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B cmamue npugedennvl pezynvmameul uccied06anus 6blCOKOMEMREPAMYPHOIL U IEKMPo-
Xumuueckoii koppozuu cnnaea Zn0.5Al, necuposannozo kanvyuem, ¢ paziuunvix cpeoax. Tepmozpa-
BUMEMPUUECKUM MEMO0OM UCC1e006aH0 63aumodeiicmeue cniasa Zn0.5Al, nezuposannozo Kans-
yuem, ¢ KUciopooom 603oyxa é unmepeaie memnepamyp 523—623 K, ¢ meepoom cocmoanuu. Onpe-
OejleHbl KuHemu4ecKue u InepeemuiecKue napamempsl nPouecca 6bICOKOmMeMnepamypHozo OKucie-
Hus cniagos. Ilpoyecc svicokomemnepamypnozo okucienus cniaeos cucmemst Zn-Al-Ca xapaxme-
PU3yemcsa MOHOMOHHBIM CHUNCCHUEM UCIMURHON CKOPOCIU OKUCIEHUA U NOgbluLeHUeM I hekmues-
HOIl IHepzuU AKMUBAYUU HPU COOEPHCAHUN 1e2UPYIOU,e20 KOMNOHEHMA 8 ucxo0nom cniaee Zn0.5A1
00 1.0 mac.%. Ilpu necuposanuu yunk-aniomunuesozo cnaaea 0,5 u 1,0 mac.% xanvyuem noxazano
He3HauumesnvHoe ygeauyenue cKOpocmu OKUCIeHus cniaeos. Beiagneno, umo npoyecc okucnenusn
UCCIE006AHHBIX CHAAGO8 KUCIAOPOOOM 2a30801 (ha3vl NOOYUHAEMCA 2UNEPOOIUYECKOMY 3AKOHY.
Yemanoeneno, umo oobasku xkanvyus ¢ npedenax 0,01-0,1 mac. % 3nauumensno ymenvuiarom oKuc-
aaemocms ucxoonozo cnaasa Zn0.5Al, a npodykmamu okucienus cniagos aeaaomcsa oxkcuosl Zn0,
Al;,O3, Al,O3 + Zn0O, Ca0, Al,O3 - CaO. Ilomenyuocmamuyeckum memooom ¢ NOmMeHyuoounamuue-
CKOM pedicume cO CKOpOCHbIo pazeepmku nomenyuana — 2 mB/c nokazano, umo ona écex oopazuos
cnnaeoe cucmemvl Zn0.5Al-Ca 6 Kucavix, HellmpanbHbIX U WETIOYHBIX CPEOax Habaoaemca cmeuie-
HUe 31eKmpPOXuUMUYecKux NOMeHyuanNoe Koppo3uu, RUMmuH2000pa306anus U penaccusayuu ¢ 00-
aacme OmMpuyamenbHylX 3HaueHuil. Boiaseneno, umo yunK-aniomMunuesvie Cniaevl, 1e2UpoGaHHbvle
Kanvyuem, Hauboiee yCmouuuesl K RUMMUHZ0601 KOPPO3UU 60 6CEX UCCIE006AHHBIX CPEOax, COOm-
eemcmeenno 6 kucaou (0,01n), neumpansvnou (0,03-, 0,3-, 3,0 mac.%) u wenounoii (0,01n) cpeoe
anekmponumoe HCl, NaCl u NaOH. Ycmanoeneno, umo dobaexu kanvyus é npedenax 0,01-0,1 mac.%
YMEHBUIAION CKOPOCHLL KOPPO3UU YUHK-aniomunuegozo cnaaea Zn0.5Al ¢ 2-3 paza. Cnnaewvi ¢ kanb-
yuem peKOMeHOYIOmCA 8 Kauecmee AHOOHBIX NOKPLIMUIL U RPOMEKMOPOE 015 3aU{UIMbL O KOPPO3UU
CIANbHBIX U30ENUll U KOHCIPYKYUIL, DAOOMAOWuX npu 6blCOKUX MEMNEPAmypax.

Karouesbie cioBa: ciuiaB Zn0.5Al ¢ xanpliueM, TEpMOTpaBUMETPHUECKOE M TTOTCHIIUOJMHAMHYECKOE
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HIGH TEMPERATURE AND ELECTROCHEMICAL CORROSION OF Zn0.5Al
ALLOY DOPED WITH CALCIUM IN VARIOUS MEDIA

Z.R. Obidov, R. Amini, O.N. Nazarov, J.Kh. Dzhayloev, I.N. Ganiev, R. Usmanov

Ziyodullo R. Obidov *, Jamshed Kh. Dzhailoev, Izatullo N. Ganiev

V.I. Nikitin Institute of Chemistry AS of the Republic of Tajikistan, Ayni st., 299/2, Dushanbe, 734063, Republic
of Tajikistan

E-mail:

z.r.obidov@rambler.ru*

Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2020. V. 63. N 11 21



3.P. O6umoB u np.

Odiljon N. Nazarov, Rakhmatjon Usmanov

Tajik National University, Rudaki st., 17, Dushanbe, 734025, Republic of Tajikistan

Reza Amini

Golpayegan University of Technology, Department of Materials Science and Engineering, Moalem sq., Shahid
Beheshti blvd., Golpayegan, 87717-65651, Iran

The article presents the results of a study of high-temperature and electrochemical corro-
sion of Zn0.5Al alloy doped with calcium in the various media. The thermogravimetric method was
used to study the interaction of the Zn0.5Al alloy doped with calcium with atmospheric oxygen in
the temperature range 523-623 K in the solid state. The kinetic and energy parameters of the pro-
cess of high-temperature oxidation of alloys are determined. The process of high-temperature oxi-
dation of Zn-Al-Ca alloys system is characterized by a monotonic decrease in the true oxidation
rate and an increase in the effective activation energy when the alloying component in the initial
Zn0.5Al alloy is up to 1.0 wt% doping with zinc-aluminum alloy 0.5 and 1.0 wt%. Calcium shows
a slight increase in the oxidation rate of alloys. It was revealed that the oxidation process of the
studied alloys with oxygen of the gas phase obeys the hyperbolic law. It was found that calcium
supplements in the range of 0.01 - 0.1 wt%. The oxidizability of the initial Zn0.5Al alloy is
reduced significantly, and the oxidation products of the alloys were ZnO, Al,0s, Al;Os - ZnO,
Ca0, Al;0O; - CaO. By potentiostatic methods in the potentiodynamic mode with a potential sweep speed
of 2 mV/s, it has been shown that for all samples of the Zn0.5Al-Ca alloys system in the acidic,
neutral, and alkaline media, electrochemical potentials of corrosion, pitting formation, and re-
passivation are shifted to the region of negative values. It was revealed that zinc-aluminum alloys
doped with calcium are most resistant to pitting corrosion in all studied media, respectively, in
acidic (0.01n), neutral (0.03-, 0.3-, 3.0 wt%) and alkaline (0.01n) electrolytes of HCI, NaCl and
NaOH. It has been established that calcium additions in the range of 0.01 - 0.1 wt.% reduce the
corrosion rate of zinc-aluminum alloy Zn0.5Al by a factor of 2-3. Calcium alloys are recommended
as anodic coatings and protectors for corrosion protection of steel products and structures operat-
ing at high temperatures.

Key words: Zn0.5Al alloy, calcium, thermogravimetric and potentiodynamic studies, oxidation rate, ac-
tivation energy, corrosion rate, anodic behavior
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INTRODUCTION this zone [8, 9]. It is also known that the introduction
of a small amount of molybdenum into the composi-
tion of the zinc coating during electrolysis makes it
possible to obtain Zn-Mo coatings with alloys that
have a higher protective ability than zinc coatings. The
effectiveness of their use in atmospheric conditions of
increased rigidity (marine environments, coastal zones,
tropics and other environmental factors) is investigated
[10]. There are various modifications of zinc-alumi-
num alloys alloyed with the third component. In par-
ticular, a positive effect of a number of metals of the
periodic system on the corrosion resistance of zinc —
aluminum alloys was studied in literatures [11-18].
The purpose of this work is to study the high-tempera-
ture electrochemical corrosion of the Zn0.5Al alloy,

The issues of the interaction of metal alloys
with gaseous and various aggressive media at high
temperatures are the key in modern materials science.
Zinc and aluminum based alloys are widely used in
various fields of technology [1-7]. Recently, these al-
loys began to be used as protective coatings for steel
products and structures. The most famous of them are
Zn5Al and Zn55Al alloys known under the trademarks
Galfan-I, Il and Galvalum. Coatings are applied for the
anodic protection of steel; the decisive factor is the
compromise between the low polarization of the coat-
ing in the area of damage (which determines the pro-
tection of steel) and its corrosion resistance far from
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doped with calcium, designed as anodic protective
coatings, and protectors to increase the corrosion re-
sistance of steel structures and products.

MATERIALS AND METHODS

Investigation of the effect of temperature and
chemical composition on the kinetics of high-tempera-
ture oxidation of Zn0.5A alloy doped with calcium, in
the solid state, was carried out by thermogravimetry
method with continuous weighing of samples in the air
according to the procedure described in [19-22]. Sam-
ples of the alloy for the study were obtained from zinc
grade KH.TC (granular), aluminum A7 grade and its
alloys with calcium metal (10% Ca) in alumina cruci-
bles in a shaft furnace of electric resistance of the
C.SHOL type in the temperature range 650 ... 750 °C.
The elemental composition of the studied alloys was
monitored by X-ray microanalysis on a SEM instru-
ment of the AIS 2100 series. A potentiodynamic study
of the corrosion-electrochemical behavior of Zn0.5Al
alloy doped with calcium was carried out in acidic
(0.01n), neutral (0.03, 0.3, 3.0 wt%) and alkaline envi-
ronment (0.01n), HCI, NaCl and NaOH electrolytes.
The sweep speed of the electrode potential on the PI-
50.1.1 potentiostat was 2 mV/s. The silver chloride
(HSE) served as the reference electrode, and platinum
served as the auxiliary electrode. The technique of
electrochemical study of alloys is described in the ref-
erence [23].

RESULTS AND DISCUSSION

Thermogravimetric studies of the oxidation ki-
netics of Zn0.5AI-Ca alloys were carried out at temper-
atures of 523, 573 and 623 K. The interaction of the
Zn0.5Al alloy with various concentrations of calcium
with oxygen in the gas phase at the temperatures is sig-
nificantly different from the oxidation of the initial
Zn0.5Al alloy. The linear dependence is maintained for
12-15 min, further, as the oxide film is formed, the na-
ture of the oxidation process becomes hyperbolic and
the formation of the protective oxide surface ends by
30 minutes. Doping of the Zn0.5Al alloy with calcium
(in the range of 0.01-0.1 wt%) contributes to a certain
decrease in the true oxidation rate (Fig. 1, 2). A signif-
icant effect on the oxidizability of alloys is their chem-
ical composition. Among the alloys, the Zn0.5Al alloy
with 0.01 wt% calcium has a minimum oxidation rate
and maximum activation energy of 186.1 kJ/mol (Table 1).

Doping calcium from 0.5 to 1.0 wt% to the al-
loy is impractical, since it leads to an increase in the
oxidation rate and, accordingly, decreases the activa-
tion energy of oxidation of alloys. The effective acti-
vation energy of the oxidation process of these alloys
varies from 168.4 to 174.5 and 174.9 kJ / mol (Table 1).
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Fig. 1. Kinetic curves of the oxidation process of the Zn0.5Al (a)
alloy doped with 0.01 wt% (b) calcium at T =523 (1), 573 (2) and
623 (3) K
Puc. 1. Kunernueckue kpuBble Ipoliecca OKUCIECHUS CIUIaBa
Zn0.5Al (a), meruposarHoro 0,01 mac.% (6) kamsrwem mpu T = 523 (1),
573 (2) 623 (3) K
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Fig. 2. Square-law curves of process of high-temperature oxidation of
the Zn0.5Al alloy containing 1.0 wt% calcium at T = 523 (1), 573 (2)
and 623 (3) K
Puc. 2. KBagparuuHble KpUBbIE IIPOLIECCa BEICOKOTEMIIEPATyp-
Horo okucieHus crasa Zn0.5Al, conepxamero 1,0 mac.% kanb-
i ipu T =523 (1), 573 2) m 623 (3) K

The high-temperature oxidation of the studied
alloys by the oxygen gas phase obeys the hyperbolic
law, as it can be observed from the dependence curves
(9/s)*—t (Fig. 2), it does not fit by straight lines, as well
as by the analytical dependences y = Kt", where n = 2-4
(Table 2). Studying the products of oxidation of alloys,
in particular, an oxide film that forms when heated on
the surface of samples, important information can be
obtained about their oxidation mechanism. Oxidation
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products resulting from the oxidation of the Zn0.5Al
alloy doped with calcium, investigated by X-ray phase
analysis [24, 25]. It is observed that the oxidation prod-
ucts of the Zn0.5Al alloy (Fig. 3a) and the alloy doped
with 0.1 wt% calcium (Fig. 3b) consist of ZnO, Al,Os,
Al;03-Zn0, Ca0, Al;03-CaO oxides (Fig. 3).

Table 1
Kinetic and energy parameters of the oxidation process
of the Zn0.5Al alloy doped with calcium at solid state
Tabnuya 1. Kunerndeckue v JHepreTuyecKue napa-
MeTpBhI Npouecca okucjaeHns cminasa Zn0.5Al, serupo-
BaHHOI'0 KAJbIieM, B TBEP/IOM COCTOSTHUH

Content Temperature of The true oxida- | Effective acti-
Cainthe S tion rate K-10#, vation energy,
° Zn0 alloy, wit% oxidation, K kg/m?-s kJ/mol
a " AL, 523 368
0.0 573 391 1684
623 411
523 221
l I I ri’ ri’ I [r T ?I? ? 001 573 250 1861
‘ 623 265
I 523 230
o 7Zno 0.05 573 261 184.0
¢ AlLO;-ZnO 623 276
Ao o 523 251
0.1 573 2.80 1804
] 1 I ‘ [ 623 29
‘ Al Ll Ll L TTUHTL [T, 523 318
10 20 30 40 60 0.5 573 332 1749
Fig. 3. Bar graphs of oxidation products of the Zn0.5Al alloy (a) 623 363
containing 0.1 wt% (b) calcium 523 333
Puc. 3. I tpuxaudpakTorpaMMel IPOAYKTOB OKHUCIICHHS CIIIaBa
Zn0.5Al (a), comeprxarero 0,1 mac.% (6) kanprmit 1.0 573 347 1715
623 3.78
Table 2

The results of mathematical processing of the curves of the oxidation process of the Zn0.5Al alloy doped with cal-
cium in the solid state
Tabnuya 2. Pe3ynbraThl MaTEMaTHYeCKOH 00padoTKHM KPUBLIX NpoLecca oKucjaeHus cmiiaBa Zn0.5Al, sernposan-
HOT0 KaJbllueM, B TBép}JOM COCTOSTHUH

Calcium content | Oxidation temperature, Polynomials alloy oxidation curve Approximation
in alloy, wt% K confidence level R%, %
523 y =-0.000t*- 0.000t® + 0.010t? - 0.176t 0.987
0.0 573 y =-0.000t* - 0.001t% + 0.020t? - 0.471t 0.985
623 y =-0.000t*- 0.001t% + 0.044t - 0.786t 0.981
523 y =-0.001t* - 0.012t + 0.241t? - 0.249t 0.994
1.0 573 y =-0.001t*- 0.016t° + 0.281t? - 0.697t 0.991
623 y = - 0.001t*- 0.019t3 + 0.310t2 - 0.905t 0.988

The assessment of the pitting corrosion re-
sistance of the Zn0.5Al alloy with calcium can be car-
ried out by comparing the values of the stationary po-
tentials of free corrosion and pitting formation under
the same research conditions. Additives of the alloying
component (0.01-1.0 wt%) contribute to the displace-
ment of the electrochemical potentials of the Zn0.5Al
alloy in the region of negative values (Table 3).

In general, studies indicate an improvement in
the corrosion resistance of the Zn0.5Al alloy when
doped with calcium. The results show the ability of al-
loys to self-heal pitting damage resulting from corro-
sion. Calcium supplements within a concentration of
0.01-0.1 wt% reduce the corrosion rate of the Zn0.5Al
alloy by a factor of about 2-3 (Table 3). It should be

24

noted that the dynamics of changes in the corrosion-
electrochemical potentials favorably affect the changes
in the corrosion resistance of alloys generally.

CONCLUSION

Thus, according to experimental studies of the
kinetics of high-temperature oxidation of the Zn0.5Al
alloy with calcium additions it was found that alloys
with 0.5 and 1.0 wt% calcium compared with low-al-
loy alloys (0.01-0.1 wt% Ca) has the highest value of
the true oxidation rate and the smallest value of the ef-
fective activation energy. It was revealed that the al-
loying component significantly reduces the oxidizabil-
ity of the Zn0.5Al alloy in the range of 0.01-0.1 wt%
calcium. It was determined that the oxidation products
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of the studied alloys consist of ZnO, Al,Os, Al,03:Zn0O,
Ca0, Al;03-Ca0 oxides.

Studies of the corrosion-electrochemical be-
havior of the Zn0.5Al alloy with calcium in acidic
(electrolyte-HCI), neutral (electrolyte-NaCl) and alka-
line (electrolyte-NaOH) media showed the possibility

Z.R. Obidov et al.

of increasing the corrosion resistance of the anodic pro-
tective coatings by optimizing the composition (corro-
sion rate is 2-3 times lower than that of the initial
Zn0.5Al alloy). Alloys with calcium can be used as
protective coatings and protectors for corrosion protec-
tion of steel structures and products operating at high
temperatures.

Table 3

Electrochemical corrosion characteristics (HSE) of the Zn0.5Al alloy doped with calcium in acidic, neutral and al-
kaline media
Taonuya 3. Koppo3uoHHO-3/1eKTPOXUMHYECKUE XapAKTEPUCTUKH (X.c.3.) ciiaBa Zn(0.5Al, iernpoBaHHOr0 Kajib-
U EM, B KHCJbIX, HeﬁTpaﬂbeIX 1 1ICJIOYHBIX Cpeaax

_ Content of Ca in the Electrochemical potentials, V (HSE) _ Corzrosion rate .
Environment alloy, wt% E E E E icorr. -10 K-10
) r.corr. corr. p.f. rep. A/M2 g/m2 . h

0.0 1.110 1.118 0.980 0.995 0.154 1.87

0.01 1.183 1.165 1.036 1.046 0.050 0.61

0.01n HCl 0.05 1.198 1.187 1.042 1.051 0.052 0.63
0.1 1.221 1.225 1.053 1.058 0.055 0.67

0.5 1.244 1.256 1.064 1.082 0.061 0.74

1.0 1.267 1.277 1.080 1.090 0.062 0.75

0.0 0.960 0.968 0.745 0.809 0.037 0.45

0.01 0.995 1.001 0.782 0.804 0.015 0.18

0.05 1.011 1.020 0.810 0.822 0.016 0.20

0.03% NaCl 0.1 1.029 1.034 1.020 1.028 0.017 0.21
0.5 1.042 1.047 0.832 0.842 0.033 0.40

1.0 1.048 1.056 0.848 0.853 0.035 0.43

0.0 1.070 1.086 0.779 0.804 0.055 0.67

0.01 1.153 1.166 0.863 0.869 0.022 0.26

3.00% NaCl 0.05 1.160 1.170 0.872 0.885 0.025 0.30
0.1 1.178 1.185 0.885 0.896 0.029 0.35

0.5 1.194 1.198 0.904 0.915 0.052 0.63

1.0 1.192 1.202 0.918 0.923 0.056 0.67

0.0 1.048 1.058 0.892 0.900 0.127 1.55

0.01 1.094 1.096 0.928 0.933 0.043 0.52

0.01n NaOH 0.05 1.119 1.131 0.948 0.963 0.045 0.55
0.1 1.133 1.159 0.989 0.998 0.049 0.60

0.5 1.160 1.173 1.067 1.083 0.054 0.66

1.0 1.191 1.195 1.093 1.099 0.058 0.71
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