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Abstract: The article discusses the aspects of obtaining red-colored phosphate coatings on the sur-

face of steel at low temperature. The solution for color phosphating is based on a modified com-

position based on the chemical «Majef» with sodium nitrite as an accelerator, organic additives of 

glycerin and Trilon B to improve the quality of precipitated phosphate coatings, and the prepara-

tion OS-20 for emulsifying and wetting the surface. To precipitate red phosphate coatings, it is 

proposed to introduce a copper salt into the composition of the phosphating solution. In the 

phosphating solution with the addition of copper salt, contact deposition of copper occurs before 

the formation of a phosphate film on the surface of the steel. This copper layer stains the resulting 

phosphate coating, but does not adhere to the steel surface. To obtain a red phosphate coating of 

satisfactory quality, it is recommended to first soak the steel product in a modified cold phosphat-

ing solution for 15 minutes, and after the formation of a thin layer of phosphate film on the surface 

of the steel, introduce copper salt into the solution. Red phosphate coatings are much inferior in 

protective abilities to unpainted phosphate films, they have greater roughness and high porosity. 

Despite the fact that red phosphate coatings have a protective ability, their anticorrosive properties 

should be improved by additional varnish treatment. 
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1. Introduction 

Phosphate coatings are formed on the surface of steel products due to the reaction 

between the metal surface and solutions of phosphoric acid or phosphates [1–5]. Phos-

phoric acid (H3PO4) forms three types of salts: dihydrophosphates, hydrophosphates, 

phosphates. The properties of the formed phosphate salts determine the protective effect 

of the film formed on the metal surface. 

Dihydrophosphates Me(H2PO4)2 are monosubstituted salts, where Me is a divalent 

metal. They are formed immediately after the initial contact of the metal with phosphoric 

acid. The interaction is described by the chemical reaction 1. With further interaction of 

acid with metal, at which the acid concentration decreases, two-substituted (MeHPO4) 

and three-substituted (Me3(PO4)2) salts are formed (chemical reactions 2 and 3). 

Hardly soluble iron phosphates are the main component of phosphate coatings 

[4,6,7]. Its quality is determined by the free and basic acidity of the solution, the nature of 

metal cations, and the concentration of monophosphates [8–11]. 
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Me + 2H3PO4 → Me(H2PO4)2 + H2. (1) 

Me(H2PO4)2 ↔ MeHPO4 + H3PO4, (2) 

3Me(H2PO4)2 ↔ Me3(PO4)2 + 2H3PO4. (3) 

When phosphating on the metal surface, two main processes are observed: precipi-

tation of phosphates and dissolution of the base metal. During phosphating, the surface 

layer of the metal is etched as a result of interaction with the phosphating solution. The 

surface of the steel turns into a crystalline layer consisting of insoluble secondary and 

tertiary phosphates that adhere to the base metal and are an integral part of it [12–14]. 

The main advantages of phosphate films include good adhesion to the metal surface and 

high protective properties [15–19]. 

Three types of phosphate coatings are widely used: based on iron, manganese and 

zinc phosphates [1–4,20]. Phosphate coatings consisting of iron phosphates were the first 

to be developed. Such phosphate films are dark gray. They have found wide application 

for surface treatment of steel products before painting [21,22]. Coatings consisting of 

manganese phosphates have a dark gray color and black color. Manganese phosphate 

coatings are used to reduce the friction of products in conjunction with lubrication 

[23,24]. The color of phosphate films based on zinc phosphate can vary from light gray to 

dark gray. The difference in the shades of the coating is caused not only by the chemical 

composition of the phosphating solution, but also by the chemical composition of the 

steel and the method of preparing the metal surface before precipitation of the phosphate 

film. This type of phosphate coatings is applied to the surface of steel products not only 

as an anticorrosive protection, but also to increase their wear resistance, improve worka-

bility, as well as before painting or oiling [25–27]. 

Phosphate coatings are obtained by immersing a steel product in a solution, spray-

ing a phosphating solution on the surface of the product, applying the solution to the 

surface using a tampon or sponge [1,4,10,12,13]. The choice of method depends on the 

size of the product and the complexity of its profile. 

The correct composition of phosphating solutions allows coatings to form quickly at 

low temperature on the cleaned steel surface. When oxidizing anions (for example, ClO3–

, NO2–, NO3–) are introduced into the phosphating solution, the process of forming a 

protective film is significantly accelerated [4,28–31]. Traditional cold phosphating solu-

tions consist of the drug «Majef», Zn(NO3)2 and a small amount of NaNO2 as an acceler-

ator of the phosphating process [1–3]. In our studies, as modifying additives that improve 

the structure of phosphate coatings and increase their protective properties, the following 

chemicals were proposed to be introduced into the composition of phosphating solu-

tions: Trilon A, Trilon B, saccharin, glucose, glycerin [15,32]. Gray or dark gray phosphate 

coatings are obtained from modified solutions. For coloring phosphate coatings, it is 

proposed to introduce copper salts into modified solutions of cold phosphating to obtain 

red shades. 

2. Materials and Methods 

The deposition of phosphate coatings was carried out by cold method (at a temper-

ature of 20 °C) for 20 min on the surface of carbon steel samples. The sample surface was 

pre-treated with sandpaper, degreased first in a hot alkaline solution, then with alcohol. 

The coatings were obtained from a modified cold phosphating solution containing [g/L]: 

«Majef» 35–40, Zn(NO3)2 55–60, NaNO2 3–4, glycerin 1–2, Trilon B 6–8, OS-20 5–7. To 

obtain red phosphate coatings, 20 g/L of CuSO4 was added to this solution. 

The surfaces of phosphate coatings were studied using a scanning atomic force mi-

croscope Solver R47-pro (NT-MDT, Moscow, Russia). On this device, it is possible to 

conduct a comprehensive study of various surfaces and obtain high-resolution images. 

With this microscope, it is possible to study surface areas up to 50 × 50 μm in size. The 
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average grain size of the investigated phosphate coatings was determined using the di-

visions on the axes of the images obtained on an atomic force microscope. 

To determine the porosity of phosphate coatings, a reagent was applied to their 

surface, which, when chemically interacting with the metal of the substrate, forms col-

ored substances. To study the porosity of coatings deposited on a steel surface, the fol-

lowing solution is used: potassium hexacyanoferrate (III) 3 g/L; sodium chloride 10 g/L. 

This solution was applied to the surface of the investigated phosphate coatings at room 

temperature for 5 min. After time, the number of blue-colored pores was calculated on 

the surface of the samples. 

The average number of pores (Nav) is calculated by the Equation (4): 

Nav =
Ntotal

S
, 

(

(4) 

where Ntotal is total number of pores on the controlled surface; S is the area of the con-

trolled surface, [cm2]. 

To conduct corrosion tests and establish the corrosion rate of steel samples protected 

by phosphate coatings, a model corrosion element was compiled (Figure 1). The elec-

trodes in this element were the studied samples made of steel grade St3 and graphite. The 

measurements were carried out relative to a saturated silver chloride reference electrode. 

The surface of the steel sample in solution was measured. A 3% sodium chloride solution 

was used as a corrosive medium. 

 

Figure 1. Installation for studying contact corrosion of metals: 1—U-shaped vessel; 2—test samples; 

3—electrolytic keys with the test solution; 4—electrolytic keys with saturated KCl solution; 

5—intermediate glasses with the test solution; 6—saturated silver chloride electrodes; 7—switches; 

8—potentiometer; 9—knife switch; 10—resistance box; 11—microammeter with a shunt resistance 

box. 

The potentials of the electrodes were measured with a digital voltmeter. The values 

of the electrode potentials and the achieved current were measured at the following 

values of the resistance applied using the resistance box: 50,000, 10,000, 5000, 1000, 500 

and 100 Ohm. 

For the highest value of the achieved current, corrosion rate indicators are calculated 

by the Equation (5) [33]: 

𝐾𝑚
− =

𝑗 ∙ 𝐴

𝑧 ∙ 26,8
, (5) 

where 𝐾𝑚
− is the rate of change of the sample mass, [g/(m2·h)]; j is corrosion current den-

sity, [A/m2]; A is atomic weight of metal, [g/mol]; z is the valence of the metal. 
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3. Results and Discussion 

Figure 2 shows the appearance of the obtained phosphate coatings. 

Images of phosphate coating surfaces from an atomic force microscope allowed us to 

assess changes in the crystal structure of films and grain sizes. Based on the images, it can 

be seen that phosphate coatings from a solution with modifying additives have an aver-

age grain size of 165 nm (Figure 3a). Figure 3b shows, that a snapshot of a phosphate 

coating deposited from a solution with copper salts does not provide information about 

the structure of the film surface. This phenomenon is possible due to the contact deposi-

tion of copper on a steel sample. 

  
(a) (b) 

Figure 2. Images of the obtained phosphate coatings on steel samples: (a) modified; (b) red. 

   
(a) (b) (c) 

Figure 3. Images of the surface of phosphate coatings from the Solver P47-Pro atomic force micro-

scope: (a) modified; (b) red obtained without exposure; (c) red obtained after exposure. 

To prevent contact deposition of copper, it is proposed to pre-soak the sample in a 

modified cold phosphating solution without the addition of copper salt for 15 min. With 

this treatment, if copper is deposited, it will only be in the pores of the existing phosphate 

coating. The color of the coating becomes lighter, closer to dark red. 

Figure 3 shows a strong difference in the structure of red phosphate coatings ob-

tained by two methods. However, the introduction of copper salt into the cold phos-

phating solution negatively affects the microrelief of the resulting coating: the surface 

becomes more rough, the porosity of the red film is higher than that of simple modified 

ones. The average diameter of the grains of the red phosphate coating is 186 nm. It was 

found that the number of pores (per 1 m2) on the surface of the modified phosphate 

coating is 5–6, and on the surface of the red phosphate coating is 15. 
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To establish the anticorrosive properties of phosphate coatings, the method of con-

tact corrosion was used. According to the data obtained during corrosion tests (Table 1), it 

can be seen that the steel surface protected by modified phosphate films corrodes slowly. 

This is due to the fine-crystalline structure of these coatings. As can be seen from the data 

from Table 1, red phosphate coatings have worse protective properties compared to 

modified phosphate films, so they are not suitable as an independent protection of the 

product from corrosion. However, this can be corrected by applying a paint coating on 

them. This treatment also helps to improve the appearance of the coating. 

Table 1. Values of the mass change index of steel samples, [g/(m2·h)], coated with various phos-

phate coatings, in case of corrosion in 3% NaCl solution. 

Modified Phosphate Coating Red Phosphate Coating 

0.23 0.557 

4. Conclusions 

When metal salts are added to phosphating solutions, coatings of various colors can 

be obtained. When copper salts of different concentrations are added, coatings from 

burgundy to brown shades are formed. However, it should be remembered about the 

contact deposition of copper on steel, which negatively affects the corrosion resistance of 

such phosphate coatings. This undesirable effect can be avoided by adding copper salt to 

the phosphating solution not immediately, but 12–15 min after the start of tightening the 

surface of the steel with a phosphate film. Red phosphate coatings from solutions with 

the addition of complexing agents, emulsifiers and other modifiers are obtained quite 

finely crystalline, but they have high porosity and roughness and low anticorrosive 

properties. Such films are not recommended to be used as independent coatings for cor-

rosion protection of steel products. They have sufficient corrosion resistance and a more 

saturated color after applying a varnish layer on them. 
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