-dispersive systems has been practical-
ly not studied and is of significant scientific and practical
interest. To further improve the protective properties of oxide
layers, and increase their long-term anticorrosion characteris-
tics, there is a promising approach based on combining high-
frequency PEO [17] and adding insoluble nanosized ZrO,
particles to the electrolyte, since this substance has proven
itself positively in PEO of magnesium alloys [14; 18].

The goal of this research is to study the influence
of ZrO, nanoparticles, added to the electrolyte during plas-
ma electrolytic oxidation of the Mgy;Y,Zn, alloy, with
the LPSO-phase on the structure, composition, and anticor-
rosion properties of the formed oxide layers.

METHODS

Samples of oxide layers were obtained on the Mgy,Y,Zn;
magnesium alloy (Solikamsk Experimental-Metallurgical
Plant, Solikamsk, Russia), the chemical composition of
which was determined on a Thermo Fisher Scientific
ARL 4460 OES optical emission spectrometer (Table 1).
The basis of the alloy is a-Mg, as well as the Mg;;YZn
(LPSO-phase) and Mg;Zn;Y, (eutectic phase) phases.

The alloy ingots were preliminary subjected to heat
treatment according to the T61 mode: homogenising an-
nealing (525+5 °C, 24 h), quenching in water, and subse-
quent ageing (20045 °C, 100 h). Then blanks for PEO were
produced in the form of flat parallelepipeds, with a size of
60x20x6 mm® and a roughness of R,;~1 pm.

Plasma electrolytic oxidation was carried out using al-
ternating current from a power source of own design in
a step mode for 10 min. PEO included 3 stages: stage | —
“pre-anodising”, with anodic forming pulses at a current
density of 3 A/dm? for 60 s; stage II — increasing (in 10 s),
the current density j (RMS) up to 6 A/dm” with simultane-
ous activation of the supply of cathode pulses, at the ratio
of currents in the cathode and anode half-periods
Jx/7a=0.5£0.02, and maintaining the mode for 110 s;
stage I — increasing j (RMS) up to 7.5 A/dm” at jx/j»=0.5
and oxidation for 420 s.

At all PEO stages, the pulse frequency f was 1000 Hz,
the duty cycle was 50 %, the ratio of the duration of
the anodic and cathodic pulse half-periods was 50/50 %,
and the ratio of the duration of pauses between half-periods
was 50/50 %.

An aqueous solution of potassium hydroxide KOH
(I g/); sodium phosphate dibasic dodecahydrate
Na,HPO,x12H,0 (10 g/l), sodium fluoride NaF (10 g/l),
and sodium aluminate NaAlO, (15 g/l) were used as
the base electrolyte. During the treatment, continuous circu-
lation and stirring of the electrolyte was ensured at a con-
stant temperature of (14+1) °C. Nanoparticles of crystalline
(monoclinic system with a space group of symmetry P21/a)
zirconium dioxide ZrO, (Plasmotherm Nanopowders, Mos-
cow, Russia), with a dispersion of 40—75 nm at a concentra-
tion of 1, 2, 3 or 4 g/l were added to the base electrolyte.
The samples of oxide layers obtained in the base electro-
lyte, as well as in the electrolyte with additions of ZrO,
nanoparticles, are further marked as B, Z1, Z2, Z3, and Z4,
respectively.

Structural studies of oxide layers were carried out on
transverse metallographic sections, using a Carl Zeiss field-
emission scanning electron microscope (SEM) in the
backscattered electron mode. The elemental (chemical)
composition of the oxide layers was determined by energy
dispersive X-ray microanalysis (EDX, EDAX TEAM EDS
analyzer based on SDD Apollo X Sigma SEM). To elimi-
nate polarisation effects during SEM studies, a conductive
Pt layer was preliminarily applied to the sections using cold
magnetron sputtering. The thickness (7, pm) and porosity
(P, %) of the oxide layers were estimated from three pano-
ramic cross-sectional images (=500 pm in length) using
ImagelJ software.

Table 1. Chemical composition of the Mgy;Y,Zn; alloy
Taonuya 1. Xumuueckuii cocmag cnaasa Mgo;Y,Zn;

Element Mg Y

Zn Zr Nd

89.90+0.15 6.67£0.17

Content, wt. %

2.27+0.10

1.07£0.26 0.056+0.001 <0.005

Note. 30 is given as an error. Al and Fe content is <0.002 wt. %.
Ipumeuanue. B kauecmese nocpewnocmu npusedeno +3o. Cooepacanue Al u Fe <0,002 mac. %.
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The wettability (degree of hydrophobicity/hydrophili-
city) of the surface of the oxide layers, was assessed by
the sessile drop method using a KRUSS DSA-25E contact
angle analyser (Germany) with an automatic precision dos-
ing system. Drop volume — 3 pl, application speed — 1 pul/s.
Wetting (contact) liquid — 3.5 wt. % NaCl solution.

Electrochemical tests were carried out by potentiody-
namic polarisation and impedance spectroscopy using
a SmartStat PS-50 potentiostat-galvanostat (Electrochemical
Instruments, Russia) with a built-in module for measuring
electrochemical impedance of 3.5 wt. % NaCl (29542 K), in
a three-clectrode electrochemical cell CS936 (CorrTest,
China) with a fixed contact area of 1 cm”. A platinum grid
(20x20 mm?) served as an auxiliary electrode; a silver chlo-
ride electrode filled with a saturated potassium chloride
solution (Ag/AgCl/KCly,) was used as a reference elec-
trode. Stabilisation of the electrode potential of the samples
(E,c — open circuit potential, V) was carried out for 60 min.
Potentiodynamic polarisation of the samples was carried
out in the range from —150 mV to +1000 mV relative to £,
with a potential scanning rate of 1 mV/s. The polarisation
resistance R, was determined according to the recommen-
dations of ASTM G102-89(2015)el using the Stern—Geary
constant. The effective interconnected porosity (P, %) of
the oxide layers was assessed using the electrochemical
method in a similar way [19].

Measurements using the electrochemical impedance
spectroscopy (EIS) method were carried out with a sinusoi-
dal disturbing signal, with an amplitude of 10 mV at a sta-
bilised E,. value, in the frequency range from 500 kHz to
10 mHz. Analysis of experimental data and calculation of
parameters of equivalent circuits, were carried out using
ZView software (Scribner Associates, USA). The barrier
zone parameters (thickness and conductivity) were deter-
mined from data on processing impedance spectra in a simi-
lar way [20].

RESULTS

Structure and chemical (elemental) composition
of oxide layers

The base oxide layer B formed in the electrolyte without
NP additives contains multiple transverse pores and cracks,
which can reach almost the barrier layer or magnesium sub-
strate (Fig. 1 a). A large number of closed pores formed as
a result of a sharp discharge of hot gases, from the layer
formation zone are observed, and the internal (barrier) layer
at the “oxide layer — magnesium alloy” interface has a pro-
nounced mesoporous structure and discontinuities, and has
discontinuities in the areas of LPSO-phase release to
the surface (Fig. 1 b).

The introduction of ZrO, NPs into the electrolyte, leads
to the formation of oxide layers with a more uniform struc-
ture, their porosity in the cross section decreases from ~9 %
to ~5.5-7 %, the length and number of voids and pores near
the barrier layer, and at the points of LPSO-phase, exit to
the interface with the magnesium substrate are reduced
(Fig. 1 c—f). In this case, a semblance of a bordering with
a changed phase contrast appears above the LPSO-phase,
which indicates the oxidation of this phase along the peri-
meter, and the barrier layer formation in places where it
reaches the “oxide layer — magnesium alloy” interface.

In the images of the structure of the Z1-Z4 oxide layers,
multiple bright points and globules, with sizes ranging from
a fraction of a micron to 5—10 um, with a sharp phase con-
trast are observed (Fig. 1 c—f), which indicates the presence
of heavy elements in them, and taking into account the ex-
perimental factor, allows stating that these are embedded
ZrO, NPs or products of their reactions, with other compo-
nents of the system. An increase in the proportion of Zr
from ~6.9 % for the base sample to ~9.3 wt. % for the sam-
ple produced by adding 4 g/l ZrO, to the electrolyte, indi-
cates the successful inclusion of nanoparticle substance into
the layer (EDX analysis data, Table 2). Zirconium replaces
predominantly F and Na in the layer, and the content of
other elements remains virtually unchanged (Table 2).

The addition of ZrO, NPs had virtually no effect on
the PEO efficiency — an increase in the average oxide layer
thickness from ~22 to ~26 um is observed only in the case
of a low concentration of the dispersed phase in the electro-
lyte (sample Z1), while the average thickness of the Z2—74
oxide layers is at the base layer level and is ~20-22 pm

(Fig. 1).

Wettability and anticorrosion properties of oxide
layers

The addition of ZrO, nanoparticles to the electrolyte
changes the surface contact properties of the formed oxide
layers — the surface contact (wetting) angle ® of Z1-Z4
samples is 95-115° versus ~91° for the base oxide layer,
i. e, it is increased by 5-20 %, which indicates an increase
in the hydrophobicity of the Z1-Z4 oxide layers (Fig. 2).
Moreover, over time (10 min), the change in the contact
(wetting) angle for samples Z1-Z4 is significantly less (less
than 20°) than for the base oxide layer, which indirectly
indicates a lower open porosity of the oxide layers, as well
as a more developed surface microrelief.

Fig. 3 shows the polarisation curves of the samples un-
der study in the logarithmic scale of current density.
The original Mgy;Y,Zn; alloy (without an oxide layer) has
a relatively low corrosion resistance (icon=5 pA/cm’,
R=8 kQ-cm?) and is prone to pitting corrosion in chloride-
containing environments (Fig. 3, Table3). MA PEO in
the base electrolyte reduces the corrosion rate of the alloy
by more than 2 orders of magnitude — t0 /0,26 nA/cm’
and R~1.6 MQ-cm’.

The addition of ZrO, nanoparticles at a concentration of
1-2 g/l leads to a decrease in the average values of iy
by ~1.5-2 times (up to 14—17 nA/cm?), and an increase in
R, from =1.6 MQ-cm® for the base layer to =~2.6
and 2.3 MQ-cm® for samples Z1 and Z2, respectively, as
well as to a decrease in the effective interconnected porosi-
ty Pegr up to 0.009 % and 0.013 % for these samples versus
0.019 % for the base oxide layer (Table 3). However, at
a higher polarising voltage (+1 V), this effect is leveled out,
and the anodic current densities of both the base sample and
samples Z1-Z4 almost reach the current density of the alloy
without an oxide layer (Fig. 3, Table 3). An increase in the
concentration of ZrO, NPs in the electrolyte to 3—4 g/l
worsens the anticorrosion properties of the layers to
the level of the base layer B with a slight decrease in P
from =0.19 % to 0.14-0.17 % (Table 3).

The Nyquist (Fig. 4 a) and Bode plots (Fig. 4 b), which
make it possible to determine the electrical parameters of
the “alloy — electrolyte” interface, show that a protective
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73

50 um

Fig. 1. Microstructures (cross sections, SEM) of the base (B) oxide layer (panoramic view (a)
and detailing of the barrier zone (b)) and the oxide layers
produced when adding ZrO, nanoparticles to the electrolyte (Z1-Z4): 1 g/l (c), 2 g/l (d), 3 g/l (e), 4 g/l (f)
Puc. 1. Muxpocmpykmypa (nonepeunvie ceuenus, COM) 6azo6020 (B) okcuonozo cnos (nanopamusiili CHUMOK (@)
u demanusayus 6apveproil 301ul (b)) u oxcuoHwIX croes,
nouyueHHvix npu 0obagienuu ¢ anekmponum nanovacmuy ZrO, (Z1-Z4): 1 2/n (c), 2 2/n (d), 3 2/x (e), 4 2/1 (f)

Table 2. Chemical (elemental) composition of oxide layers (EDX, wt. %)
Tabnuua 2. Xumuueckuil (3nemenmmvlil) cocmag okcuonwix cnoes (EDX, mac. %)

Sample Mg (0] Al F Na P Y Zr
B 31.94+2.2 29.9+0.4 15.2+1.3 7.3+0.7 2.3+1.1 2.1+0.4 3.6+1.4 6.9+0.8
Z1 32.6+1.0 29.7+£0.6 16.3£1.0 6.5£1.2 1.320.7 2.4+0.5 3.3+1.0 7.4+0.6
Z2 31.8+1.9 29.7+0.9 15.6+0.9 6.6+0.8 1.9+0.7 2.1+0.4 3.6+1.9 8.0+0.5
73 30.1+1.6 30.8+0.3 15.7£1.0 5.5+0.8 1.4+0.8 2.4+0.3 4.5+1.6 9.1+0.8
74 32.1+1.5 29.7£0.5 15.7£1.0 6.4+0.7 2.0+0.3 2.1+0.3 2.7+0.3 9.3+0.6

Note. 30 is given as an error.
Ipumeuanue. B kauecmese nozpewiHocmu npusedero +3o.

passivating film is formed on the non-oxidised Mgy;Y,Zn;
alloy after 60 min of exposure to a corrosive environment,
the best description of which is achieved in the case of us-
ing a simple equivalent circuit, with one R-C chain
(Fig. 4 c) simulating the double-layer capacitance, and the
resistance of charge transfer across the interface.

The spectra of samples with oxide layers have two
extrema in the phase angle graph (Fig. 4 b), therefore, to
process them, a double-loop circuit was used, which cor-
responds to two time constants (Fig. 4 d). The first inflec-
tion in the high-frequency range is determined by

the presence of an outer porous layer R, and the second
one (in the range of medium and low frequencies) charac-
terises the inner barrier zone Ry,

PEO allowed increasing significantly the corrosion re-
sistance of the Mgy;Y,Zn, alloy — the charge transfer re-
sistance of the barrier zone R, of the base oxide layer was
~1.3 MQ cm® versus ~0.9 kQ cm” for the natural passive
film on the alloy, i. e., by more than 3 orders of magnitude
(Fig. 4, Table 4). The addition of ZrO, NPs introduced into
the electrolyte in concentrations of 1-2 g/l increased R}, of
the oxide layers up to ~1.8 and 1.6 MQ-cm’, respectively,
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Fig. 2. Wettability of the surface of oxide layers formed in the base electrolyte (B)
and with additions of ZrO, NPs from 1 to 4 g/l (Z1, Z2, Z3, Z4). Contact medium is 3.5 wt. % NaCl
Puc. 2. Cmayusaemocmv OKCUOHBIX CTI0€8, CHOpMUPOBAHHBIX 8 6a3060M dekmponume (B)
u ¢ oobaskamu H4 ZrO, om 1 0o 4 2/n (Z1, Z2, Z3, Z4). Konmaxmnas cpeda — 3,5 mac. % NaCl
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Fig. 3. Polarization curves of samples from the Mgq,Y,Zn; alloy in the initial state
and with oxide layers formed in the base electrolyte (B) and with additions of ZrO, NPs from 1 to 4 g/l (Z1, Z2, Z3, Z4)
Puc. 3. [onspuzayuonnvle kpusvle 06pazyos uz cnaasa Mgy;Y>Zn; 6 ucxooHom cocmosHuu
U € OKCUOHBIMU CLOAMU, CHOpMUPOBAHHbIMU 8 6a3060M Inekmponume (B) u ¢ 0obaskamu H4 ZrO, om 1 0o 4 o/n (Z1, Z2, Z3, Z4)

i. e. by ~30 and ~15 % compared to the base oxide layer.
However, a further increase in the ZrO, concentration in the
electrolyte (especially 4 g/l) led to a decrease in the protec-
tive properties of the oxide layers to the level of the base
oxide layer (Fig. 4, Table 4).

The main studied characteristics of the oxide layers, de-
termining their properties were divided into two groups

(Table 5). The first group (thickness 7, structural (visual)
porosity P, and surface wettability @) refers to the charac-
teristics of the outer (porous) zone of the layer. The second
group (the barrier zone thickness 7y, effective interconnect-
ed porosity P, and specific conductivity o) characterises
mainly the parameters of the inner barrier zone, of the oxide
layer at the interface with the alloy.
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Table 3. The results of polarization tests of the Mgo;Y>Zn; alloy before and after PEQO in the base electrolyte

and with additions of ZrO, NPs (3.5 wt. % NaCl)

Tabnuua 3. Pezynomamol noaspusayuorHsix ucnvimanutl cnaasa Mgo;Y,Zn; 0o u nocne 1120 6 bazoeom snekmponume
u ¢ oobaskamu H4 ZrO; (3,5 mac. % NaCl)

Sample E,,V Ly nA/cm’ E.mn V R,, MQ-cm’ P, %
Alloy —1.584+0.028 46003641 —1.470+0.028 0.008+0.004 -
B —1.528+0.020 25.7+11.5 ~1.540+0.019 1.56+0.80 0.19+0.04
Z1 —1.537+0.027 13.7+1.7 —1.558+0.018 2.58+0.50 0.09+0.01
Z2 —1.527+0.027 17.342.1 —1.541+0.036 2.28+0.73 0.13+0.02
Z3 -1.557+0.012 22.0+0.6 -1.556=0.034 1.68+0.61 0.14+0.02
Z4 -1.56620.022 25.849.9 —1.580+0.014 1.67+0.50 0.17+0.03

Note. E,. is open circuit potential; i.,, is corrosion current density, E,,,, is corrosion potential;
Rp is polarisation resistance; Peff is effective interconnected porosity.

Ipumeuanue. E,. — nomenyuan pazomMKHymou yenu, i.q.,. — nI0OmHocms moka kopposuu, E.,.. — nomenyuan kopposuu,
R, — nonapusayuonnoe conpomusnenue; Poyz— dppexmuenas ck6osnas nopucmocmo.

O alloy O alloy
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6 | ° v
d0-1.5x1o O 74 % 60 &
: 2 .50
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(V4
-20_
‘ -10
0.0 : : : : 0%
0.0 50x10° 1.0x10° 1.5x10%° 2.0x10° 102 10" 10° 10" 102 10° 10* 10°
Resistance, Q-cm? Frequency, Hz
a b

Rel CP\Eout

Rel CPE b
VaVve >
Ro

c d

Fig. 4. Nyquist (a) and Bode (b) plots of Mge,Y,Zn; alloy samples without coating (insert) and with oxide layers
formed in the base electrolyte (B) and with additions of ZrO, NPs from 1 to 4 g/l (Z1, 22, Z3, Z4). Equivalent electrical circuits
used to describe the impedance spectra of uncoated alloy (¢) and samples of alloy with oxide layers (d)
Puc. 4. Kpusvie Haiikéucma (a) u booe (b) obpazyos uz cniasa Mgq;Y,Zn; 6e3 nokpvimus (6cmagra)
U ¢ OKCUOHBIMU CLOAMU, CHopMUPOBanHbIMU 8 6a3060M Inekmporume (B) u c oobaskamu HY ZrO, om 1 0o 4 2/n (Z1, Z2, Z3, Z4).
DKeuseaneHmHvie d1eKmpuiecKie Cxembl, UCHOIb3YEMble 0I5l ONUCAHUS CHEKMPOE8 UMNEOaHCd 00pasyoe u3 cniasa 6e3 nokpuimus (c)
U ¢ OKCUOHBLIMU crosmu (d)
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Table 4. The results of processing EIS data of the Mgo;Y,Zn; alloy before and after PEO in the base electrolyte

and with additions of ZrO; nanoparticles (3.5 wt. % NaCl)

Taonuya 4. Pezynomamut oopadomxu danuvix DUC cnnasa Mgq;Y,Zn; 0o u nocne 1150 6 6bazoeom snekmponume

u ¢ oobaskamu nanouacmuy ZrO; (3,5 mac. % NaCl)

CPE,, CPE,
Sample Koo 2 Qo MO 0,
O lem 2" Mout O lem " b
Alloy - - - (1£0.3)-107 (1.6£0.1)-107° 0.94+0.01
B 10.5+0.6 (3.0£0.3)-10°7 0.7940.01 1.27+0.30 (1.5£0.2)-1077 0.91+0.03
z1 13.742.3 (2.8£0.3)-1077 0.79+0.01 2.14+1.04 (1.6£0.2)-1077 0.88+0.01
Z2 11.6+4.9 (3.0£0.2)-10°7 0.7940.01 1.74+0.96 (1.7£0.5)-10°7 0.88+0.03
Z3 11.0£2.7 (3.1£0.3)-1077 0.78+0.01 1.53+0.50 (2.840.7)-1077 0.86+0.04
Z4 13.542.7 (2.9£0.1)-1077 0.79+0.01 1.01+£0.24 (2.240.5)-1077 0.84+0.03

Note. R,,,; and Ry, are the resistances of the outer and barrier zones of the oxide layer;
CPE,,, and CPEj are the constant phase elements characterizing the capacitance of the outer (porous)
and inner (barrier) zones, taking into account the degree of their heterogeneity;
Q is a frequency-independent parameter, n is an exponential factor (n<I).
Ipumeuanue. R, u R, — conpomugienue snewnetl u 6apbepHoll 30H OKCUOHO20 CILOSL;
CPE,,; u CPE}, — sn1emermbl ROCMOSAHHOU (asvl, Xapakmepuszyowue eMKoCms Heutkell (Ropucmoi)
u sHympennell (6apbepHoll) 301 ¢ y4emom CImeneHu ux 2emepoceHHOCmi;
Q — yacmomHo-He3a8uUCUMBLIL NApamemp, R — HKCNOHeHYuaIbHbll paxmop (n<l).

Table 5. Characteristics of zones of oxide layers
Tabnuya 5. Xapaxmepucmuxu 30H OKCUOHBIX CILO€E

Outer layer Barrier layer
Sample

T, pnm P, % 0,° Ty, nm P, Yo G}, pS/cm
B 21.9+£2.5 8.8+0.5 91.2+1.3 215+78 0.19+0.04 12.3£1.6
Z1 25.843.1 7.7£0.1 107.54£2.6 307497 0.09+0.01 18.742.6
z2 19.1+4.2 5.4+0.2 96.6+1.9 274162 0.13+£0.02 20.3+7.2
VA 21.743.3 6.7£0.1 110.4£2.1 250+111 0.14+0.02 23.245.2
Z4 22.1+4.3 5.6+0.9 111.9+2.8 382496 0.17+0.03 33.8£8.4

Note. T is oxide layer thickness; P is structural porosity; © is contact angle of surface wettability; Ty is barrier zone thickness,
P, is effective interconnected porosity, oy is barrier layer conductivity.

Tpumeuanue. T — monwyuna okcuoHozo cios; P— cmpyxmypnas nopucmocms, ® — Kpaegoii Y201 cMauueaemMocmu RO8EPXHOCHIIL
T}, — monwuna bapveproti 301b1; Poy— 5¢ppexmuenas ckgosnas nopucmocms; 6, — yoerbHas NPogoOUMOCHs 6apbepHO20 CIOA.

DISCUSSION

The results of the study of the chemical (elemental)
composition showed the inclusion of ZrO, NPs in the for-
med oxide layer, and with an increase in the dispersed addi-
tive concentration in the electrolyte by 1 g/, the Zr propor-
tion in the layer increases by ~0.5-1 wt. %. One can as-
sume that the introduction of ZrO, particles occurs both in
the original (nanosized) and agglomerated form. The parti-
cles were detected mainly in the upper zones of the layers
(3050 % of the coating thickness), and have a clearly de-

fined contrast boundary with the oxide layer material,
which indicates their inclusion as a result of being captured
by a molten metal splash with subsequent fixation in
the layer. The absence of transition colour zones in
the phase contrast, as well as the phase contrast heterogenei-
ty in the zones of inclusion of ZrO, particles in the layer,
and the light areas themselves, indirectly indicates the in-
clusion of ZrO, NPs exactly in the form of particles without
participation in chemical reactions, and the formation of Zr-
containing phases. The presence of zirconium in the base
layer (Table 2), as well as characteristic contrasting (light)
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zones in the images of the transverse structure (Fig. 1 a),
indicates the effect of the oxide layer inheriting the struc-
ture, and chemical heterogeneity of the processed alloy,
which was previously revealed during PEO of aluminum-
silicon alloys [21].

The inclusion of ZrO, NPs in agglomerated micro- and
nanosized form into the oxide layer, and in particular, into
its surface is also evidenced by data on the wettability of
oxide layers (Fig. 2). It is known that with a decrease in
the radius of the surface morphological element that comes
into contact with the liquid, the necessary external pressure
to ensure surface wettability (Laplace formula), sharply
increases [22]. And at constant external pressure, the con-
tact liquid cannot go around and wet objects with a certain
critical R due to the surface tension in the liquid. A change
in the contact wetting angle (Fig. 2, Table 5), suggests that,
along with a change in the effective interconnected porosity
of the oxide layers, there is an increase in the surface
microrelief development, due to the introduction of ZrO,
particles into it, which creates numerous micro- and nano-
objects that cannot be wetted with contact fluid at atmo-
spheric external pressure. As a consequence, as a result of
microscopic effects, macroscopic changes in contact wet-
ting angles are observed in terms of increasing the hydro-
phobicity of the oxide layers. Due to the effects of charge
accumulation on the oxide layer surface, and as a conse-
quence, the appearance of polarisation artifacts in micro-
scopic areas of the sample, we were unable to resolve and
visualise individual ZrO, nanoparticles embedded in
the layer using the SEM method, therefore, this will be the
subject of further research using the method of atomic force
microscopy, and optical profilometry based on white light
interferometry.

The influence of ZrO, NPs on the oxide layer structure,
and most importantly, the structure and quality of its barrier
zone, is evidenced as well by the EIS measurement data.
It is known that oxide layers, formed by PEO have a two-
and/or three-zone structure [17; 23]. The outer (porous)
zone of the layer is the primary barrier limiting the contact

40+
35;
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25: =" ! !
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154 *
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]
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of the corrosive environment with the alloy surface.
The main indicators of high anticorrosion properties of the
outer zone, as a rule, are low porosity, as well as surface
hydrophobicity, which prevents the penetration of an ag-
gressive environment into the pores and channels of micro-
arc discharges. It is considered that the internal (barrier)
zone at the interface with the alloy, makes the main contri-
bution to the anticorrosion properties of oxide layers [24].
It is known that the thickness of the oxide layer barrier zone
according to microstructure photographs (SEM) ranges
from several tens of nm to several microns. Depending
on the anodising or PEO mode [10], however, it is quite
difficult to measure this value clearly due to the microscope
resolution and polarisation effects (non-conducting layer) [23].

The study showed, that no correlation between the pa-
rameters of the outer zone of oxide layers B, and Z1-74
with their anticorrosion properties is observed: the inclusion
of ZrO, NPs in the oxide layers reduces their structural po-
rosity, but does not affect the increase in their protective
properties (Fig. 5 a). The corrosion current density of sam-
ple Z4, which has the lowest porosity (P=5.6 %), is higher
than that of the base layer, i. e., even the opposite trend is
observed. The influence of the hydrophobicity degree, on
the anticorrosion properties of oxide layers, was identified
only for cases of low concentration of ZrO, NPs added to
the electrolyte (1-2 g/l). A further increase in the concen-
tration of nanoparticles, despite an increase in the contact
(wetting) angle, leads to an increase in the corrosion rate of
the alloy (Fig. 5 b).

Despite the increase in the thickness of the inner zone T;,
(Table 5) under the influence of the addition of ZrO, NPs
to the electrolyte, an increase in the Zr concentration in
the layer leads to an increase in effective interconnected
porosity and an increase in specific conductivity (Table 5).
Probably, solid hard ZrO, nanoparticles are accelerated in
the vapour-gas phase, preceding the microarc discharge
breakdown, under the influence of an electric field they
break through the oxide layer to the barrier zone and
penetrate into it, thereby changing its conductivity

90 95

Fig. 5. Relationship between the corrosion current density of oxide layers and their structural porosity (a)
and the contact angle of surface wettability (b)
Puc. 5. Csa3b nnomunocmu moka KOppo3uu OKCUOHBIX CLO€8 C UX CIPYKMYPHOU NOPUCMOCIbIO (@)
U Kpaegvlm y2iom cmavusanus nogepxnocmu (b)
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Fig. 6. Resistance of the barrier zone of oxide layers depending on their effective interconnected porosity (a)
and the relationship between the corrosion current density of layers Z1-Z4 and the barrier zone specific conductivity (b)
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(Table 5). Apparently, as a result of the inelastic collision
of nanoparticles with a layer, nanosized channels and
nanocracks are formed in the barrier layer [25], which re-
duce the effective thickness of the barrier layer, and in the
case of contact with a corrosive environment, reduce its
electrical resistance.

With increasing barrier zone conductivity, a sharp decrease
in anticorrosion properties is observed: an almost linear de-
crease in the barrier layer resistance with increasing Peg
(Fig. 6 a), as well as a sharp increase in the corrosion rate of
the alloy (icr) (Fig. 6b) is revealed. Thus, the barrier layer
dielectric properties and continuity have a decisive influence
on the anticorrosion properties of the oxide layers.

CONCLUSIONS

1. The addition of ZrO, nanoparticles to the electrolyte
during PEO of the Mg LPSO alloy Mgo;Y»Zn; at a concen-
tration of 1-2 g/l reduces the porosity of the formed oxide
layers, and promotes the oxidation of the LPSO-phase emerg-
ing at the “magnesium alloy — oxide layer” interface, as well as
the formation of a continuous and dense barrier layer.

2. The addition of ZrO, nanoparticles to the electrolyte
at a concentration of 1 g/l increases the thickness of
the oxide layer by ~20 %, and increases the oxide layer
anticorrosion properties by ~2 times compared to the base
version. When the concentration of ZrO, NPs in the elec-
trolyte increases to 3—4 g/I, the thickness and protective
properties of the oxide layers return to the base level.

3. It was identified that the main parameters influencing
the anticorrosion properties of the formed oxide layers, are
their effective interconnected porosity Py and the barrier
zone specific conductivity oy, that increase with increasing
ZrO, concentration in the electrolyte from 1 to 4 g/, which
negatively affects anticorrosion properties of oxide layers,
reducing their complex resistance.

4.1t is shown that under the influence of an electric
field, solid ZrO, nanoparticles, as a result of inelastic colli-
sion, break through the oxide layer to the barrier zone and

penetrate into it, which changes its thickness and conducti-
vity due to the formation of breakdown channels, and nano-
and microcracks, and as a consequence, leads to reducing
the oxide layer anticorrosion properties.
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Annomayusn: MarHueBbie CIUIaBhI C YIIPOUHSIOUICH JUTMHHONICPUOIUYCCKON YIIOPSI0YCHHOM CTpyKTYpoii (long-period
stacking ordered structure, LPSO-¢a3a) 061a1at0T BEIIAIONIMMA MEXaHUISCKUMHU CBOWCTBAMHM, OJTHAKO MX HU3Kas KOPPO-
3MOHHAS CTOMKOCTh 00YCIIaBIMBAaeT HEOOXOIUMOCTh B IOMIOJHUTEIBHON TOBEPXHOCTHOH 3ammTe. B pabore mccieqoBano
BJIMSIHUC JJO0ABOK B AJICKTPOJIHUT HaHo4YacTUl ZrO, B KOHIEHTpaIuu 1—4 /1 Ha TOJINUHY, CTPYKTYPY, COCTaB, CMadyuBac-
MOCTB ¥ aHTHKOPPO3HOHHBIE CBOHCTBAa OKCHUIHBIX CIIOEB, (POPMUPYEMBIX MPH IHIa3MEHHO -3JICKTPOITUTHICCKOM OKCHIUPO-
Baxun ([130) cmaBa Mgy, Y,Zn; ¢ LPSO-¢a3zoii. Ycranosieno, uro npu [190 Hanowacturs! ZrO, moa AEHCTBHEM dJICK-
TPUYECKOTO TIOJISI BHEAPSIOTCS B (POPMHUPYIOLIHIICS OKCHUIHBIA CIIOH, a TaKKe CHUKAIOT €TO TIOPUCTOCTh. BHIABICHO CHH-
JKCHHE KOJIMYECTBA U pa3MepoB mop BOIMM3HM OaphepHOTO ciiosg B MecTax Beixoma LPSO-dassl crmaBa k rpaHuIie pasmena
C OKCHIHBIM ciioeM. Mairslie KoHIeHTpanuu Hanodactur ZrO, (1-2 1/1) CHIKAT CKOPOCTh KOPPO3UH CIIaBa IO CPABHEHHIO
¢ 6a30BBIM BapMAHTOM JI0 JIBYX Pa3. MMHUMAaIBEHON MIOTHOCTBIO TOKA KOPPO3HH ixepy™=14 HA/cM” B HAHGOIBIIHM MONAPH3a-
IIMOHHBIM COTIPOTUBJICHUEM R, ~2,6 MOwm-cm® o6magaer obpaserl, chOPMHUPOBAHHBIN B DJICKTPOIIUTE ¢ 100aBKOH 1 1/ HaHO-
yactul ZrO,. Pacuer mapameTpoB GapbepHO 30HBI OKCUIHBIX CIIOEB IMOKa3aJl, YTO MOBBIIIEHHE KOHIEHTpauu ZrO, B 2eK-
TPOJIUTE TPUBOJIUT K YBEIMUEHHUIO TOJIIMHBI 0aphepHOTO CIIOSI K POCTY €ro yJAeNbHOW MPOBOJUMOCTH, YTO OTPHUIIATEEHO
CKa3bIBACTCS HA KOPPO3IHOHHOW CTOMKOCTH (DOPMHUPYEMBIX OKCHIHBIX CIIOCB: CONPOTHUBIICHUE OaphePHOI 30HBI CIIOs, MOY-
4yeHHOTo npu a06aeke 4 /1 ZrO,, magaet Ha ~20 % 10 cpaBHEHHIO ¢ 6a30BBIM BapuaHTOM (10 ~1 MOM'CMZ).

Knroueevie cnoea: maraueBbiii croiaB; Mgy, Y,Zn;; HaHoyactuisl ZrO,; LPSO-da3a; mia3MeHHO-31eKTPOIUTHIECKOE
OKCHIUPOBAHNE; HAHOYACTHUIIBI; OKCUJ IUPKOHUS; KPAacBOH YroJl CMadyMBaHUS IIOBEPXHOCTH; KOPPO3UOHHAS CTOHKOCTH;
MPOBOIUMOCTH OaphepHON 30HEI.
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Abstract: Self-propagating high-temperature synthesis (SHS) is one of the promising methods for producing strong and
wear-resistant composites. The use of copper as a matrix due to the unique combination of electrical and thermal conduc-
tivity is of particular interest. Monolithic SHS composites of the Cu—Ti—C-B and Cu-Ti—C systems are currently little
studied. The information on the phase composition of such composites is contradictory, and data on micromechanical
properties is practically absent. The paper presents the results of a comparative analysis of the structure and micromecha-
nical properties of composites of the Cu—Ti—C and Cu-Ti—C-B systems. It is found that the matrix of both composites is
a copper-based solid solution supersaturated with titanium, in which nanosized Cu,Ti intermetallic compound particles
precipitate upon cooling. TiC particles (Cu-Ti—C composite) and TiC and TiB, particles (Cu-Ti—-C-B composite) are
the strengthening phases resulting from SHS. In the Cu-Ti—~C—B composite, the original particles of unreacted B4C boron
carbide were preserved, the microhardness of which was 3680 HV 0.1. The most ductile structural constituent in the Cu-Ti—B
system composite is the Cu+CuyTi mechanical mixture, due to which further plastic deformation is possible to obtain parts of
a given shape. During the study of micromechanical properties, the maximum strength indicators of H;y, HV, W,, R,, H;/E*

were recorded in the Cu-Ti—C-B system composite, which allows expecting high wear resistance of products made of it.
Keywords: self-propagating high-temperature synthesis; monolithic SHS composites; copper matrix; structural consti-
tuents; strengthening phases; intermetallides; titanium carbide; titanium diboride; micromechanical properties; hardness.
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INTRODUCTION

The method of self-propagating high-temperature syn-
thesis (SHS) is widely recognised in the field of creating
new powder materials [1-3]. Currently, this process is
being studied in 47 countries around the world. The SHS
process is based on carrying out exothermic chemical re-
actions of interaction of initial reagents in the form of
combustion, where the target combustion product is solid
chemical compounds (carbides, nitrides, borides, oxides,
etc.) and materials based on them [4]. The main reagents
in SHS processes are powders of metals and non-metals,
and the final product is powders, sintered bulk materials
or coatings [5—7].

The advantages of SHS technology include a significant
reduction in energy costs for heating to high temperatures,
as the heat generated by the combustion reaction works, as
well as the use of simple, small-scale equipment, and the
implementation of high process speeds [§—10]. Currently,

about 100 varieties of SHS technology have been created,
which allow synthesising over 1000 substances and materi-
als, applying coatings, and welding parts. In Russia, six
types of SHS technologies are common: reactor powder,
sintering, power compaction, casting and weld facing,
welding, and vapour transport coatings [3; 8]. SHS techno-
logies are widely used in mechanical engineering (abrasive,
blade and stamp tools, high-temperature and wear-resistant
parts), metallurgy (refractory products, weld facing, elec-
trodes, ferroalloys, metal-supplying pipes), electrical engi-
neering and electronics (ferrites, ferroelectric materials,
insulators, heating elements, high-temperature supercon-
ductors), chemical industry (catalysts), medicine (implants
made of shape memory alloys) [9]. The SHS process is also
very promising for the production of nanomaterials:
nanosized powders, fibres and films, as well as nanostruc-
tured compact materials [10].

SHS is a rather complex physical and chemical process;
its behaviour depends on many factors: the reaction heat,
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the composition and structure of the initial mixture of
powders, the size of their particles, density, size and tem-
perature of samples, the composition and pressure of
the surrounding gas, etc. SHS is based on the exothermic
reactions leading to heating of the initial mixture up to
the melting point of the metal powders that form the com-
posite matrix [3; 4]. After the SHS completion, the pro-
duced composite is cooled, and, as a result, phase trans-
formations are possible in the metal matrix that largely
determine the composite properties. Until now, research
has been focused mainly on studying the theory of com-
bustion and synthesis processes, understanding their
mechanisms, identifying the influence of various techno-
logical parameters on the composition, structure and pro-
perties of the resulting product, as well as developing
the equipment for the SHS process implementation [3; 4].
The study of the structure and properties of the matrix is
rather neglected. However, it is in it that significant
changes occur both during the synthesis process and dur-
ing subsequent thermal treatments [11-13]: during the com-
bustion process, supersaturated solid solutions, non-
equilibrium phases and intermediate products are formed,
which upon subsequent heating, can decay and interact
with each other, forming new phases.

Copper has a unique combination of electromagnetic
and thermophysical properties [14]. Therefore, composites
with a copper matrix are a very promising new material for
structures requiring high electrical and thermal conductivity
[15; 16]. The authors of works [14; 17] showed that severe
plastic deformation of Cu/Mg composites, in combination
with heat treatment allows obtaining unique properties due
to a combination of high electrical conductivity and
strength. Previous studies have demonstrated that compo-
sites of the Cu-Ti—C and Cu-Ti—C—B systems are charac-
terised by high wear resistance [18; 19]. It has been found
that abrasive wear of these composites occurs through plas-
tic displacement of the cut material, which allows forming
a surface with a high degree of roughness [19]. Moreover,
copper and alloys based on it are quite easily deformed,
which allows implementing deformation-thermal treatment
of the composite to change its properties and give it a de-
fined shape. Thus, in the work [20], temperatures and pres-
sures were found at which it is possible to realise plastic
deformation of the Cu-Ti—C-B SHS composite without
destruction. In this regard, the study of composites of
the Cu-Ti—C and Cu-Ti—C-B systems is of great practical
interest.

The available information on the phase composition of
SHS composites of the Cu—Ti—C and Cu—Ti—-C-B systems
is quite contradictory. Thus, the authors of [18] discovered,
except for the particles of strengthening TiC phases
formed as a result of the Cu-Ti—-C composite SHS,
a whole series of titanium cuprides of various composi-
tions. The works [19; 20] show that in the copper matrix
of Cu-Ti—-C-B composites, nano-sized particles of only
one intermetallic compound, CuyTi, homogeneously pre-
cipitate. Moreover, previous studies [21] showed that
when forming Cu-Ti—C—B system composites, it is possi-
ble to retain a small amount of B4C particles, that do not
have time to react with titanium [21]. In this regard, it is
of interest to conduct a comparative analysis of the struc-
ture of Cu-Ti—C and Cu-Ti—-C-B composites produced
under the same conditions using the same Cu, Ti, and C

powders, differing only in the addition of B,C powder to
the composition of the original mixtures.

The purpose of the work is to carry out a compara-
tive analysis of the structure and micromechanical
properties of SHS composites of the Cu-Ti—C and Cu-—
Ti—C-B systems.

METHODS

Monolithic composites of the Cu-Ti—C and Cu-Ti—-C-B
systems were produced using a technology described in
detail previously in [22].

The initial powder mixture consists of thermoreactive
and matrix components. Thermoreactive components (TRC)
are powders of PTM-1 titanium, P-804T carbon black and
B,C boron carbide of M20 grade, which ensure the occur-
rence of exothermic synthesis reactions. Cu powder of
PMS-1 grade is the matrix component. The TRC fraction in
the initial powder mixture was 23 wt. %. The mixture of
powders was thoroughly stirred and poured into a pipe con-
tainer made of St3 low-carbon structural steel. Primary
compaction of the powder mixture was carried out using
special equipment. Then the blank was placed in an electric
furnace, and heated to the temperature when exothermic
reactions began (about 1000 °C). After SHS completion,
the hot blank was transferred to a hydraulic press and de-
formed with a load of at least 250 MPa to eliminate internal
porosity. As a result, sandwich plates were obtained,
the appearance of which is shown in Fig. 1.

The structure of the composites was studied using
a TESCAN VEGAII XMU scanning electron microscope.
Rockwell hardness was measured using a hardness tester.
The local chemical composition of the composite phases
was determined using an OXFORD energy dispersive at-
tachment to a scanning microscope. The average chemical
composition of the composites was determined by averag-
ing the scanning results of 10 fragments of the polished
section surface with an area of 2x2 mm. Phase X-ray dif-
fraction analysis was performed on a SHIMADZU X-ray
diffractometer in chromium k,-radiation.

Instrumental indentation was carried out on a Fischer-
scope HM2000 XYm measuring system, using a Vickers
indenter and WIN-HCU software at a maximum load of
0.980 N, loading time of 30 s, holding at the load during
50 s and unloading time of 30 s according to ISO 14577
standard. Accuracy of microhardness and microindentation
characteristics based on 10 measurements was calculated
with a confidence factor of p=0.95.

Based on the indentation results, the following indi-
cators of micromechanical properties were determined:
Vickers microhardness (HV), contact elasticity modulus
(E*), elastic recovery index (R,), component of elastic
strain work during indentation (¢), creeping during in-
dentation (C;7), index of elastic deformation fraction in
the total deformation during indentation H;/E (H;r is
indentation hardness values at maximum load). The va-
lues of the R,, ¢ and C;r indicators were calculated using
the formulas:

h.. —h
R =7 100 %;

max

100
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Fig. 1. Appearance of sandwich plates made of Cu—Ti—C and Cu—Ti—C—B composites
Puc. 1. Buewnuii 6uo conosuu-niacmun uz komnosumog Cu—Ti—C u Cu—Ti—C-B
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where W, is the elastic strain work during indentation re-
leased when the applied load is removed;
W, is the total mechanical work during indentation deter-
mined by the area under the loading curve;
hy is the indenter penetration depth corresponding to the
initial point of the horizontal section on the loading curve;
himax 18 the maximum penetration depth of the indenter.

Fig. 2 shows the general view of the loading curves and
the measured experimental parameters.
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RESULTS

Hot pressing of blanks immediately after synthesis
completion makes it possible to obtain solid pore-free com-
posites. The average chemical composition of the produced
SHS composites is given in Table 1.

According to the results of phase X-ray diffraction ana-
lysis, three phases were registered in the Cu—Ti—C compo-
site: a solid solution based on Cu, CuyTi and TiC. TiC par-
ticles were formed as a result of an exothermic reaction:

Ti + C — TiC + Q.

Since the SHS process is implemented in air, a carbon
combustion reaction occurs in the powder mixture:

2C + 02 — 2C02+Q

0
0,5

—

s
5>
=
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Fig. 2. Loading diagrams and measured parameters
Puc. 2. Jluacpammpl Hazpysicenus u uzmepsemvle napamempol
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Phases and chemical elements are distributed nonuni-
formly over the cross section of the Cu-Ti—C system
composite (Fig. 3). Some regions contain a minimal
amount of TiC particles (region | in Fig. 3 a), while others
contain their aggregate (region 2 in Fig. 3 a). CuyTi par-
ticles are not visible when examined with a scanning
electron microscope due to their small size. When per-
forming a composite EDS analysis, it is impossible to
separate phases from each other, so the chemical compo-
sition of conventionally identified two structural consti-
tuents of the composite was determined: 1 — mechanical
mixture of a solid solution based on copper and CuyTi
particles with a minimum amount of TiC particles;
2 — Cu+TiC+CuyTi mechanical mixture (Table 2).

The heterogeneity of the distribution of TiC particles
throughout the volume of the composite caused the hetero-
geneity of the distribution of micromechanical properties.
In the loading diagrams (Fig. 4 a), the far right curve corre-
sponds to section 1 in Fig. 3 a, and the far left — to section 2
in Fig. 3 a. Consequently, the values of micromechanical
properties in Table 3 correspond to the sections indicated in
Fig. 3 a. The total hardness of the Cu—Ti—C system compo-
site was 33 HRC.

In the Cu-Ti—C-B system composite, X-ray diffraction
analysis, except for the phases found in the Cu—Ti—C com-
posite, additionally detected TiB, particles resulting from
an exothermic reaction

3Ti+B4C — TiC + 2TiB, + Q.

If TiC particles are uniformly distributed throughout the
composite volume, then TiB, particles are nonuniformly
distributed; there are areas where they are absent. EDS
analysis found that TiC particles contain a certain amount
of boron (Table 4). It is known that the TiC and TiB com-
pounds are isomorphic, therefore this phase should be de-
signated as Ti(C,B). In the Cu-Ti—C-B composite, two
structural components were conventionally identified. Since
they differ in chemical composition from the structural con-
stituents of the Cu-Ti—C system composite, letter designa-
tions were accepted for them: 4 — Cu+CuyTi+Ti(C,B) me-
chanical mixture; B — CutCu,Ti+Ti(C,B)+TiB, mechanical
mixture (Fig. 5 a). Moreover, particles of unreacted B,C
boron carbide were found in the Cu-Ti—-C—B composite
(Fig. 5). Thin pure titanium interlayers (marked by arrows
in Fig. 5 b) were observed around the B4C particles.

Since the Cu-Ti—C—B composite additionally contains
particles of the strengthening TiB, and B,C phases, its
hardness turned out to be slightly higher in comparison to
the Cu-Ti—C system composite and amounted to 36 HRC.
Micromechanical properties vary throughout the volume of
the Cu-Ti—C-B system composite. Compared to the Cu—
Ti—C composite, the indicators characterising the strength
of the structural components, namely HV, E* R,, H/E¥*,
are higher, and the indicators conditionally characterizing
plasticity (Amax, @, C;7) are lower (Table 5).

DISCUSSION

The composites studied in this work differ from those
considered previously [19-21] by the lower TRC content
in the initial powder mixture. Previously, it was found that
the Cu-Ti—C-B system composites retain a certain
amount of unreacted B4C boron carbide. Boron carbide
has excessively high hardness and brittleness, and there-
fore is a source of microcrack initiation under external
mechanical loading of parts and structural elements
made of this composite during their operation. It turned
out that the absence of B4C particles in the initial powder
mixture did not lead to a noticeable decrease in the hard-
ness of the resulting composite. Titanium, which does
not participate in exothermic reactions, dissolves in
the copper crystal lattice forming a supersaturated solid
solution. When cooling the composite in a copper-based
solid solution supersaturated with titanium, nano-sized
particles of the Cu,Ti intermetallic compound homoge-
neously precipitate. These particles significantly strength-
en the composite even with a small amount of TiC parti-
cles formed and in the absence of TiB, particles.
The work [18] shows that the Cu-Ti—C system compo-
site has increased resistance to abrasive wear compared
to the quench-hardened HI12MFL tool die steel, which
gives reason to expect high wear resistance of the stu-
died composite.

As shown in [19-21], reducing the TRC proportion in
the initial powder mixture for the composite synthesis from
30 wt. % up to 23 wt. % did not affect the retention of un-
reacted initial B4C particles in the Cu-Ti—-C-B system
composite. Obviously, boron carbide particles do not have
time to react completely with titanium during the SHS
process due to the rapid melting of copper (its melting
point is 1083 °C) and the filling of the container mold

Table 1. Chemical composition of SHS composites
Taonuya 1. Xumuueckuii cocmas CBC-komnosumos

System Units Ti C B Cu
Wt. % 23.7+2.3 2.6+0.4 0
Cu-Ti-C
At. % 26.3+2.1 11.7+1.7 0
The rest
Wt. % 20.4+1.3 3.0+0.4 8.2+1.1
Cu-Ti-C-B
At. % 17.0+1.0 9.94+0.9 30.1+3.0
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c d

Fig. 3. Microstructure and pattern of distribution of chemical elements in the Cu—Ti—C system composite:
a — secondary electron image; b — characteristic X-rays Ti; ¢ — Cu; d—C
Puc. 3. Muxpocmpyxmypa u xapaxmep pacnpeoeieHus Xumuieckux snemenmog 6 komnozume cucmemvl Cu—Ti—C:
a — u306padicenue 60 MOPUUHBIX dDNeKmMpoHax, b — e xapaxmepucmuueckom penmeenogckom usnyvenuu Ti; ¢ — Cu; d — C

Table 2. Chemical composition of structural constituents of the Cu—Ti—C system composite, at. % shown in Fig. 3
Taonuya 2. Xumuueckuti cocmas cmpykmypHwix cocmagisiowux komnosuma cucmemvt Cu—Ti—C, am. %, npedcmasnentnoco na puc. 3

Structural constituents C Ti Cu Phases
1 2 22 76 Cu+CuyTi
2 16 52 32 Cu+TiC

Table 3. Average values of micromechanical properties of structural constituents of the Cu—Ti—C composite
Taonuua 3. Cpeonue 3HaueHuss MUKDOMEXAHULECKUX CEOUCME cCmpPYKmypHuIx cocmagnsiowux komnosuma Cu—Ti—C

: HIT9 E*’ We& hmax9 hla hp’
Fl\: 0 ;na GPa IZ‘Z (:")1 GPa Z’é g'; nJ pum pum pum 1:/”’ H/E* f;’ C(:;T’
8 1.5) : &15) - @*1.2) | @0.2) | *0.2) | 0.2) 0 ° °
1 1.2 116 93 204 20 5.9 5.8 5.0 15 0.013 91 3.4
2 4.9 458 204 105 20 3.1 3.1 2.6 16 0.024 81 1.3
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Fig. 4. Loading diagrams of composites:
a— Cu-Ti—C (1 — Cu+Cu,Ti; 2 — Cu+TiC+Cu,Ti); b — Cu-Ti—C-B (4 — Cu+Cu,Ti+TiC; B— Cu+TiC+TiB,)
Puc. 4. Jluazpammpl Hazpysrcenus KOMRO3UMO8:
a— Cu-Ti—C (1 — Cu+Cu,Ti; 2 — Cu+TiC+Cu,Ti); b — Cu—Ti—C-B (A — Cu+Cu,Ti+TiC; B— Cu+TiC+TiB,)

Table 4. Chemical composition of structural constituents of the Cu—Ti—C—B composite, at. % (Fig. 5 a)
Taonuua 4. Xumuueckuii cocmag cmpykmypnuvix cocmasnsiowux komnosuma Cu—Ti—C—B, am. % (puc. 5 a)

Structural constituents B C Ti Cu Phases
A 8 10 25 58 Cu+Cu,Ti+Ti(C,B)
B 20 11 37 32 Cu+Cu,Ti+Ti(C,B)+TiB,
B,C 70 30 0 0 B4C

Fig. 5. Microstructure of the Cu—Ti—C-B system composite: a — magnification x200;
b — magnification x1000, arrows show titanium interlayers.
A — Cu+Cu,Ti+Ti(C,B) mechanical mixture; B — Cu+Cu4Ti+Ti(C,B)+TiB, mechanical mixture
Puc. 5. Muxpocmpykmypa komnosuma cucmemvl Cu—Ti—C—-B: a — yeenuuenue x200;
b — yeenuuenue x 1000, cmpenkamu ykazanvl npoCciouKu mumanda.
A — mexanuueckas cmecy Cu+Cu,Ti+Ti(C,B); B — mexanuueckas cmecy Cu+Cu,Ti+Ti(C,B)+TiB,
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Table 5. Average values of micromechanical properties of structural constituents of the Cu—Ti—C—B composite (Fig. 5 a)
Taonuya 5. Cpeonue snavenus MUKPOMEXAHUUECKUX CBOUCE CIMPYKmYpHbix cocmagaarouux komnozuma Cu—Ti—C-B (puc. 5 a)

*

St | Gy | V0L Gy | Wt | L e | e e | | S
(&1.5) &15) 1.2) | 0.2) | 0.2) | (20.2)

A 3.7 354 180 110 20.0 3.50 3.30 2.90 16 0.021 82 6.0

8.3 786 280 80 30.0 2.40 2.30 0.90 64 0.029 63 4.0

B,C 38.9 3680 283 82 26.2 1.37 1.36 0.58 57 0.093 40 0.7

with the melt. All B4C particles retained in the composite
are surrounded by layers of titanium, which, upon subse-
quent annealing, is capable of reacting with B,4C particles to
form TiB, particles, as was shown previously in [21].

The ability to undergo plastic deformation to obtain
products of a specified shape is very important for compo-
sites. Previously, it was found [20] that plastic defor-
mation of the Cu-Ti—C-B system composites occurs due
to the most plastic phases and structural components.
From this point of view, the Cu-Ti—C system composite
has advantages over the Cu-Ti—C-B system composite,
since it contains the Cu+CuyTi structural component with
maximum values of the /,,,,, ¢ and C;r indicators, which
characterise the ability to change shape, i. e. to plastic
deformation. Since nano-sized particles of the Cu,Ti in-
termetallic compound dissolve when heated to tempera-
tures above 700 °C, significant deformation of the Cu—Ti—
C system composite should be expected at temperatures of
700-800 °C.

The presence of hard and brittle B4C particles in
the Cu-Ti—-C-B system composite reduces its structural
strength. Cu+Cu,Ti+TiC is the most plastic structural con-
stituent in it, which is characterised by higher values of H;7,
HV, W,, R., H7/E* compared to the Cu+Cu,Ti constituent
in the Cu-Ti—C composite. Nevertheless, plastic defor-
mation of the Cu-Ti—C-B system composite is possible as
well under the conditions considered in [20].

The structural constituents of the Cu—Ti—C—B composite
are characterised by higher strengthening, which shows
a shift of all loading diagrams in the region of smaller in-
denter penetration depths (Fig. 4), as well as higher values
of the H;, HV, W, R, Hpp/E* indicators (Table 5).
The H;7/E* ratio determines the proportion of elastic de-
formation in the total deformation during indentation, and
indirectly characterises the wear resistance of the structural
components of the composite. For that reason, the Cu-Ti—
C-B composite should be expected to demonstrate higher
wear resistance compared to the Cu-Ti—C composite, al-
though they practically do not differ in hardness.

CONCLUSIONS

The Cu-Ti—C system composite produced by the SHS
method consists of a supersaturated solid titanium solution
in a copper crystal lattice, in which nano-sized particles of
the CuyTi intermetallic compound homogeneously, precipi-
tated during cooling of the composite are uniformly distri-
buted, and TiC particles formed as a result of the synthesis.

Reducing the TRC proportion in the initial powder mix-
ture from the previously used 30 wt. % up to 23 wt. % did
not lead to a decrease in the probability of retaining parti-
cles of the original B4C boron carbide that did not react
with the titanium powder through an exothermic reaction.

The most plastic Cu+Cu,Ti structural component in
the Cu-Ti—C composite provides the possibility of subse-
quent plastic deformation of the composite to obtain a pro-
duct of a specified shape.

Higher strength indicators of the structural components
of the Cu-Ti—-C-B system composite determine the ex-
pected high wear resistance of products.
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JICHBI PE3YJIbTAaThl CPAaBHUTEIFHOTO aHAJM3a CTPYKTYphl 1 MHKPOMEXaHHYECKHX CBOMCTB KoMmo3uToB cucteM Cu—Ti—C
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1 Cu-Ti—C-B. YcraHoBI€HO, 4TO MaTPHUIICH 000WX KOMIIO3UTOB SIBJISIETCS TIEPECHIIICHHBI THTAHOM TBEPIBI PAcTBOP HA
OCHOBE MeZHU, B KOTOPOM IPH OXJIAKACHUH BBIACISAIOTCS HAHOpPa3MEepHbIe yacTHIbl nHTepMeTaumaa CuyTi. Yipounso-
mmMu ¢pazamu, obpasyrommmucs B pesyiabtate CBC, sBnstorcs wactunbl TiC (kommoszutr Cu-Ti—C) u gactumbsl TiC
u TiB, (kommoszutr Cu-Ti—C-B). B xommnosure Cu-Ti—C-B coxpaHWINCh HCXOIHBIC YACTHIBI HENMPOpPEarupoBaBIIErO
kapbuma G6opa B,C, MukpoTBepaocTh KOTOphIX coctaBmma 3680 HV 0,1. Hambonee mmacTH4HOW CTPYKTYpPHOI cocTaB-
nsromeit apnserca mexaamdeckas cmecb Cut+CuyTi B kommosute cuctemsr Cu—Ti-B, 3a cder xoTopoil BO3MOXKHA ITOCIIE-
JyIoIas miactuueckas nedopmanus ¢ 1enblo MojydeHus aetaneil 3anannoi gopmel. [Ipu ncenenoBaHun MUKpOMEXaHU-
YECKHX CBOWCTB MaKCHMAaJbHBIC MOKa3aTeau npounoctu Hyy, HV, W,, R,, H7/E* 0bun 3apuKCHpOBaHBI B KOMIIO3UTE CHC-
tembl Cu—Ti—C—B, 4T0 M03BOJIAET 0KUIATH BBICOKYIO H3HOCOCTOMKOCTD U3/AEIHI U3 HETO.

Knrwouegvie cnosa: camopacnpoCTpaHSIOIIMICS BEICOKOTEMIEPATypHBI cuHTe3; MOHOIUTHBIE CBC-KOMIO3UTHI; Me-
Has MaTpula; CTPYKTYpHbIE COCTaBISIIONINE; YIPOUHSIOmUe (a3bl; HHTEPMETAUINABI, KapOuI TuTaHa; TUOOpH] TUTaHa;
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Abstract: Currently, to increase the hardness, strength and wear resistance of thermally non-hardenable austenitic
chromium-nickel steels, such methods as frictional treatment with a sliding indenter and liquid carburizing have been used.
However, along with an effective increase in mechanical characteristics, the application of these types of treatment may be
accompanied by a decrease in the corrosion resistance of austenitic steels. Therefore, it is reasonable to study the influence
of frictional treatment and liquid carburizing on the general corrosion resistance of Cr—Ni austenitic steels. In this work,
the surface microhardness of the 12Cr18Nil0Ti and AISI 321 steels was determined using the recovered indentation
method after electropolishing, mechanical grinding, frictional treatment, and liquid carburizing at a temperature of 780 °C.
Using scanning electron microscopy and optical profilometry, the authors studied steel surfaces subjected to the specified
types of treatment and determined their roughness. The corrosion resistance of steel was studied by testing for general cor-
rosion using the gravimetric method. When testing for general corrosion, it was found that hardening (up to 710 HV 0.025)
frictional treatment leads to an increase in the corrosion rate of the 12Cr18NilOTi austenitic steel compared to
the electropolished state (from £,=0.35 g/(m2~h) to k,=0.53-0.54 g/(mz'h)). The corrosion rate of the ground steel is
k,=0.58 g/(m*-h), while mechanical grinding does not provide a significant increase in the microhardness of the steel
under study (from 220 to 240 HV 0.025). It is shown that the corrosion behavior of 12Cr18Nil0Ti steel subjected to
various types of treatment is determined by the following factors: the presence/absence of strain-induced
a'-martensite in the structure, the quality of the formed surface and, apparently, the dispersion of the formed struc-
ture. Liquid carburizing of the AISI 321 austenitic steel leads simultaneously to an increase in its microhardness to
890 HV 0.025 and a certain increase in corrosion resistance compared to fine mechanical grinding. This is related to
the fact that carbon embedding atoms stabilize the electronic structure of iron (austenite and martensite), thereby
increasing its corrosion resistance.

Keywords: austenitic chromium-nickel steel; frictional treatment; liquid carburizing; microhardness; phase composi-
tion; roughness; corrosion resistance.
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a combination of their advantages, such as high workabi-

INTRODUCTION

Chromium-nickel austenitic steels of the 18Cr—10Ni
type are widely used among corrosion-resistant materials.
In particular, metastable austenitic 12Cr18Nil0Ti steel and
its foreign analogues — AISI steels of the 300 series
(AIST 304, AISI 321) are used in the food, medical, chemi-
cal, and oil refining industries. This is conditioned by

lity, plasticity, heat resistance [1] and resistance to corro-
sion in various liquid and gas environments, as well as in
solutions of salts and acids [2—4]. However, with all
the listed advantages, austenitic steels are characterized by low
levels of strength characteristics and wear resistance [5; 6].
Currently, to eliminate the above-mentioned disad-
vantages of austenitic Cr—Ni steels, various methods based
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on plastic deformation [7-9] and chemical-thermal (nitrid-
ing [10, 11], carburizing [12, 13]) surface modification are
used. Among the known methods of strain hardening, fric-
tional treatment with a sliding indenter can be distinguished
[10; 14; 15]. When applied to austenitic steels that are
prone to adhesion during contact interaction, such treat-
ment, along with effective strengthening of the surface lay-
er up to 500 um deep, allows obtaining a surface with low
roughness in the absence of material continuity defects.
Among the processes of chemical-thermal treatment of aus-
tenitic Cr—Ni steel, carburizing is of particular interest,
which, compared to nitriding, allows forming deeper hard-
ened layers that remain weakly magnetic [16].

It should be taken into account that the application of
these types of strengthening treatment, can lead to a de-
crease in the corrosion resistance of metastable austenitic
Cr—Ni steels due to the formation of strain-induced mar-
tensite, and carbide phases during intense deformation,
and when the surface layer is saturated with carbon [1; 7].
However, the appearance of a new phase component is not
always accompanied by a decrease in the corrosion pro-
perties of austenitic steels [12; 17]. Thus, in the work [17]
it is shown that the pitting corrosion rate of the 12Cr18Nil0Ti
steel decreases with an increase in the degree of tensile
strain, and accordingly, with an increase in the a'-phase
amount, which is formed in the material, and leads to an
increase in its ability to passivate. Moreover, it is worth
considering that the factors determining the corrosion be-
haviour of austenitic stainless steels may also include
the topography of the surface formed during hardening
treatment [7; 17; 18]. It was noted in [18] that mechanical
grinding, compared to frictional treatment, leads to a two-
fold increase in the corrosion rate of the 03Cr16Ni14M3Ti
steel due to the occurrence of microcracks and metal pits
on the surface.

Thus, in the literature there is ambiguous information
about the influence of the phase composition, and sur-
face topography on the corrosion behaviour of steels of
the 18Cr—10Ni type, subjected to various types of de-
formation and chemical-thermal surface modification. It
should be noted, as well, that there are no works cover-
ing the influence of frictional treatment on the corrosion
properties of metastable austenitic steels. Therefore, it is
reasonable to conduct a comprehensive study that would
take into account the influence of the phase composition,
and topography of the surface of austenitic Cr—Ni steels
formed during frictional treatment and liquid carburizing
on the general corrosion resistance.

The purpose of this work is to study the influence of
frictional treatment, and liquid carburizing on the corro-
sion properties of metastable austenitic 12Cr18Ni10Ti and
AISI 321 steels.

METHODS

The authors studied the industrial austenitic metastable
steels of two grades: 12Cr18Nil0Ti (GOST 5632-2014)
and AISI321. The chemical composition of the steels,
which was determined using a SPECTROMAXx optical
emission spectrometer, is given in Table 1. The samples for
research were cut from rolled sheets. Before subsequent
treatment, the samples were subjected to hardening from
1100 °C in water, mechanical grinding using M63, M50,
M20 (GOST 3647-80) abrasive cloths and ASM 14/10
NOMG, ASM 7/5 NOMG (GOST 25593-83) diamond
pastes with a successive abrasive grid reduction, and then
electrolytic polishing in a solution of 100 g H,SO, + 400 g
H;PO, + 50 g CrO; at a temperature of 60—70 °C.

12Cr18Nil0Ti steel samples with dimensions of
98x38x8.6 mm were subjected to frictional treatment with
a sliding indenter made of hemispherical synthetic diamond
with a hemisphere radius of R=3 mm. The treatment was
carried out in a non-oxidizing argon environment with
a load on the indenter of P=392 N, with an indenter dis-
placement of d=0.1 mm for each double stroke and with
a number of indenter scans over the sample surface of n=1
and n=11.

Liquid carburizing of AISI 321 steel samples with di-
mensions of 40x52x10 mm was carried out in molten salts
with the addition of silicon carbide of the 80 % Na,CO; +
+ 10 % NaCl + 10 % SiC composition (in wt. %) at
a temperature of 780 °C for 15 h with subsequent cool-
ing in water. For carburizing, a laboratory furnace and
a crucible with a diameter of 4=100 mm and a height of
h=300 mm were used. To remove the oxide film,
the samples after carburizing were subjected to electro-
lytic etching in a solution of 90 wt. % CH;COOH +
+ 10 wt. % H,Cl10O, for 30 s.

All samples were cut using electrical discharge cutting
on a FANUC Robocut a-0iE machine. Microhardness was
determined on a SHIMADZU HMV-G21DT device using
the recovered indentation method at the load on a Vickers
indenter of 0.245 N. The phase composition was deter-
mined on a SHIMADZU XRD-7000 X-ray diffractometer
in CrK, radiation (with a tube voltage of 30 kV and a tube
current of 30 mA). Continuous shooting was carried out,

Table 1. Chemical composition of steels under study, wt. %
Taonuya 1. Xumuueckuii cocmag ucciedyemvix cmanei, mac. %

Steel C Cr Ni Ti Mn Si Mo Co Nb Cu
12Cr18Nil0Ti 0.10 17.72 10.04 0.63 1.33 0.57 0.23 0.064 0.014 0.057
AISI 321 0.05 16.80 8.44 0.33 1.15 0.67 0.26 0.13 0.03 0.31

Note. S and P content does not exceed 0.036 %, the rest is Fe.

Ipumeuanue. Cooeporcanue S u P ne npegviwwaem 0,036 %, ocmanvnoe Fe.
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with a scanning rate of 1 °/min, a step of 0.05° and an ex-
posure time of 3 s. The phase composition was determined
by the method of homologous pairs. The amount of a-phase
Va was calculated using the formula

Va = 100 , vol. %,
111ty
141,45 8
1(110 o

where /(111)y and /(110)a are the integral intensities of
v-lines and a-phases [19].

The depth of the analyzed layer when determining
the phase composition was ~7 um. The surface of the samples
was studied by scanning electron microscopy using
a Tescan VEGA II XMU microscope. To determine the sur-
face roughness parameters of the samples, a Wyko NT-1100
optical profilometer was used. Measurements were carried
out on the 211x278 um sections, and the arithmetic average
deviation of the Ra profile was determined. The phase
composition, and surface roughness were determined di-
rectly on samples prepared for corrosion tests.

Tests for general corrosion were carried out by the gra-
vimetric method according to GOST R 9.905-2007 in
a solution of 20 wt. % NaCl + 30 wt. % HCI (1:1) at room
temperature. Due to its ability to destroy a passivation lay-
er, this environment has a strong corrosive effect on
the materials under study, thus ensuring the continuous
occurrence of the corrosion process.

Samples for testing were prepared from 12Cr18Nil0Ti
steel with dimensions of 10x10x2 mm in the following
conditions: after electropolishing, grinding on M20 abrasive
cloth (GOST 3647-80) with a grain size of 20/14 um, and
after frictional treatment at n=1 and »=11. Samples of
AISI 321 steel with dimensions of 7x7%2 mm were tested
in the following conditions: after grinding with ASM 14/10
NOMG diamond paste with a grain size of 14/10 pm
(GOST 25593-83) and after liquid carburizing. For each
condition, two samples were subjected to corrosion tests.

The prepared samples were immersed in a corrosive en-
vironment for 18 h until the corrosion rate stabilised, while
the environment pH was not controlled. During testing,
samples were weighed periodically. Before weighing, to
remove corrosion products, the samples were washed in
water, dried with filter paper, and degreased with acetone.
This allowed determining accurately the weight loss of

the sample after soaking in a corrosive environment.
Weight loss was determined on a Demcom DA-65C labora-
tory scale with an accuracy of up to 0.01 mg. The corrosion
rate k,, was calculated using the formula

A
k,, == g/(m>h),
St

where Am is weight loss, g;
S is surface area of test samples, m’;
T is testing time, h.

For a comparative assessment of the corrosion beha-
viour of test samples, the average corrosion rate in steady
state was calculated.

RESULTS

According to the data in Table 2 and Fig. 1 a, the struc-
ture of quenched (after electrolytic polishing) 12Cr18Nil0Ti
steel contains 100 vol. % y-phase (austenite), and o’-phase
(strain-induced martensite) is absent.

After mechanical grinding, except for the y-phase,
the structure of steel under study also contains the o'-phase,
the volume fraction of which is 7 vol. % (Table 2, Fig. 1b).
During frictional treatment in the surface layer of the steel un-
der study, the deformation y—o'-transformation develops more
intensively (Fig. 1 ¢, 1 d). The amount of o'-martensite formed
in the surface layer of steel reaches 55—70 vol. % (Table 2).

The microhardness of steel in the initial electropolished
state is 220 HV 0.025 (Table 2). Mechanical grinding practi-
cally, does not lead to an increase in the microhardness of
the surface of the steel under study (only up to 240 HV 0.025).
Frictional treatment ensures an increase in the microhard-
ness of the steel under study by 2.5times (up to
560 HV 0.025) already with one-fold (n=1) scanning of
the indenter over the sample surface. Increasing the fric-
tional loading multiplicity to n=11 leads to an additional
increase in the microhardness of steel to 710 HV 0.025
(Table 2). This is consistent with an increase in the o'-phase
amount from 55 to 70 vol. % as the number of indenter
scans along the sample surface increases from n=1 to n=11.

According to the data in Table2, the surfaces of
12Cr18Nil0Ti steel after electropolishing and mechanical
grinding using fine-grained (20/14 um) cloth are characteri-
zed by similar levels of the arithmetic average deviation

Table 2. Microhardness HV 0.025, phase composition (amount of a'-martensite) and roughness parameter Ra of the surface of

12Cr18Nil0Ti steel samples after different types of treatment

Taonuya 2. Muxpomeepoocmo HV 0,025, ¢pazoswiii cocmas (koauuecmeo o'-mapmencuma) u napamemp uiepoxosamocmu Ra
nosepxuocmu oopasyos uz cmanu 12X18HI10T nocne paznuynvix 06pabomox

Types of treatment HV 0.025 o', vol. % Ra, pm
Electropolishing 220420 0 0.06+0.01
Grinding (abrasive 20/14 pm) 240+5 7+2 0.11£0.01
Frictional treatment at n=1 560+27 55+3 0.17+0.01
Frictional treatment at n=11 71043 70+3 0.33+0.03
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Fig. 1. X-ray diffraction patterns of the surface of 12Cr18Nil0Ti steel in quenched condition (a),
after grinding with an abrasive grit of 20/14 um (b), and frictional treatment at n=1 (¢) and n=11 (d)
Puc. 1. Penmeenosckue oughpaxmozpammor nogepxnocmu cmaau 12X18HI10T 6 3akanennom cocmosnuu (a),
nocne waughosanus abpasueom seprucmocmoto 20/14 mxm (b) u ppuxyuonnoii oopabomxu npu n=1 (c) u n=11 (d)

of the profile Ra (0.06 and 0.11 pm). The steel surface after
frictional treatment demonstrates higher values of this pa-
rameter: Ra=0.17-0.33 pm.

Electrolytic polishing leads to the formation of a smooth
12Cr18Nil0Ti steel surface characterized by the presence
of a small amount of shallow etching pitting (Fig. 2 a). This
determines the recorded minimum values of the parameter
Ra=0.06 um. The steel surface after grinding is characteri-
zed by the presence of micro damages, and shallow grooves
(dimples) oriented in the grinding direction (Fig. 2 b). This
causes slightly higher values of the parameter Ra=0.11 um
than for the electropolished surface.

The recorded slightly larger values of the arithmetic
average profile deviation Ra after frictional treatment are
associated with the fact that the steel surface is characteri-
zed by the presence of plastic displacement stripes, alternat-
ing longitudinal protrusions and dimples (Fig. 2 c, 2 d). At
the same time, on the surfaces under consideration after
exposure to a synthetic diamond indenter, there are no con-
tinuity defects in the form of pits and cracks characteristic
of a polished surface (Fig. 2 b).

From the data shown in Fig. 3, it follows that austenitic
12Cr18Ni10Ti steel with an electropolished surface is charac-
terized by the lowest corrosion rate: £,=0.35+0.05 g/(m*h).
The corrosion rate of steel in the polished state is 1.6 times
higher: £,=0.58+0.12 g/(m*-h). Steel after frictional treatment
has a slightly lower corrosion rate. At the same time, for steel
processed in two modes with different numbers of indenter
scans (n=1 and n=11), similar levels of corrosion rate are re-
corded: k,=0.53+0.09 g/(m*h) and k,=0.54+0.07 g/(m>h).

X-ray phase analysis showed (Table 3, Fig. 4 a) that
AISI 321 steel in the quenched state (after electropolishing)
contains 100 vol. % y-phase (a'-phase is absent). As a result
of mechanical grinding, 9 vol. % a’-martensite is formed in
the surface layer of the steel under study (Table 3, Fig. 4 b).
After liquid carburizing at a temperature of 780 °C, the struc-
ture of the steel surface layer consists of carbon-rich auste-
nite y¢, o’-martensite, Cry3Cq chromium carbides and Fe;C
cementite (Fig. 4 c). In this case, the amount of o’-phase is
20 vol. % (Table 3).

The microhardness of AISI 321 steel in the initial state
is 200 HV 0.025. Mechanical grinding leads to a slight
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Fig. 2. Images of the surface of 12Cr18Nil 0Ti steel samples after electropolishing (a),
grinding with an abrasive grit of 20/14 um (b), frictional treatment at n=1 (c¢) and n=11 (d)
Puc. 2. H3o6padicenus nogepxnocmu 06pasyoe uz cmanu 12X18HI10T nocre anexkmpoaumuyeckoeo noaupoganus (a),
winugposanus abpaszueom seprucmocmoio 20/14 mxm (b), ppuxyuonnoii o6pabomxu npu n=1 (c) u n=11 (d)
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Fig. 3. The dependence of corrosion rate k,, of 12Cr18Nil0Ti steel samples on the type of surface treatment
Puc. 3. 3asucumocms ckopocmu xopposuu k,, oopasyos uz cmanu 12X18HI10T om éuda obpabomku nogepxHocmu
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Table 3. Microhardness HV 0.025, phase composition (quantity of o'-martensite) and roughness parameter Ra
of the surface of AISI 321 steel samples after different types of treatment

Taonuya 3. Muxpomeepoocme HV 0,025, ¢azoewiii cocmas (konuvecmeo a'-mapmencuma oegpopmayuu)

u napamemp wiepoxogamocmu Ra nogepxnocmu 0opa3syos uz cmanu AISI 321 nocne pasnuunvix 06pabomox

Types of treatment HV 0.025 o', vol. % Ra, pm
Electropolishing 200+7 0 -
Grinding (abrasive 14/10 pm) 260+8 9+2 0.08+0.02
Liquid carburizing 890+110 20+2 0.52+0.13
/, counts (111) /, counts
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Fig. 4. X-ray diffraction patterns of the surface of AISI 321 steel in quenched condition (a),

after grinding with an abrasive grit of 14/10 um (b), and liquid carburizing (c)
Puc. 4. Penmeenosckue ouppaxmozpammol nosepxrnocmu cmanu AISI 321 6 sakanennom cocmosnuu (a),
nocne winughosanus abpazueom seprucmocmoto 14/10 mxm (b) u scudkocmuoii yemenmayuu (c)

increase in the microhardness of the surface of the steel
under study (up to 260 HV 0.025). After liquid carburiz-
ing, the microhardness of austenitic steel increases by
4.5 times — up to 890 HV 0.025.

After mechanical grinding with diamond paste, the
AISI 321 steel surface is characterized by the presence
of shallow grooves oriented in the grinding direction and
low values of the arithmetic average profile deviation
Ra=0.08 um (Fig. 5 a, Table 3). The steel surface after
carburizing has a higher roughness (Ra=0.52 pm). This

may be caused by the fact that a clear relief is visible on
the surface of the carburized steel along the grain boun-
daries, which is associated with their etching during
electrolytic removal after oxide film carburizing (Ta-
ble 3, Fig. 5 b).

Histograms shown in Fig. 6 indicate that austenitic
AISI 321 steel after grinding and after carburizing is chara-
cterized by similar corrosion rates: k,=0.40+0.04 g/(m’-h)
and k,=0.3240.02 g/(m”-h) respectively. At the same time,
the corrosion rate of carburized steel is even lower.
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Fig. 5. Images of the surface of AISI 321 steel samples
after grinding with an abrasive grit of 14/10 um (a) and liquid carburizing (b)
Puc. 5. Hzobpascenus nosepxrnocmu obpasyose uz cmanu AISI 321
nocne uugosanus abpazueom seprucmocmuio 14/10 mxm (@) u srcuokocmuoii yemenmayuu (b)
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Fig. 6. The dependence of corrosion rate k,, of AISI 321 steel samples on the type of surface treatment
Puc. 6. 3asucumocmsv ckopocmu kopposuu k,, obpasyos uz cmanu AISI 321 om suoa obpabomku nosepxnocmu

DISCUSSION

The registered more than three-fold strengthening
(up to 710 HV 0.025) of 12Cr18Nil0Ti steel during frictional
treatment, is caused by the formation of a highly dispersed
(up to nano- and submicrocrystalline state) martensitic-
austenitic structure [5], and the formation of 70 vol. % strain-
induced o'-martensite as a result of the implementation of the
deformation phase transformation. In [15], in the surface
layer of austenitic AISI 321 steel during fric-tional treat-
ment, a complete deformation y—a'-transformation was ob-
served, which was facilitated by a lower content of the strong
nickel austenite stabilizer in the steel (8.44 wt. % Ni) than in
12Cr18Nil10Ti steel (10.04 wt. % Ni, Table 1). However,
the revealed relatively low level of microhardness on
the AISI 321 steel surface (480 HV 0.025), indicates lower
degrees of plastic deformation and structure dispersion
achieved in the work [15]. Consequently, it is not the strain-
induced martensitic transformation of low-carbon austenite,
but the activation of the grain-boundary strengthening
mechanism during grain refinement during frictional treat-

ment, that contributes decisively to the strengthening of
the 12Cr18Nil10Ti steel studied in this work.

The austenitic 12Cr18NilO0Ti steel surface, which is
prone to setting during friction, formed during frictional
treatment, is characterized by rather low values of
the roughness parameter Ra=0.17-0.33 um during profile-
metry of areas with dimensions of 211x278 um. In
the work [20], during frictional treatment of high-nitrogen
austenitic steel, a surface with a roughness parameter
Ra=0.39 ym was formed. At the same time, during shot
peening, the surface of AISI 304 steel was characterized by
significantly higher roughness: Ra=2.8-3.8 pm [21].
Thus, frictional treatment provides both effective strengthening
of 12Cr18Nil0Ti steel, and high quality of its surface.

The registered increased corrosion rate of 12Cr18Nil10Ti
steel in a deformed state (after mechanical grinding and fric-
tional treatment) (Fig. 3), may be caused by the presence of
strain-induced martensite in the surface layers. In the work
[22], the occurrence of pitting corrosion on the surface of
304 L steel was associated with the presence of electro-
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chemical heterogeneity, which is caused by the appear-
ance of o’-martensite. However, the volume fraction of
the o'-phase formed during grinding of 12Cr18Nil0Ti
steel is significantly less (7 vol. %), than during frictional
treatment (55—70 vol. %), and the corrosion rate of steel in
the ground state is slightly higher (Table 2, Fig. 3).
The registered positive effect of frictional treatment on cor-
rosion resistance, despite the intensive development of mar-
tensitic transformation during loading with an indenter, can
be explained by the strong structure fragmentation during
frictional treatment [5], which contributes to the accelerated
formation of passive films on the stainless steel surface [23].
Thus, in terms of the corrosion resistance of 12Cr18Nil0Ti
steel, frictional treatment has a certain advantage over me-
chanical grinding.

Previously, it was noted, as well, that grinding, and fric-
tional treatment cause an increase in the surface roughness
of 12Cr18NilOTi steel compared to electropolishing:
Ra=0.11-0.33 um and Ra=0.06 um, respectively. In this
case, the presence of defects in the material continuity
(small pits and cracks, Fig. 2 b) are registered on the po-
lished surface, and as a result of frictional treatment, pro-
nounced traces of deformation appear on the surface in
the form of longitudinal ridges, dimples and smoothed
stripes (Fig. 2 ¢, 2 d). It has been shown that an increase in
the steel surface roughness, is accompanied by a growth in
the corrosion rate [18; 24], and defects can act as additional
sources of corrosion destruction, and prevent material pas-
sivation [25]. Thus, apparently, the corrosion behaviour of
austenitic steel is influenced significantly by the quality of
its surface (roughness, presence or absence of defects).

The effective increase in the microhardness of austenitic
AISI 321 steel (from 200 to 890 HV 0.025) achieved during
liquid carburizing, is associated with solid solution
strengthening due to austenite saturation with carbon, dis-
persion strengthening during the precipitation of carbide
phases, the formation of o'-martensite and an increase in
the density of structure defects during plastic deformation [13].

Despite the formation of 20 vol. % strain-induced o-mar-
tensite, carbides, and a small amount of e-martensite [13],
as well as a higher surface roughness, there is a slightly
lower level of corrosion rate of AISI 321 steel after liquid
carburizing than after grinding (Fig. 6). This is associated
with the fact that interstitial atoms, in particular carbon,
stabilize the electronic state of iron, thereby increasing its
corrosion resistance [26]. This is true for both austenite and
martensite [27]. Along with this, oxyanions such as HCO;
and CO5> are effective inhibitors for suppressing anodic
corrosion [26].

CONCLUSIONS

General corrosion tests in a solution of 20 wt. % NaCl +
+30 wt. % HCI (1:1) showed that, compared to electro-
polishing, effective hardening of the surface of austenitic
metastable 12Cr18Nil0Ti steel by frictional treatment
(from 220 to 710 HV 0.025), is accompanied by an increase
in the corrosion rate from £,=0.35 g/(m*h) to k,=0.53—
0.54 g/(m*-h). However, even despite the formation on
the surface of steel of 55—70 vol. % strain-induced marten-
site, under the influence of a sliding indenter, frictional
treatment does not lead to a corrosion resistance deteriora-
tion, compared to another mechanical post-processing of

austenitic steel — grinding with fine-grained (20/14 pm)
cloth, which does not provide a significant increase in sur-
face microhardness (only up to 240 HV 0.025), and the de-
velopment of strain-induced martensitic austenite transfor-
mation. In this case, the corrosion rate of polished steel
reaches k,,=0.58 g/(m2~h).

The corrosion behaviour of 12Cr18Nil10Ti steel subject-
ed to electrolytic polishing, grinding, and frictional treat-
ment is determined by the following factors: the pre-
sence/absence of strain-induced o'-martensite in the struc-
ture, the formed surface quality (roughness, presence or
absence of continuity defects), and apparently, the formed
structure dispersion.

It has been found that liquid carburizing at a tempera-
ture of 780 °C simultaneously leads to effective hardening
(from 200 to 890 HV 0.025) of electropolished austenitic
AISI 321 steel, and a slight increase in corrosion resistance
compared to fine mechanical grinding with diamond paste.
The corrosion rate of ground steel is k,=0.40 g/(m*h), and
of carburized one is k,=0.32 g/(m*-h). This is related to
the fact that interstitial carbon atoms stabilize the electronic
state of iron (both of austenite and martensite), thereby in-
creasing its corrosion resistance.
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Annomayus: B HacTosee BpeMs ULl HOBBILCHUS TBEPAOCTH, TPOYHOCTH ¥ M3HOCOCTOWKOCTH TEPMUYECKH HEYIPOU-
HSEMBIX ayCTCHUTHBIX XPOMOHHKEIIEBBIX CTAJICH IIPUMEHCHNE HAIUIM TaKMe METOJpI, KaK ()pPUKIHMOHHAS 00pabOTKa CKOJIb-
3SIIMM UHJEHTOPOM U JKHJKOCTHas lieMeHTanus. OHako Hapsny ¢ 3G (eKTHBHBIM OBBIIICHHEM MEXaHUUECKUX XapaKTepH-
CTHK TIPUIMEHEHHE YKa3aHHBIX 00pabOTOK MOYKET COMPOBOXKAATHCS CHWKEHHEM KOPPO3MOHHOW CTOWKOCTH ayCTEHHTHBIX
craneii. [loaToMy 11e11€Cc000pa3HO HCCIEeNOBaTh BIMsHUE (DPUKIMOHHOW 0OpabOTKU U JKHIKOCTHOM LIEMEHTALMH Ha COIPO-
TuBJeHHe o01el koppo3un Cr—Ni aycTeHUTHBIX cTayieid. B naHHON paboTe Mo MeToqy BOCCTaHOBJIEHHOI'O OTIIEYATKAa OIpe-
JIEJISIITA TIOBEPXHOCTHYIO MUKpOTBepAOCTh cTanieit 12X18H10T u AISI 321 nociie 3meKTpoIMTHYECKOTO MOTUPOBAHMS, MeXa-
HUYECKOro HIu(oBaHus, GPPUKIMOHHON 00pabOTKHU 1 KUIKOCTHON HeMeHTauuu npu temneparype 780 °C. C npumeHeHneM
CKaHUPYIOIIEH 3JIEKTPOHHOM MHKPOCKOIINH 1 ONTHYECKOH MPOQHUIOMETPHN M3ydalH HOJIBEPTHYTHIE YKa3aHHBIM 00paboT-
KaM MOBEPXHOCTH CTaJIed W ONpENessUIM UX IIepOX0BaTOCTh. KOPPO3MOHHYIO CTOMKOCTh CTaIM WCCIIEAOBANHN IIPU HCIIBITA-
HHUAX Ha OOIIYI0 KOPPO3HIO I'PaBUMETPHUUECKUM METOZOM. IIpH MCIIBITAHHAX Ha OOIIYI0 KOPPO3HIO YCTAHOBIICHO, YTO YII-
pousstroras (no 710 HV 0,025) ¢ppuxmmonHast 00paboTka IPUBOAXT K IMOBBIIICHAIO CKOPOCTH KOPPO3UH ayCTCHUTHOW CTaIN
12X18H10T B cpaBHEHHH C AIIEKTPOIIOIUPOBAHHBIM COCTOSTHHEM (OT £;,=0,35 /(M* 1) 10 k,=0,53-0,54 r/(M*-q)). CkopocTb
KOPPO3HH MUTH(OBAHHOM CTAIN cocTaBisieT k,=0,58 r/(M-4), IpH 3TOM MeXaHHYecKoe HUTH(OBAHHE He 00eCIeUnBACT 3HA-
YUTEIHHOTO TOBBINIEHHUS] MUKPOTBEPAOCTU uccieayemoi ctanu (ot 220 no 240 HV 0,025). TlokazaHo, 9YTO KOPPO3UOHHOE
MOBEICHUE MOJBEPTrHYTON pa3inndyHbIM oOpaboTkam ctamu 12X18H10T ompenensiercst cienyomumMu GakTopaMu: HaId9H-
eM/OTCYTCTBHEM 0'-MapTeHCHTa Je(OpMallK B CTPYKTYpe, KaueCTBOM C(HOPMHUPOBAHHOMN MOBEPXHOCTH H, MO-BHAMMOMY,
JIUCTIEPCHOCTBIO C(HOPMHUPOBAHHOM CTPYKTYpHI. JKuIKocTHas meMeHTanus aycteHuTHou cramu AISI 321 mpuBoaut ojHO-
BPEMEHHO K TOBBIIIEHUIO €€ MUKpOoTBepocTH 10 890 HV 0,025 1 HeKoTopoMy pOCTy KOPPO3HMOHHOHN CTOMKOCTH 1O CpaBHE-
HHIO C TOHKOM MEXaHHYeCKOW IUTU(OBKOI. DTO CBSI3aHO C TEM, YTO aTOMbI BHEJJPEHUSI yriiepoja CTaOMIM3UPYIOT JIEKTPOH-
HOE CTPOEHHE jKelie3a (ayCTeHNTa M MApTEHCHTA), TEM CaMBbIM MOBBIIIAs €T0 KOPPO3HOHHYIO CTOMKOCTB.

Kniouegvie cnosa: aycTeHUTHAs XPOMOHHMKENEBas CTallb;, (PPUKIMOHHAS 00pabOTKa; XUIKOCTHAS LIEMEHTAIN; MHUK-
POTBEpAOCTH; (ha30BbIH COCTAB; IIEPOXOBATOCTh; KOPPO3UOHHASI CTOHKOCTb.
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Abstract: The Fe—Ga alloy is a promising magnetostrictive material thanks to of the optimal combination of functional
properties and relatively low price due to the absence of rare-earth elements in the composition. To obtain the maximum
magnetostriction in Fe—Ga polycrystals, it is necessary to create a crystallographic texture with a predominance of
the <100> direction, since the tetragonal magnetostriction constant is the largest. Traditional methods of thermomechanical
treatment do not lead to the formation of such a texture in a bec alloy. In this paper, for the first time, the authors propose
to use inclined rolling to increase the proportion of favorable texture components. Warm rolling with a deformation degree
of 70 % was carried out at angles of 0, 30 and 90° to the direction of hot rolling. The deformation texture was examined
using X-ray texture analysis and the texture and structure of the material after recrystallization was analyzed by electron
backscatter diffraction (EBSD) on a scanning electron microscope. Quantitative texture analysis was carried out using
the orientation distribution function (ODF) method using the ATEX software. The volume fraction of some texture com-
ponents was calculated. The study shows that a significant change in the deformation textures and primary recrystallization
occurs during rolling at an angle of 90°. The sample after such rolling contains the largest amount of the planar component
{100}. The study identified a relationship between the texture of deformation and recrystallization in Fe—Ga: to increase
the proportion of components with the <001> crystallographic direction during recrystallization, the presence of planar
components {111} in the deformation texture is necessary, which is associated with the predominant growth of favorable
components in the deformation matrix with such a texture.

Keywords: Fe—Ga alloy; (Feg;Ga 7)99B, alloy; texture quantitative analysis; inclined rolling; primary recrystallization;
magnetostriction.
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abnormally high magnetostriction in the alloy have been

INTRODUCTION studied in detail [4]. The most common form of use of

Alloys with high magnetostriction are widely used in
the electrical industry. Actuators and linear motors, sound
and ultrasound transducers, sensors for various purposes,
devices for converting mechanical energy into electrical
one, etc. are produced on their base. In recent years, Fe—Ga
alloy, which has an optimal combination of properties and
a much lower cost compared to the popular Fe—Dy-Tb al-
loy, is considered a promising replacement for traditional
magnetostrictive materials [1]. For this reason, today
a large number of studies on the Fe—Ga alloy have ap-
peared. For example, methods to increase magnetostriction
by creating an optimal phase composition, have been de-
veloped [2], phase transformations [3] and the reasons for

magnetostrictive alloys (and many other soft magnetic al-
loys) is sheets, which are separated from each other by
an insulation layer and then assembled into positions of
a given shape and size. Such configuration allows creating
volumetric devices, that can operate under conditions of
increased reversal magnetization frequencies without large
eddy current losses, which is especially important in
the context of many magnetostrictive devices.

To produce Fe—Ga alloy sheets, rolling deformation fol-
lowed by recrystallization annealing is usually used. It is very
important in the process of thermomechanical processing to
create a certain crystallographic texture necessary to achieve
the best properties (magnetostriction). In the case of Fe—Ga,
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such texture is <100> // RD (rolling direction), at which
the magnetostriction magnitude is maximum [5]. The prob-
lem is that the Fe—Ga alloy with a Ga content of up to
19 at. % (the first peak of the magnetostriction dependence
on the composition [6]) used for rolling has a body-centered
cubic (bcc) structure, in which it is quite difficult to obtain
a large volume of grains with the <100> // RD orientation
primary recrystallization. To achieve this goal, it is ne-
cessary to carry out a detailed study of the features of
the formation of texture components, in the Fe—Ga alloy at
various stages of thermomechanical treatment with varying
modes. Such research has been actively conducted in recent
years [7-9], but the problem has not yet been fully re-
solved. It is known that by selecting, rolling, and annealing
modes, it is possible to increase significantly the content
of the <100> // RD component in the final texture, but even
in this case its proportion remains quite low [9; 10]. More-
over, in terms of engineering, rolling of the Fe—Ga alloy is
complicated by its tendency to brittle fracture, so the binary
alloy is often doped with a small amount of boron, which
minimizes the problem [11]. There are studies demonstrat-
ing the possibility of creating a favourable texture with
a predominance of the so-called Goss orientation (this is the
name of the {110}<100> orientation), or an orientation
close to it, due to secondary recrystallization, similar to
the mechanism implemented in Fe—3%Si anisotropic elec-
trical steel [12; 13]. However, this is a technologically dif-
ficult process, which requires, among other things, the in-
troduction of additional inclusions to inhibit the normal
growth of grains at certain annealing stages.

To solve the problem of creating a crystallographic tex-
ture, optimal for the formation of magnetic properties in
the Fe—Ga alloys, further research is required, including the
use of new non-standard approaches. One of such ap-
proaches is inclined rolling [14]. It consists in changing
the angle of the cold rolling direction relative to the hot
rolling direction. This allows making changes in the pro-
cesses of grain nucleation and growth, which in some cases
can lead to an increase in the amount of <100> orientation.
Previously, this approach was used for Fe—Si bcc alloy roll-
ing and showed its effectiveness [15—17]. Since this alloy is
similar to Fe—Ga from the point of view of texture for-
mation features, one can hope that inclined rolling will be
effective in this case as well. Such experiments had not
been carried out previously, so the idea of their implemen-
tation formed the basis of this paper.

To increase ductility and minimize the risk of fracture
during rolling, an alloy doped with 1 at. % of boron, name-
ly (Feg;Gay7)99B| was selected as a study material.

The purpose of this work is to study the influence of
rolling at an angle on the crystallographic texture in the Fe—
Ga alloy.

METHODS

An ingot of (FegsGa;;7)e9B; composition (atomic per-
centages are used in the paper) was melted by induction in
a protective argon atmosphere and poured into a copper
mold using centrifugal casting. As was found earlier, such
casting method allows reducing the number of pores in Fe—Ga
ingots, and achieving a uniform distribution of chemical ele-
ments [18]. The addition of boron is intended to increase
the ductility of the alloy, which will simplify the task of its

plastic deformation. A cylindrical ingot with a height of
50 mm and a diameter of 14 mm was cut into three equal parts
across the long side. The blanks were forged to a thickness of
6 mm and hot rolled to a thickness of about 2.7 mm. Forging
and hot rolling were carried out at a temperature of 1000 °C.
Then, using an electric spark machine, rectangles 8 mm wide
and 20 to 30 mm long were cut from the resulting sheets at
different angles to the hot rolling direction (Fig. 1).

The samples were rolled in several passes on a double
rolling mill heated to 350 °C before each pass to minimize
the risk of cracking. The overall degree of deformation us-
ing warm rolling was 70 %. The deformation texture was
studied using a PANalytical Empyrean Series 2 diffracto-
meter. The pole figures of the samples were obtained in
a configuration with a focusing polycapillary lens.

The sample was fixed on a measuring table with three
degrees of freedom. An X-ray tube operating at the charac-
teristic wavelength of CoKa, A=1.789 A served as the radia-
tion source. Based on the experimental pole figures {110},
{200} and {112}, Bunge orientation distribution functions
(ODFs) were built using ATEX software'. Using a specially
created program, volume fractions of specified orientations
{hkl}<uvw>+10° were obtained from ODF data for de-
formed samples, in the same way that it was implemented
in our previous work [19].

Recrystallization annealing of deformed samples was
carried out in vacuum at a temperature of 900 °C for
30 min. Sample preparation for structural studies was car-
ried out by mechanical grinding, and electropolishing in
a 90 % C,H,0, + 10 % HCIO, solution. The structure and
texture of the recrystallized samples were studied using
the electron backscatter diffraction (EBSD) method, on
a FEI Quanta 200 scanning electron microscope using
an EDAX attachment. On recrystallized samples subjected
to chemical polishing, a zone of the same area was scanned
at a relatively low magnification of %100, which allows
covering a larger number of grains and obtain better statis-
tics. In total, using the EBSD method, an area of about
25 mm’ was examined on each sample. Applying the TSL
OIM Analysis program, the volume fractions of planes or
directions in a plane, as well as the average grain diameter
were determined.

RESULTS

Fig. 2 shows the ODF sections at an angle of ¢2=45°
with relevant information.

The ODF 45° section (Fig. 2 a) presents the orientations
most characteristic of the deformation of bcc materials. It
can be observed that in all three variants of inclined rolling
(Fig. 2 b—d), orientations with an octahedral plane {111}
parallel to the rolling plane (horizontal line at angle of
©=54.7°) are predominantly present. Moreover, orienta-
tions with a cubic plane {100} parallel to the rolling plane
(upper side of the orientation cube at ®=0°) occur with
significantly greater intensity. In this case, in the sample
rolled transverse to the rolling direction (Fig. 2 c), there are
significantly more orientations with {111} planes. The sum
of the volume fractions of {111}<110> and {111}<112>
in this sample is 6.9 %, and in samples rolled at angles of 0

' Beausir B., Fundenberger J.-J. Analysis Tools for Electron
and X-ray diffraction. ATEX-sofiware. URL: www.atex-

software.eu.
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Fig. 1. The scheme of cutting samples from a hot-rolled sheet at different angles to the hot rolling direction
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and 30°, is 5.8 and 5.7 %, respectively. Moreover,
the {111}<132> orientation is clearly visible in this sample
(7.1 %, which is higher than for other variants) (Fig. 2,
Table 1). As for cubic orientations, their volume fraction
is significantly higher than of octahedral ones, and is ap-
proximately the same in all studied samples. In addition,
Fig. 2 b and 2 ¢ show a Goss orientation {110}<001> (low-
er right corner in the section), which, like cubic, is desirable
for the formation of magnetic properties.

The study of recrystallized samples allows tracing
the crystallographic texture evolution depending on the angle
between cold and hot rolling. The recrystallization texture
was studied by EBSD, since in this case the samples are
less suitable for X-ray diffraction (XRD) studies. This is
related to the fact that the grains of a certain orientation
formed as a result of recrystallization are much larger in
area than the cells in the deformation structure, which does
not provide a good level of statistical sampling using
the XRD method. The EBSD method makes it possible to
analyze simultaneously the grain structure and crystallo-
graphic texture and suits well for the study of recrystallized
samples. The results of the study by this method are shown
in Fig. 3 in the form of fragments of orientation maps.

Upon visual analysis of the orientation maps, one can
conclude that the sample rolled at an angle of 90°, contains
a larger number of “red” grains, i.e., those in which
the {100} planes lie in the sheet plane. Of course, to make
an unambiguous conclusion, it is necessary to carry out
a detailed quantitative analysis of the content of one or an-
other texture component in the texture of samples. The re-
sults of such an analysis for the deformation texture and
recrystallization texture are given in Table 1. Since the pre-
dominant directions are of greatest importance in terms of
the formation of the Fe—Ga functional properties, their
analysis was carried out in recrystallized samples with
a scattering of £15°.

It can be observed from Table 1 that the use of inclined
rolling, significantly improves the texture of the samples in
terms of the relation between the main crystallographic
directions. Moreover, the effect when changing an angle
between hot and warm rolling by 90° is more visible than
by 30°. Compared to rolling along the hot rolling direction
(0°), rolling at 90° leads to a twofold decrease in the unde-
sired <111> // RD orientation, and a significant increase in
the fraction of <100> // RD. At the same time, the propor-
tion of grains with <110> // RD directions is unchanged
under any of the studied rolling modes.

DISCUSSION

It is known that in the Fe—19%Ga alloy, the magneto-
striction constant Ao is maximal and is about 250 ppm.
At the same time, Ay is also quite high — about 150 ppm.
Finally, A;;; is minimal and, according to various sources,
varies from —20 to 0 [10]. To achieve high magnetostriction
values in a polycrystalline sample, it is necessary to combine
in its texture as many <l100> orientations as possible and as
few <111> orientations as possible, while the presence of
<110> is acceptable. The work revealed the influence
of the angle between hot and warm rolling on the number of
these orientations in the (Feg;Ga;;)99B; alloy.

To identify the reasons for changes in the recrystalliza-
tion texture of samples rolled at different angles, it is neces-

sary to analyze their deformation texture. Since the recrys-
tallization annealing of all samples was carried out under
identical conditions, it is the initial texture (in this case,
the texture of the samples after final rolling), which is re-
sponsible for the observed phenomena. Changing the angle
of the final rolling direction relative to the hot rolling direc-
tion is equivalent to rotating the sample around the normal
direction (ND). This leads to changes in the rotation trajec-
tories of various orientations, during plastic deformation.
As can be observed, the deformation texture of a sample
rolled transverse to the hot rolling direction contains signi-
ficantly more {111} planar orientations.

It is well known from the literature [20] that in the Fe—
3%Si bec alloy, the grains disordered around the <110>
axis by 27-35° have the boundaries of greatest mobility.
This explains the growth of the {110}<001> component
into a matrix with a strong {111}<112> orientation, during
secondary recrystallization in electrical steel. Perhaps,
in the Fe—Ga alloy, it is possible to find other favourable
correlations for the growth of the {100}<hkl> component
into any of the components of the {111} axial texture, for
example, into the {111}<321> orientation predominant
in the variant with rolling at an angle of 90° (Fig. 2 ¢). This
will be the subject of further research.

The orientation criterion although is the main one, but
not the only one, for the growth of grains with a favourable
<100> // RD direction. It is also necessary to take into ac-
count the features of mesostructural elements, such as de-
formation bands, shear bands, and transition bands in
the deformation structure. Moreover, an important role is
played both by the relationship between the deformation
texture components, and the distance between potential
recrystallization nuclei with a certain orientation, as well as
by other parameters. Therefore, identifying definite mecha-
nisms responsible for the observed change in texture during
recrystallization requires additional research. This work
shows for the first time that rolling at an angle of 90° with
respect to the hot rolling direction can be a promising tool
for creating a favourable texture in a Fe—Ga alloy.

The authors studied samples cut at angles of 0, 30 and
90° relative to the hot rolling direction. There were no sam-
ples cut at other angles, such as 60°, due to technical limita-
tions. All samples in the study were cut from the same ingot
(to maintain equal experimental conditions for all samples).
The size of the ingot and the hot-rolled sheets made from it
did not allow cutting out another full-scale sample at an
angle of 60°. It was not possible to reduce the size of
the cut samples, since otherwise it would be problematic to
carry out subsequent cold rolling. In connection with
the prospects of the proposed approach, further research
using other angles between the directions of hot and cold
rolling, including 60°, is certainly necessary.

CONCLUSIONS

1. The (Feg;Ga,;7)99B; alloy melted by induction and cast
using centrifugal casting, was successfully deformed by hot
and warm rolling at different angles (0, 30, and 90°) to the
hot rolling direction.

2.1t is shown that the deformation texture after 70 %
compression, alongside a noticeable amount of the {111}
planar component, contains a large number of cubic orien-
tations that are atypical for the deformation texture of bcc
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Table 1. Texture quantitative characteristics (volume fraction of components {hkl}<uvw>=x10°, % in deformation texture
and volume fraction of directions <uvw>+15° in recrystallization texture) and average grain size after recrystallization
Taénuya 1. Konuvecmeennvie xapakmepucmuku mexcmypbl (06vemuas 0onsa komnonenm {hkl}<uvw>+10° %

6 mekcmype Oeghopmayuu u 00vemuas 00 HanpasieHuti <uvw>+15° ¢ mexcmype pexpucmaniuzayuu)

U cpeOHUll pazmep 3epHa NOCie PeKPUCMAIU3AYUU

An angle between cold and hot rolling directions, deg.
Studied characteristics
0 30 90
Rolling deformation
{100}<001> orientation fraction 1.6 34 2.1
{100}<230> orientation fraction 7.1 8.9 8.0
{100}<120> orientation fraction 7.5 8.9 8.4
{110}<001> orientation fraction 2.6 2.0 1.5
{111}<112> orientation fraction 34 3.0 3.0
{111}<110> orientation fraction 24 2.7 3.9
{111}<132> orientation fraction 6.3 5.7 7.1
Recrystallization 900 °C, 30 min
Grain size (by the cutting line), pm 123.6 99.3 129.0
Grain size (by average diameter), um 149.2 130.3 153.2
Fraction of <100>// RD directions 153 18.9 244
Fraction of <110> // RD directions 15.6 15.5 15.9
Fraction of <111>// RD directions 7.8 5.7 35

a b

700 um 700
| ]

pgm

c

700 pm
——

110

Fig. 3. Fragments of orientation maps EBSD obtained from recrystallized samples.
Rolling at angles to the hot rolling direction: 0° (a), 30° (b), 90° (c).
Sample orientation during scanning: RD — rolling direction; ND — normal direction to a sheet;
TD — transverse direction
Puc. 3. ©paemenmul opuenmayuontvlx kapm EBSD, nonyuenHbIx ¢ pekpucmaniu3o8anHtux 06pasyos.
Ipoxamxa noo yeramu k Hanpasienutro eopadei npoxkamku: 0° (a), 30° (b), 90° (c).
Opuenmayus obpasyos npu cvemke. RD — nanpasnenue npoxamxu, ND — nanpaenenue nopmanu K aucmy;
TD — nonepeunoe nanpasnenue
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alloys. Rolling at an angle of 90° results in the largest
amount of {111}<132> confined component within
the {111} axial one.

3. It has been found that recrystallization annealing at
900 °C of samples rolled at an angle of 30 and 90° leads to
a more favourable texture in terms of the formation of Fe—
Ga properties, compared to traditional rolling (0°).
The most visible effect is observed in the sample rolled at
an angle of 90° to the hot rolling direction. This work
shows for the first time that angular rolling is an effective
tool to improve the primary recrystallization texture in Fe—
Ga alloys.
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Annomayua: CrnnaB Fe-Ga sBnseTcs NepcleKTUBHBIM MAarHUTOCTPUKIIMOHHBIM MaTepuajoM Oyarogapsi OnTUMallb-
HOMY COYETaHUIO (PYHKIIMOHAIIBHBIX CBOMCTB M OTHOCHTEIILHO HM3KOI LIEHBI 32 CUET OTCYTCTBHUS PEIKO3EMENIbHBIX dJie-
MEHTOB B cocTaBe. I MoyuyeHus MaKCUMalIbHOM MarHUTOCTPUKIMU B ToNMKpucTamiax Fe—-Ga Heo6xoaumMo co3naBaTth
KpHCTaIIOrpadguiecKyo TEKCTypy ¢ npeodiananueM HampasieHus <100>, TOCKONbKY HanOOJbILEH SBISETCS KOHCTaHTa
TETparoHaJbHOW MarHUTOCTPUKLUH. TpaJnuIIMOHHBIE METOIbI TEPMOMEXAaHUYECKOW 00paOOTKH HE MPHUBOIAT K HOpMHPO-
BaHMIO TaKOH TeKCTypsl B ciutaBe ¢ OLIK-pemerkoii. B paboTe BIepBble IPeIOKEHO HUCTIONB30BATh YIIIOBYIO MPOKATKY
C IETbI0 YBEINYEHHS JI0JH ONaronpHATHBIX TEKCTYpPHBIX KOMIIOHEHT. Termas mpokarka co crerneHbio aedopmarmn 70 %
Oputa peanm3oBana nox yrinamu 0, 30 1 90° Mo OTHOWICHHUIO K HAIIPABICHHUIO TOpAYeH MpokaTku. TekcTypa medopmarun
aHAIM3MPOBAJIACH C ITOMOIIBIO PEHTTEHOBCKOTO TEKCTYPHOTO aHAJIN3a, a TEKCTYpa U CTPYKTypa MaTepHaia 1mocjie peKpH-
CTANTM3ALUHN — METOJOM AU PAKIIK 00paTHO paccesHHBIX 31eKTpoHOoB (EBSD) Ha ckaHMpYyIOmEeM 31€KTPOHHOM MHKPO-
ckorte. KonndaecTBeHHBIN aHAM3 TEKCTYp MPOBOAMIICS € TIOMOIIBIO METOAa (PYHKIMHU pacHpesesIeHHs OPUSHTAIHI C HC-
nosib3oBaHueM nporpammuoro obecneuenust ATEX. KonnuecTBeHHO ompeneneHa oObeMHasi 0 HEKOTOPBIX KOMIIO-
HeHT. [lokazaHo, 4To CylecTBEHHOE H3MEHEHUE B TEKCTypax nedopManuy 1 NepBUYHON PEKPHCTAIUIU3AINH TIPOUCXOIUT
npu npokarke nox yriom 90°. O6pasers nociie Takoi NPOKATKU CONEPKUT HAUOOJIbIIIEe KOJHYECTBO NIOCKOCTHOM KOMITO-
HeHThl {100}. YcTaHOBJIEHa 3aBUCHMOCTh MEXIY TeKCTypoil nedopmanunu u pexpucrammmzauuu B Fe—Ga: Tak, ais mo-
BBILICHHS J0JIM KOMIIOHEHT C KpHucTajuorpadguyeckum HampasieHueM <001> mpu pekpuctauiMzaluyu HeoOX0JUMO NpH-
CYTCTBHE B TEKCType Je(opManiy IIIOCKOCTHBIX KOMIIOHEHT {111}, 9TO CBsI3aHO C MpPEMMYIIECTBEHHBIM POCTOM OJaro-
HPHUATHBIX KOMIIOHEHT B Jie(hopMannoHHOI MaTpHIle ¢ TAKOH TEKCTYPOH.

Knroueswie cnosa: cinas Fe—Ga; crimaB (Feg;Ga;;)99B1; KoMnaecTBeHHBII aHAN3 TEKCTYPHI; YIIIOBas MPOKAaTKa; Mep-
BUYHAsI PEKPUCTAIUTM3ANNS; MATHUTOCTPUKIIHS.
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On the cover: Light-field image of the A10.3Mg1Si0.3Sc0.15Zr alloy microstructure after annealing at (440 °C, 8 h) +
+ (500 °C, 0.5 h) + (180 °C, 5 h). Author of the photo: V.V. Makarov, researcher of the Laboratory of Non-ferrous Alloys
(M.N. Mikheev Institute of Metal Physics of the Ural Branch of RAS, Yekaterinburg, Russia).

Ha o6noscke: CaetnornonsHoe n300paxkeHne MUKpOCcTpyKTyphl crutaBa Al0,3MglSi0,3Sc0,15Zr mocne omxura mo
pexumy (440 °C, 8 4) + (500 °C, 0,5 1) + (180 °C, 5 u). ABTOp doTo: B.B. MakapoB, Hay4HBIi COTPYJHUK JabOpPaTOPHU
nBetHbIX cmuiaBoB (MucTuTyT Qum3ukn meraioB umenn M.H. MuxeeBa Ypansckoro otnenenusi PAH, ExatepunOypr,
Poccus).
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