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1. Introduction

Conversion coatings are the most economically viable 
method for protecting metals against corrosion, which is 
used in various fields, including automobile and aerospace 
industries [1–7].

Currently, metal goods manufacturers aim to decrease 
usage of toxic chromates and nitrites conversion coatings 
for corrosion protection during in-between operation and 
long-term storage. 

Development of new non-toxic, effective and relatively 
cheap compositions is a relevant problem in the field of metal 
corrosion inhibition. 

Polyphosphates are of particular interest for such com-
positions. In comparison to other compounds, the main 
advantage of polyphosphates is their low toxicity. Polyphos-
phates are able to inhibit corrosion and salt deposition even 
at low concentrations.

Polyphosphates are widely used in municipal water trans-
port systems for protecting of heat power equipment [8, 9].  
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They are also used as additives to solutions for degreasing 
and passivation of metal wares [10]. The addition of poly-
phosphate additives to zinc-phosphate solutions ensures the 
obtaining of fine crystalline coatings [9, 11] and an increase 
of their protective properties [12, 13]. 

Sodium tripolyphosphate (STPP) has a special place 
among industrially used polyphosphates, owing to its good 
solubility and low toxicity. An aqueous solution of STPP is 
stable, non-volatile, cheap and industrially available. STPP 
inhibits corrosion of iron in neutral and acidic media [14]. 
In comparison to traditional phosphatizing compositions 
(aqueous solution of phosphate salts), aqueous STPP solu-
tions are easy to use and are more ecologically friendly. Solu-
tions containing STPP ions form conversion coatings on the 
steel surface, despite the sodium cation not taking part in 
coat formation. Research results [14] have demonstrated the 
possibility of complex formation between Fe+2 and 5–

3 10Р О ,  in 
the 1 M HCl solution. 

It has been established that aqueous STPP solutions 
form the tripolyphosphate coat on the surface of the low-car-
bon steel. The coat has hydrophilic and protective proper-
ties. [15]. Under atmospheric conditions, low-carbon steel 
st08kp coated with tripolyphosphate films shows first signs 
of corrosion only after 20 days. For comparison, this is  
2 times longer than for the steel coated with the nitrite film 
and 20 times longer than for bare steel [16]. 

All of this allows considering the use of STPP in the an-
ticorrosion protection practice as promising for application 
of conversion coatings onto steel wares.

At the same time, it should be noted that in addition to 
hydrophilicity, tripolyphosphate coats also tend to crack 
upon drying [17]. Additionally, the presence of 1 mm thick 
layer of water on the coat surface (simulation of full sub-
mersion in the electrolyte) can cause intense washing out of 
STPP corrosion inhibitor from the coat [18]. This would lead 
to exposure of structural defects and decrease its protective 
properties. Significant disadvantages of tripolyphosphate 
coatings limit the effective applicability of aqueous STPP 
solutions as non-toxic compositions for metal wares pres-
ervation during transportation and storage under open-air 
conditions.

Therefore, improving the protecting properties of trip-
olyphosphate coatings by eliminating their disadvantages 
and structural defects is a relevant problem.

2. Literature review and problem statement

One way to eliminate structural disadvantages of trip-
olyphosphate coats is the usage of additives to the STPP 
solution that would alter the structure and properties of the 
forming coat.

It is known [1, 19] that various additives have been devel-
oped and used in traditional phosphate processes for many 
years. Their main purpose is to accelerate the treatment rate, 
and also to alter the structure and improve protective prop-
erties of phosphate coats. The additives vary in mechanism, 
nature, properties and effectiveness [1, 7]. The most import-
ant group of additives are chemical accelerators. The group 
encompasses inorganic oxidizers (nitrites, nitrates, per-
manganates, persulfates, chlorates, fluorides: [1, 7, 19], and 
also metals that are nobler than iron (Cu, Ni, etc.) and their 
compounds [20, 21]. Sulfides, phosphoric acid and its salts 
are used as reducers. The addition of nitrogen-containing 

and other compounds (aniline, pyridine, benzaldehyde, etc.) 
to phosphate baths has also been described and papers pro-
posing them are still being published. Particularly, studies 
on the influence of triazole compounds [7] and ethanolamine 
[22] additives to phosphate baths on the corrosion resistance 
of the metal substrate have been carried out. According to 
[23, 24], the use of pure silica in combination with cationic 
surfactants based on triethylamine and long-chain alkyl 
halides led to the formation of the highly-porous small-grain 
coat with good adhesion. The nano-SiO2 additive that im-
proves the microstructure and corrosion resistance of coats 
is viewed as a replacement for nitrites. Controlled addition of 
inorganic nanoparticles: TiO2, SiO2, Al2O3, ZrO2, SiC, ZnO, 
CeO2, MoS2, diamond and graphite to treatment baths is 
viewed as a good alternative to existing toxic additives [25]. 

Analysis of literature sources [1, 19, 20] has shown that 
the use of additives with the aim to improve the structure 
and properties of conversion coats is a rather developed 
and effective method. The amount of data characterizing 
the influence of additives on the structure and properties of 
composite deposits and coats, particularly tripolyphosphate, 
is not sufficient. 

With regard to composite coats and deposits of similar 
structure, this knowledge is limited to studies on the influ-
ence of polyvinyl alcohol (PVA) [26–28] and a number of 
metals [29] on the properties of nickel hydroxide. Studies 
on tripolyphosphate composite coats [30] have proven the 
presence of films on the surface of low-carbon steels, which 
were formed in STPP-based aqueous solutions with various 
additives. Modified tripolyphosphate coats [30] appear as 
thin, non-porous layers with high adhesion to the steel sub-
strate and possess protective properties under conditions of 
atmospheric corrosion.

However, there is no clear image of the formation process 
and mechanism of such coats. There are no data regarding 
the influence of any compounds on the anodic dissolution 
of iron in the aqueous STPP solution. This complicates the 
choice of additives and control over the formation of coats 
with them. In turn, this narrows the range of effective prac-
tical application of tripolyphosphate coats. 

3. The aim and objectives of the study

The aim of the work is to study the influence of additives 
on the anodic dissolution of steel in the aqueous STPP solu-
tion and properties of the formed tripolyphosphate coats.

In order to achieve the set aim, it is necessary to:
– propose additives to the aqueous STPP solution;
– study the behavior of low-carbon cold-rolled steel in 

the aqueous STPP solution containing additives, by record-
ing anodic polarization curves; 

– deposit the coats on the surface of steel samples the 
aqueous STPP solution containing additives and study their 
properties;

– conduct comparative analyses of samples’ characteris-
tics and determine which additives enable the formation of 
coats with high protective properties.

4. Materials and methods of research

The behavior of low-carbon cold-rolled steel in the 12 % 
aqueous STPP solution containing various additives was 
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studied by recording anodic potentiodynamic curves. All 
experiments were carried out at room temperature 20– 
26 °С. Working electrode samples were prepared out of  
steel st05kp with 0.3 mm thickness. Electrode dimensions 
are presented in Fig.1. Before the experiment, the electrode 
was polished with sandpaper of different grit, washed with 
distilled water, dried and wiped with alcohol. Electrochemi-
cal measurements were recorded in a glass cell, the schematic 
of which is presented in Fig.2. 

Fig. 1. Sketch of the working electrode

Fig. 2. Schematic of the electrochemical cell: 1 – Ag/AgCl 
electrode; 2– platinum counter-electrode; 3 – working 

electrode in a cassette; 4 – electrolytic bridge; 5 – saturated 
KСl solution; 6 – studied STPP solution

The experiments were repeated 2–3 times. As can be 
seen from Fig. 2, Ag/AgCl was used as a reference electrode. 
Platinum was used as a counter-electrode. The Ag/AgCl 
electrode was placed in a glass with a saturated KCl solution. 
Working and counter electrodes were placed in another glass 
containing the studied STPP composition. The working 
electrode was placed in a rectangular Teflon cassette, com-
posed of two parts, one of which had a round hole 0.012 m in 
diameter. The contact between two glasses was established 
with the salt bridge, filled with the studied solution, with its 
Luggin-Haber capillary pointing at the working electrode 
surface. 

Glycerin, aluminum hydroxide (Al(OH)3) and borax 
(Na2B4O7) were used as additives. Composition and pH 
of the studied solutions are listed in Table 1. Based on 
the presented data, the studied solutions are alkaline 
electrolytes.

The additives were chosen based on literature data:  
[19, 20, 30].

When studying the influence of the solution composition 
on the anodic behavior of low-carbon steel, the anodic polar-
ization curves were recorded using the PI-50-1 potentiostat 
with the programmer PR-8 (USSR). 

Table 1
Chemical properties of the studied tripolyphosphate 

solutions

Composition of aqueous solution рН

12 % Na5P3O10+0.5 % glycerin 8.78

12 % Na5P3O10+2 % Al(OH)3 8.81

12 % Na5P3O10+2 % Na2B4O7 9.44

Potentiostat measurements were passed to a personal 
computer through the analog-to-digital converter ACP 
Е-154 (Russia), and current vs potential curves of the work-
ing electrode were recorded. Potential scan rate from the 
equilibrium value to 2V was 1 mV/s.

The curves were recorded using the software LGraph 
version 2.27 and processed using Ехсеl and Origin.

Corrosion properties of the coats were studied by re-
cording anodic potentiodynamic curves in the 0.1 N Na2SO4 
solution, to model atmospheric corrosion conditions. 

Coats on the surface of electrode samples were formed 
electrochemically in solutions (Table 1) under potentiody-
namic conditions at Е=+920 mV (vs NHE). This potential 
corresponds to the passivation region of low-carbon steel in 
12 % aqueous STPP solutions. The obtained samples were 
further used to study protective properties of tripolyphos-
phate coats. 

After corrosion tests, the appearance of the coats was 
examined using the optical microscope Neofot – 21 (GDR).

5. Results of studying the influence of additives on the 
properties of tripolyphosphate coats

5. 1. Study of the anodic behavior of low-carbon steel 
in the aqueous STPP solution with different additives

Fig. 3–5 show anodic polarization curves that character-
ize the corrosion behavior of steel st05kp in aqueous STPP 
solutions with different additives. 

Fig. 3. Anodic polarization curve of steel st05kp recorded in 
an aqueous solution containing 12 % Na5P3O10+2 % Al(OH)3

Fig. 4. Anodic polarization curve of steel st05kp recorded in an 
aqueous solution containing 12 % Na5P3O10+0.5 % glycerin
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Fig. 5. Anodic polarization curve of steel st05kp 
recorded in an aqueous solution containing 

12 % Na5P3O10+2 % Na2B4O7

As can be seen from Fig. 3, the anodic polarization curve 
of steel st05kp in 12 % Na5P3O10+2 % Al(OH)3 (Fig. 3) 
shows three passivation plateaus. The first passivation pla-
teau (Fig. 3) lies between – 625 and – 250 mV. The current 
density of anodic dissolution in the range of the passivation 
plateau rises from 0.07 A/dm2 to 0.45 A/dm2. In the poten-
tial window from – 210 mV to 0.0 mV, there is a sharp drop 
of anodic current density to 0.38 A/dm2, which corresponds 
to the second passivation plateau (Fig. 3). In the potential 
window from +0.0 to +1250 mV, the third passivation pla-
teau is observed. This is an effective plateau of complete 
passivation, because the anodic current density equals to 
zero. Metal dissolution along with oxygen evolution occurs 
at potentials above +1250 mV (Fig. 3).

The anodic curve recorded in the aqueous STPP solution 
with the addition of 0.5 % glycerin (Fig. 4) also shows three 
passivation plateaus. The complete passivation plateau lies in 
the narrow potential window: +1500÷+1700 mV. Additional-
ly, the potential at which the passivation plateau is established 
is shifted toward negative values by about 150 mV (Fig. 4).

Upon addition of 2 % Na2В4O7 (borax) to the 12 % 
aqueous STPP solution (Fig. 5), there is only one complete 
passivation plateau. Anodic dissolution of metal cannot be 
observed in the potential window from zero to 1,250 mV. 

5. 2. Study of protective properties of the coats formed 
in the 12% aqueous STPP solution with additives

Fig. 6–8 show anodic polarization curves recorded in 
the 0.1 N Na2SO4 solution, which characterize corrosion 
properties of steel st05kp with the coats formed in the 12 % 
aqueous STPP solutions with additives.

Fig. 6. Anodic polarization curve recorded in the 0.1 N 
Na2SO4 solution, for the sample with the coat formed in an 
aqueous solution containing 12 % Na5P3O10+2 % Al(OH)3

For the coat formed in the 12 % aqueous STPP solution 
containing 2 % А1(ОН)3 (Fig. 6), the complete passivation 
is observed at potentials +900÷+1,700 mV.

For the coat formed in a solution containing 0.5 % 
glycerin (Fig. 7), the complete passivation plateau is 
observed in a significantly narrower potential window: 
+1,500÷+1,700 mV.

Fig. 7. Anodic polarization curve recorded in the 0.1 N 
Na2SO4 solution, for the sample with the coat formed in an 

aqueous solution containing 12 % Na5P3O10+0.5 % glycerin

Fig. 8. Anodic polarization curve recorded in the 0.1 N 
Na2SO4 solution, for the sample with the coat formed in an 
aqueous solution containing 12 % Na5P3O10+2 % Na2B4O7

For the coat formed in the presence of 2 % Na2B4O7 
(borax), the polarization curve (Fig. 8) shows a broad pas-
sivation plateau from +750 to 1,750 mV. However, the pas-
sivation is not complete and the passivation current rises at 
potentials above +1,250 mV.

Fig. 9 shows a photograph of the working electrode of 
steel st05kp with the coat formed in the STPP solution with 
the borax additive, after corrosion tests (recording of anodic 
curves in the 0.1 N Na2SO4 solution). 

Fig. 9. Steel with the coat from 12 % Na5Р3O10+2 % 
Na2В4O7, 10 days since recording of the anodic curve in 0.1 N 

Na2SO4: 1 – conversion coat; 2 – steel st05kp with rust
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The electrode surface is non-uniform. The photograph 
shows surface regions where metal dissolution occurred and 
regions with a protective conversion coating.

6. Discussion of the results of studying the influence 
of additives on the formation and properties of 

tripolyphosphate coats

6. 1. Anodic behavior of low-carbon steel in the aque-
ous STPP solution with different additives

Analysis of the curves characterizing the anodic be-
havior of steel st05kp in the aqueous STPP solution with 
additives was conducted in comparison to previous studies 
without additives [15]. According to it, the anodic polar-
ization curve in the 12 % STPP solution without additives 
[15] shows three passivation plateaus. Table 2 shows their 
characteristics. 

Table 2

Characteristics of passivation plateaus on the anodic 
polarization curve of steel st05kp in the 12 % aqueous STPP 

solution without additives [15]

Passivation plateau, 
No.

Potential, mV
Current density,  

A/dm2

1 –210–+250 0.2–0.3

2 +250–+530 0.07

3 +530–+1250 0.00

Anodic curves presented in Fig. 3–5 clearly demonstrate 
the realization of step-wise formation of the tripolyphos-
phate coat in the aqueous STPP solution without additives. 
It can be seen that the addition of Al(OH)3 (Fig. 3) and 
glycerin (Fig. 4) to 12 % STPP doesn’t have a major effect 
on the formation mechanism (three passivation plateaus are 
observed on the anodic curves). Therefore, the coat forma-
tion in the STPP solution with the addition of Al(OH)3 or 
glycerin occurs step-wise, similar to the formation of the 
protective coat in the solution without additives (Table 2). 
At the same time, the addition of 2 % Al(OH)3 (Fig. 3) leads 
to a narrowing of the first two passivation plateaus. The 
complete passivation plateau is observed at potential values 
from 0 to 1250 mV. The obtained data show that passivation 
occurs earlier in the solution with the additive. Passivation 
measurements are more stable. Glycerin shifts the potential 
of passivation plateau formation toward negative potentials 
by about 150 mV (Fig. 4). The obtained results indicate the 
formation of coats with high protective properties.

The addition of borax changes the picture somewhat. In 
this case, the number of passivation plateaus on the anodic 
curve (Fig. 3, 5) is lower. However, this shouldn’t affect the 
possibility of the coat with high protective properties to 
form. Additionally, no anodic dissolution of metal was ob-
served during the coat formation in a solution with the borax 
additive (Fig. 5). However, given the chemical composition 
of the studied solution and coat formation, the complete ab-
sence of dissolution is unlikely. It should be noted that before 
recording polarization curves, the electrode was kept in a 
solution until a constant value of compromise potential. It is 
possible that the conversion coat was formed before the start 
of the experiment. It can be assumed, that the conversion 
coating with the borax additive would also have high pro-
tective properties. The absence of the first two passivation 

plateaus on the anodic curves describing the coat formation 
in the STPP solution with the borax additive, indicated that 
the formation of such coat occurs at the highest rate. 

6. 2. Protective properties of the coats formed in the 
12 % aqueous STPP solution with additives

According to [15], the tripolyphosphate coat formed 
under conditions of complete passivation at Е=+920 mV 
has high protective properties. The anodic curve of steel 
st05kp with such coat in 0.1 N Na2SO4 is characterized by a 
complete passivation plateau at potential values from +1300 
to +1500 mV. The addition of 2 % А1(ОН)3 to the 12 % 
Na5P3O10 solution, (Fig. 6), resulted in the coat with high 
protective properties, which is indicated by the complete 
passivation plateau at +900÷+1,700 mV.

Upon addition of 0.5 % glycerin (Fig. 7), the complete 
passivation plateau is observed in the narrower potential 
window: +1,500÷+1,700 mV.

The addition of 2 % Na2B4O7 (borax) leads to the ap-
pearance of the passivation plateau within the potentials 
from +750 to +1,750 mV. However, the passivation is not 
complete, because the passivation current increases at po-
tentials above +1,250 mV (Fig. 8). Thus, the borax additive, 
while not much, decreases protective properties of the trip-
olyphosphate coat.

There is some contradiction between the anodic be-
havior of steel st05kp in the 12 % Na5P3O10+2 % Na2B4O7 
solution and protective properties of the coat formed from 
this solution, which is likely related to non-uniform coat 
formation. This is supported by the microphotograph of the 
working electrode surface (Fig. 9). The electrode surface is 
characterized by non-uniformity: there is a region with me-
tallic shine surface and transparent film – conversion coat, 
and the brown-colored region – dissolved steel and rust. 
The photograph was taken after 10 days after corrosion 
tests were conducted.

Thus, the obtained results have revealed that the intro-
duction of the studied additives accelerates the formation 
of protective coats in the aqueous sodium tripolyphosphate 
solution. The highest acceleration took place with the ad-
dition of borax. Additionally, the introduction of additives 
causes improvement in protective properties of forming trip-
olyphosphate coats. The most positive effect on protective 
properties was caused by aluminum hydroxide and, possibly, 
borax.

The conducted study is an important preliminary step 
in the development of effective additives for the formation of 
modified tripolyphosphate coats with improved protective 
properties. Research involving the studied additives will be 
continued. The obtained data are the theoretical and practi-
cal basis for further studies on improving the methodology of 
choosing effective additives, formation methods for modified 
tripolyphosphate coats and methodology of studying their 
properties. 

7. Conclusions

1. As a result of the analysis, it is proposed to study the 
influence of aluminum hydroxide, borax, glycerin on the 
formation of tripolyphosphate coats on steel in the aqueous 
STPP solution, with high protective properties.

2. It was established that the formation of coats in the 
STPP solution with additives, occurs step-wise. Potentio-
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dynamic curves that characterize the anodic behavior of 
steel st05kp samples during the coat formation show up 
to three passivation plateaus and the complete passivation 
plateau with an anodic current density equal to zero. It 
was revealed that in STPP solutions with the addition of 
aluminum hydroxide, glycerin and especially borax, steel 
passivation occurs earlier than in the solution without 
additives. This is indicated by the following facts. With 
the addition of 2 % Al(OH)3, a narrowing of the first two 
passivation plateaus is observed. The addition of glycerin 
shifts the potential of passivation plateaus formation to-
ward negative values, by about 150 mV. This signifies the 
acceleration of the coat formation process when additives 

are used. The absence of the first two passivation plateaus 
on the anodic curve that characterizes the coat formation 
in the STPP solution with the borax additive, indicated 
that coat formation occurs at the highest rate. 

3. It was revealed that all the studied additives provide 
the formation of protective coats in the aqueous sodium trip-
olyphosphate solution: the most positive effect on protective 
properties was caused by aluminum hydroxide.

4. Based on the results of combined studies, it was estab-
lished that aluminum hydroxide can be recommended as the 
most effective additive for improving protective properties 
of tripolyphosphate coats. Borax can be recommended as an 
additive that accelerates coat formation.
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