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The paper presents experimental material and its discussion on the use of cyclic
voltammetry to determine the optimal conditions for the formation of protective anticor-
rosive coatings on the surface of iron samples deposited from phosphating solutions
containing phosphatization accelerators of various nature (hydroxylamine, nitrophenol).
The concentration of phosphate accelerators was established on the basis of a change in the
cathode current maximum due to the electroreduction of products during the sequential
cycling of current-voltage curves on a steel electrode without updating the surface of
phosphate films in a solution of 0.8 M Na,SO,. The optimal concentration of the phos-
phate accelerator was found by the absence of a current maximum on the cathode part of
the cyclic current — voltage curves during sequential cycling. According to this method,
the optimal concentrations of the phosphating accelerators of hydroxylamine and nitrophe-
nol were determined. The data obtained are consistent with the protective ability of
phosphate coatings, defined by the drip method of Akimov.

Keywords: phosphate coatings, corrosion resistance, voltammetry, hydroxylamine, ni-
trophenol.

BukopucTaHHA DHKJIIYHOI BOJBTAMIEPOMETPil AJA BHU3HAYEHHA 3aXMCHOI 3ATHOCTI
docharaux moxpurrtie. B.Cmauwk, A.Boad, M.JHypunos, Jl.Dozenw, J1.Caccixosa, T.Bazpa-
man, O.A6pauros.

HocaimxeHo MOKINBICT, BUKOPUCTAHHS IIUKJIIYHOI BOJALTAMIepOMeTpPii nia BU3HAUEHHS
ONITUMAJBLHUX YMOB (POPMYBAHHS BaXWCHUX AHTUKOPOIIMHUX TMOKPUTTIB HA IOBEpXHi 3a-
JiBHUX 3paskKiB, ocamkenmx 3 dochaTyounx PO3UNHIB, 110 MIicTATH IpUcKopioBaui docharTy-
BaHHA pisHOl mpupoxm (rigpokcuinamiu, HiTpodenos). Kounentpariro mpuckoposauis ¢doc-
daTyBaHHA BCTAHOBJIEHO HA TigcTaBi 38MiHM KaTOAHOTO CTPYMY MAaKCUMyMy, O0OYMOBJEHOI'O
eJIeKTPOBiTHOBJIEHHAM TPOAYKTIB y IIpolleci MOCHiTOBHOTO ITUKJIOBAHHA BOJbTAMIIEPHUX
KPUBUX HA CTANEBOMY eJeKTpoxi 6e3 BiAHOBJEHHS IMOBepXHi (gocdaTHUX MAIBOK y PO3UMHI
0,8 M Na,SO,. OnrumaibHy KOHIEHTPaIilo NpucKopioBada (ocdaryBaHHA SHAHAEHO 32
BiZICYyTHOCTi CTPyMy MaKCUMyMy Ha KaTOIHIiil YacTWHI NUKJIIYHMX BOJBbTaAMIIEPHUX KPUBUX Y
npoilieci HOCJAiLOBHOTO MUKJIOBAHHA. 34 I[UM METOJOM BH3HAUEHO OITHUMAJbHI KOHIIEHTPAIlil
HpucKopoBauiB docharyBanusa rigpokcuaaminy i mirpodenony. Orpumani mani ysromxy-
I0TbCSA 3 3aXMCHOIO 3maTHicTio GochaTHUX IIOKPHUTTIB, I[0 BH3HAUYEeHA 3a MerTogoM AKimosa.

HccunenoBana BOBMOMKHOCTD UCIIONb30OBAHUSA IIUKJIUNYECKON BOJbTAMIIEPOMETPUU IJS OIIpe-
IeJeHUSA ONTUMAJbHBIX YCJAOBUII (DOPMUPOBAHUA SAIIUTHBIX AHTUKOPPOSUOHHBIX HOKPBITUH
Ha IIOBEPXHOCTU JKeJIeBHBIX 00pasiioB, OoCaKIeHHBIX u3 (ochaTUPYIOIIUX PACTBOPOB, COILEp-
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JKAIUX yeroputeau GocaTupoBaHUA pPasHOl TPUPOAB! (THUAPOKCUIAMWUH, HUTPOMEHOT).
Konmnenrpamnusa yckopureieit dochaTnpoBaHMsa ycTaHaBIeHA HA OCHOBAHWM M3MEHEHUA Ka-
TOAHOTO TOKa MaKCUMyMa, 0O0YCJIOBJIEHHOTO HJeKTPOBOCCTAHOBIEHNEM TPOAYKTOB B IPOIIECCE
TOCTEIOBATEILHOTO IUKJIVPOBAHUSA BOJbTAMIEPHBIX KPWBBIX Ha CTAJLHOM dJIeKTpome 6e3s
oGHOBIeHUs IOBepxHOCTH (ocdaTHsXx mneHok B pacTteope 0,8M Na,SO,. OnTumanbmas
KOHIIEHTpANNA ycKopuTeds dochatTupoBanmsa HalifleHa MO OTCYTCTBUIO TOKa MaKCHUMyMa Ha
KaTOAHON UacTM IUKJINYECKUX BOJBTAMIEPHBIX KPUBBIX B IIPOIlECCE TOCIEeTOBATEIHLHOTO
nuKaInpoBanua. Ilo aToMy MeToxy ompeaeseHBl ONMTHUMAaNLHBIe KOHIIEHTPAIINU YCKOPHUTeeil
dochaTupoBanusa ruApoKcuIaMmubua u HuTpodenona. IlomyueHHbIe AAHHBIE COTJIACYIOTCA C
3alUTHON CIOCOOHOCTBIO (PoCHATHBIX TMOKPBITUH, OTIPeLeSIeHHO o MeToxy AKMMOBA.

1. Introduction

Constantly increasing requirements for
protective coatings with anti-corrosion
properties result in the need to improve the
process of their formation. This problem re-
quires reliable, easily defined criteria for
the protective properties and quality of the
formed anti-corrosion coatings. Today, a
large number of methods have been pro-
posed for assessing the protective properties
of anticorrosion coatings on a metal surface
[1-16]. Since all corrosion processes are
caused by the occurrence of electrochemical
reactions, electrochemical methods [17-21]
which are characterized by high expressiv-
ity and measurement accuracy can be used
to evaluate and control the protective prop-
erties of anticorrosion coatings. The present
study is devoted to the development of an
easily defined criterion for the formation of
phosphate coatings with high anticorrosive
properties on an iron electrode in the pres-
ence of nitrophenol and hydroxylamine phos-
phate accelerators using cyclic voltammetry.

Our approach to determining the corro-
sion resistance of phosphate coatings is
based on a comparison of cyelic current-
voltage curves obtained for the updated sur-
face of an iron electrode with similar curves
obtained for a surface with a phosphate
coating. Of particular interest is the use of
electrochemical methods to obtain qualita-
tive and quantitative characteristics, with
which you can establish the electrochemical
activity and anticorrosive ability of the re-
sulting coatings in a wide range of poten-
tials. The use of accelerators of a different
nature made it possible to obtain phosphate
coatings with high anticorrosive properties
on iron samples. The protective ability of
the formed coatings was evaluated by the
drip method of Akimov in combination with
the method of cyclic voltammetry.

2. Experimental

The formation of protective anti-corro-
sion coatings on iron samples and electrodes
(St. 3) was carried out using a phosphate
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solution FR-2, having the following compo-
sition: ZnO — 1.16 g/1; NiNO3.6H,O —
0.5208 g/1; HNO; — 0.614 ml; H;PO, —
1.472 ml; NaOH — 0.252 g/l. The deposi-
tion of phosphate coatings was carried out
under optimal conditions in this solution: a
temperature of 40°C, a deposition time of
10 min, and stirring speeds of 500 rpm.
Hydroxylamine and nitrophenol were used
as phosphate accelerators. After deposition
of the coating, iron samples and electrodes
were washed with distilled water and dried
in a drying chamber at a temperature of
120°C for 10 min.

The reagents used in the work: sodium
sulfate Na,SQ,4, zinc oxide ZnO, nickel ni-
trate Ni(NO3),-6H,0, nitric acid HNOj, phos-
phoric acid HzPO,, sodium hydroxide
NaOH, nitrophenol CgHgNO;, and hydroxy-
lamine NH,OH had the mark "Chemically
Pure” and "High Pure”. Distilled water was
used to prepare the solutions. Preliminary
treatment of iron samples was carried out
using abrasive materials, followed by wash-
ing with distilled water.

To establish the protective ability of the
obtained phosphate coatings, Akimov’s drip
method was used in combination with the
cyclic voltammetry method. The drip
method for determining the corrosion resis-
tance of a protective coating is based on the
use of Akimov’s reagent — a solution con-
taining CuSO,-5H,0, NaCl, and HCI [22].
According to this method, the protective
ability of the coating (ASA) is estimated in
seconds as the time of change in the color
of the control area under a drop of solution
from gray to red-brown.

Cyclic current-voltage curves were ob-
tained using a Gamry 3000 potentiostat
(USA) in a thermostated electrochemical
cell. The working electrode was an iron (St.
3) disk with an area of 0.03 cm?2 in contact
with the electrolyte. A platinum electrode
was used as a counter electrode. The poten-
tials given in the article were measured
relative to a silver chloride electrode manu-
factured by Metrom (Switzerland) with a
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Fig. 1. Cycling current-voltage curves for an iron electrode without a phosphate film (a) and in the

presence of a phosphate film (b).

potential of 196 mV relative to a hydrogen
electrode. A solution of 0.3 M Na,SO, was
used as the electrolyte. Cyclic current-voltage
curves were recorded in the potential region
from —0.3 to —1.2 V with a potential sweep
rate of 20 mV/s. Before obtaining cyclic cur-
rent-voltage curves, the surface of the work-
ing electrode was updated with an abrasive
material and washed with distilled water. Cy-
clic current-voltage curves for a phosphate-
coated iron electrode were obtained without
updating the electrode surface.

3. Results and discussion

Figure 1 shows cyclic current-voltage
curves (with a number of cycles of 7) ob-
tained for an iron electrode in the absence
of a phosphate coating (Fig. 1a) and with a
phosphate coating deposited from a phos-
phating solution FR-2 (Fig. 1b) in 0.3 M
Na,S0,. According to Fig. 1, on the cyeclic
current-voltage curves of the iron electrode
obtained from a solution of 0.3 M Na,SO,
in the cathode region, the current maximum
(A) is observed in the potential region (E = —
0.9+0.1 V) due to the electroreduction of iron
hydroxide compounds formed on the surface
of the electrode during anodic polarization.

The current maximum (A) was used to
judge the corrosion resistance of the formed
phosphate coatings. With an increase in the
number of cycles (1-7), a systematic in-
crease in the cathode maximum (A) is ob-
served. The cyclic current-voltage curves
obtained for an iron electrode with a phos-
phate coating (Fig. 1b) are in many respects
similar to the curves obtained for an iron
electrode without a coating (Fig. 1a). How-
ever, for cycles (1-3), the maximum current
(A) (Fig. 1b) is noticeably less than the
maximum current (A) in Fig. la. With an
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Fig. 2. Dependences of the maximum current
(A) on the iron electrode in 0.8 M Na,SO, on
the number of cycles of the current-voltage
curves without coating (curve 1) and with a
phosphate coating (curve 2).

increase in the number of cycles (5-7), the
maximum current (A) on the cyclic current-
voltage curves for an iron electrode with a
phosphate coating (Fig. 1b) is noticeably
larger than the corresponding maximum on
the current-voltage curves of an uncoated
iron electrode (Fig. la).

The effect of the number of cycles on the
current value of the cathode maxima (A)
can be more clearly seen in Fig. 2, which
shows the dependence of the change in the
current value of the cathode maxima (A)
(curves 1,2) on the number of cycles for the
studied electrodes.

The observed change in the value of the
cathode current maximum (A) during cy-
cling allows us to conclude that the pres-
ence of a phosphate coating on the iron elec-
trode leads to a noticeable decrease in the
current maximum (A) only in the first cy-
cles (1-8). With an increase in the number
of cycles, the increase in the current maxi-
mum (A) for the iron electrode with a phos-
phate coating (curve 2) noticeably exceeds
the similar current maximum for an un-
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Fig. 3. Effect of hydroxylamine in a phos-
phating solution on cyclic current-voltage
curves of a phosphate-coated iron electrode
during cycling. Designations of cycles: I —
1,2—2,83—38,4—4,5—5,6—6,7—T1.

coated ir on electrode (curve 1). It follows
that a systematic change in the course of
the cathodic and anodic processes when ob-
taining cyclic current-voltage curves in the
studied potential region does not lead to an
increase in the corrosion resistance of the
phosphate coatings used, but, on the con-
trary, contributes to the course of corrosion
processes.

In connection with the foregoing, it was
of interest to use the cyclic voltammetry
method for evaluation of the effect of phos-
phate accelerators (using hydroxylamine
and nitrophenol as an example) on the
change in the corrosion resistance of phos-
phate coatings on iron electrodes. Figure 3
shows the dependence of the change in the
cathode maximum current (A) on the con-
centration of hydroxylamine in the FR-2
phosphating solution at a different number
of cycles (1-7) on the cyclic current-voltage
curves an iron electrode with a phosphate
coating.

According to Fig. 3, with a small concen-
tration of hydroxylamine in the phosphate
solution, the maximum cathode current (A)
is practically not observed on the cyclic cur-
rent-voltage curves of the iron electrode
(Fig. 8, curves 1, 2). However, when the
concentration of hydroxylamine in the phos-
phating solution is close to 0.1 g/l, the
maximum cathode current (A) does not
change with the number of cycles (1-7)
within the experimental error. This is most
clearly seen in Fig. 4, which shows the de-
pendences of the maximum current (A) on
the number of cycles for different concen-
trations of hydroxylamine in the phosphate
solution.

According to Fig. 4, at a hydroxylamine
concentration of 0.1 g/l in the phosphate
solution (curve 1), the maximum cathode
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Fig. 4. Influence of the number of cycles of
current-voltage curves on the maximum cur-
rent (A) at different concentrations of hy-
droxylamine in the phosphating solution
(g/D):1 —0.1,2 — 0.5, 3 — 1.
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Fig. 5. Dependences of the corrosion resis-
tance on the concentration of hydroxylamine
(a) and nitrophenol (b) for phosphating coat-
ings deposited on the surface of iron samples
from a FR-2 solution.
current (A) remains almost unchanged dur-
ing the cycling process, while at higher con-
centrations, an increase in the maximum
cathode current (A) is observed (curves 2, 3).
Thus, when the concentration of hydroxy-
lamine in the deposition solution FR-2
equals to 0.1 g/1, phosphate coatings having
the highest corrosion resistance are formed.
It should be noted that the determination
of the optimal concentration of the hy-
droxylamine phosphate accelerator based on
the change in the maximum current (A) on
the cyclic current-voltage curves is in
agreement with experimental data obtained

Functional materials, 27, 3, 2020
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from the dependence of the protective abil-
ity of the phosphate coatings on the concen-
tration of hydroxylamine determined by
Akimov’s method on iron samples.

Fig. 5 shows the dependence of changes
in the protective ability of phosphate coat-
ings on the concentration of hydroxylamine
in a phosphate solution according to Aki-
mov’s method. According to Fig. 5, phos-
phate coatings obtained from a phosphating
solution of FR-2 in the presence of 0.1 g/l
hydroxylamine possess the greatest anticor-
rosive protective ability. At higher concentra-
tions of hydroxylamine, the protective ability
of the phosphate coating decreases. The data
obtained are highly correlated with the results
of electrochemical studies on the concentration
of hydroxylamine (Fig. 5a) and nitrophenol
(Fig. 5b) in the phosphate solution.

Of particular interest is to study the ef-
fect of the phosphate accelerator nature on
the corrosion resistance of the formed phos-
phate coating. The effect of the nitrophenol
concentration in the FR-2 phosphating solu-
tion on the corrosion resistance of phos-
phate coatings was studied by cyclic voltam-
metry. Fig. 6 shows the dependences of the
maximum current (A) on the concentration of
nitrophenol in the FR-2 phosphating solution
for an iron electrode with a phosphate coating
(Fig. 6a) and the dependences of the maxi-
mum current (A) on the number of cycles on
the voltammetric curves (Fig. 6b).

According to Fig. 6a, for the first cycle,
there is practically no maximum current (A)
on the cyclic current-voltage curves in the
studied range of nitrophenol concentrations
in the phosphating solution. With an in-
crease in the number of cycles, the maxi-
mum current (A) noticeably increases.
Moreover, the greatest increase in the maxi-
mum current (A) is observed when using
precipitation solutions containing low con-
centrations of nitrophenol. (curves 1-5).
This is most clearly observed in Fig. 6b
showing the dependence of the change in
the maximum current (A) on the number of
cycles for different concentrations of ni-
trophenol in the phosphating solution. Ac-
cording to Fig. 6b, with an increase in the
concentration of nitrophenol, a decrease in
the maximum current (A) is observed. At a
nitrophenocl concentration greater than
2 g/l, the maximum current (A) reaches a
minimum value for the studied nitrophenol
concentrations in the phosphating solution
and does not depend on the number of cy-
cles of sequential cycling of current-voltage
curves. Therefore, the optimal concentra-
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Fig. 6. Dependences of the current value of
the cathode maximum (A) on the cyclic cur-
rent-voltage curves of the iron electrode on
the concentration of nitrophenol in the phos-
phating solution (numbering cycles: 1 — 1,
2—-2,8—8,4—4,5—5,6—6,7—T)(a)
and the number of cycles at different concen-
trations of nitrophenol (g/1): 1 — 0.078, 2 —
0.25, 3 —1.8, 4 — 2.5 (b) .

tion of nitrophenol, at which the maximum
corrosion resistance of the formed phos-
phate coatings in the FR-2 solution is ob-
served, is the concentration of 2—-2.5 g/I.

4. Conclusions

Thus, the use of the electrochemical
method of cyclic voltammetry made it possi-
ble to establish the optimal concentration of
phosphatization accelerators of various na-
ture, which provides complete corrosion
protection of phosphate films on the surface
of iron samples. The experimental data ob-
tained are consistent with the independent
method for determining the protective abil-
ity of phosphate coatings by Akimov’s drip
method.
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