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In order to improve the surface quality and prevention of corrosion 

and reduction of wear in the components like gears and bearings, 

they can be covered with phosphate coatings. SCM420H alloy steel 

was coated with manganese phosphate deposition. The 

microstructure and corrosion resistance of the coating was studied 

by change of bath pH. In order to investigate the phase analysis and 

coating microstructure, X-ray diffraction (XRD) and scanning 

electron microscopy (SEM) were used, respectively. XRD analysis 

from the coated surface revealed the phases of 

MnFe2(PO4)2(OH)2H2O, Mn(PO)3 ،Fe(PO)3 and 

(Mn,Fe)5H2(PO4)4·4H2O. Results showed the obtained coating at 

pH=2.1 was uniform and continuous and no crack or porosity was 

observed. The phosphate surface at pH=1.9 and pH=2.4 was non-

uniform and included cracks. In order to investigate the corrosion 

resistance, potentiodynamic polarization and electrochemical 

impedance spectroscopy (EIS) tests were applied on coated and 

uncoated specimens in 3.5% NaCl solution. The results of 

potentiodynamic polarization and electrochemical impedance 

spectroscopy tests were in agreement with microscopic images. The 

results of electrochemical impedance spectroscopy demonstrated 

that the formed manganese phosphate deposition in the bath with 

pH=2.1 had the highest polarization resistance (28020 Ω) compared 

to the formed coating in the bath at pH=1.9 (1480 Ω) and the formed 

coating in a bath with pH=2.4 (3155 Ω). 
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1. Introduction 
SCM 420H steel is an alloy containing chromium and 

molybdenum. Its symbol is SCM, and its 

specifications comply with Japanese Industrial 

Standards (JIS) that govern all industrial activities in 

Japan. SCM420H alloy structural steel hardenability 

is higher, no temper brittleness, weldability is quite 

good, form the cold cracking tendency is small, can 

cutting and cold strain plasticity is good, heat 

treatment deformation is smaller than 20CrMnTi 

steel. In conditioning or carburizing and quenching 

condition, used in the manufacture of the corrosive 

medium and low working temperature 250 °C, the 

medium containing hydrogen nitrogen mixture work 

of high-pressure pipe and all kinds of fasteners, the 

more senior carburized parts, such as gear, shaft, etc. 

[1]. Since this steel is used to produce sliding parts, it 

is required to have additional corrosion resistance, 

wear, or fatigue resistance. Therefore, the steel can 

be coated to improve the surface quality, prevent 

corrosion and reduce the wear of parts such as gears 

and bearings. Phosphate coatings are one of the most 

commonly used coatings [2,3]. Since in the forming 

process of phosphate coatings, a part of the base 

metal becomes a special compound and creates a 

protective film due to non-electrolytic chemical 

reactions with its surrounding solution, these 

coatings are considered as a conversion coating [4]. 

Phosphate coatings have different types, but 

manganese phosphate coatings, zinc, and iron have 

been used to protect steel against corrosive 

environments [5]. Phosphate coatings with higher 

compression and density, finer structure, and more 

adhesion to the substrate are more suitable for 

corrosion and abrasion resistance applications [6]. 

Andrew et al. investigated the effects of various 

phosphate coatings on steel and showed that 

manganese phosphate coatings provide better 

protective properties than zinc or iron phosphate 

coatings for steel surfaces [7]. 

In recent decades, extensive studies have been done 

on the corrosion behavior and the quality of 

phosphate coatings. Wang et al. showed that zinc 

phosphate and manganese phosphate coatings both 

increased the corrosion resistance of the 55SiMo8 

tool steel, and in addition, the porosity of manganese 

phosphate coating was lower than that of zinc 

phosphate [8]. Pastorck et al. investigated the effect 

of sandblasting before applying manganese 

phosphate coating on the corrosion behavior of low-

alloy steels [9]. Claasman et al. showed that the 

mechanism of phosphate reaction is controlled by the 

pH of the solution and depends on the dissolution of 

the substrate in local anodic locations and the 

insoluble phosphate sedimentation in local cathodic 

locations [10]. Zhang et al. studies showed that 

increasing the pH of the solution causes fine 

crystalline structure, increased mass, and thickness of 

zinc phosphate coating on stainless steel 304. They 

also showed that the increase in pH resulted in an 

improvement in corrosion resistance and, as pH rises, 

a critical amount of corrosion resistance was reduced 

[11]. Lee et al. also provided an optimal pH for the 

corrosion behavior of two-cationic Mn-Zn coatings 

on steel [12]. 

According  to  our survey  of the literature, no  

research  has  
been  done  on the  coating  of  manganese phosphate  

on  SCM420Hsteel, by  of the phosphating method 

for the application of corrosion resistant devices.   

The present research aims to evaluate the 

microstructure and corrosion behavior of manganese 

phosphate-coated SCM420H steel that were coated 

using the phosphating method.  To evaluate 

microstructure and phase identification scanning 

electron microscopy (SEM) and X-ray diffraction 

pattern was used. In order to investigate the corrosion 

behavior, potentiodynamic polarization and 

electrochemical impedance spectroscopy (EIS) tests 

were applied on manganese phosphate and uncoated 

specimens in 3.5% NaCl solution. 

2. Experimental Procedure: 

2.1 Material: 
In this research, SCM420H steel was used as 

substrate (Fe-balance,% 0.17-0.23C,% 0.15-

0.35Si,% 0.55-0.9Mn,% 0.85-1.25Cr,% 0.15-0.3Mo, 

Ni <% 0.25, S%, 0.03, P <% 0.03, Cu <% 0.3). Four 

samples with a size of 10 mm × 10 mm × 5 mm were 

made from this steel. The sequence and steps of the 

phosphating process are shown in Figure 1. In order 

to investigate the effect of pH on microstructure and 

corrosion behavior, three pHs of 1.9, 2.1, and 2.4 

were selected. The selection of this range of pH was 

based on previous researches [5,13,14]. The initial 

phosphate solution contained 14.7 g/l phosphoric 

acid, 25.2 g/l nitric acids, and 11.5 g/l manganese 

carbonate, and its pH was 1.9. To reach pH=2.1 and 

pH=2.4, a solution of sodium hydroxide was added 

to the initial solution. The phosphate bath was kept at 

a constant temperature of 90 °C.
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Fig. 1. Phosphating process steps 

 

2.2 Methodology: 

2.2.1 Microstructural characterization: 
Surface morphology study of the coated specimens 

was performed by Scanning Electron Microscopy 

(SEM) (Camscan MV 2300). To identify the formed 

phases of phosphate coating, an X-ray diffraction 

pattern of PHilips type with Cu Kα radiation (λ = 

1.5405 Å) was used.  

2.2.2 Electrochemical tests: 
Polarization resistance experiments and 

electrochemical impedance spectrometry experiments 

were performed to determine the electrochemical 

behavior of the coating in 3.5% NaCl solution by 

EG&G Princeton Applied Research PARSTAT 2273 

potentiostat/galvanostat Model 273A. A commonly 

used three-electrode consisting of an electrode 

(coated and uncoated sample), a Saturated calomel 

Electrode (SCE) electrode as a reference electrode, 

and a platinum rod was used as an auxiliary electrode. 

All experiments were performed in distilled water 

containing (Merck) NaCl 3.5% at ambient 

temperature. Before each test, each sample was 

connected to a copper wire and then mounted with an 

epoxy resin. Before starting the experiment, the 

samples were prepared with a surface equal to 1 cm2, 

and the rest of the parts were completely covered with 

epoxy. The samples were immersed in a solution of 

3.5% NaCl for 60 min in order to achieve a stable 

state. Changes of less than 5 mV in 5 minutes were 

considered as stable state. The electrochemical 

impedance spectroscopy was performed at the 

frequency range of 10-2-105. The polarization 

experiments were carried out at the desired voltage 

level at a sweeping rate of 1 m/s and a constant 

temperature of 25 ℃. The equivalent circuit was used 

to analyze the impedance results from the Z-View 

software. 

Princeton Applied Research PowerSuite2.58 

software and Zview 3.1 software from Scribner were 

used to check corrosion behavior. PowerSuite 

software converts information obtained by the device 

into numerical data. In order to analyze the results 

obtained from PowerSuite, the information obtained 

from this software was transferred to another 

software, and the Zview software was used to analyze 

the obtained graphs. Impedance spectra were 

analyzed by Zview software, and finally, the 

equivalent circuit was proposed for corrosion. 
3. Results and discussion 

3.1 Effect of pH on the microstructure of the 

coating: 
To evaluate the effect of pH on microstructure and 

the quality of manganese phosphate coating; baths 

with different pH values (1.9, 2.1, and 2.4) were used. 

The effect of bath pH on the morphology of 

manganese phosphate coating is shown in Figure 2. 

As shown in Figure 2, the coating obtained at pH = 

1.9 (Figure 2a) is non-uniform, with a number of 

cracks in it, while the coating obtained at pH=2.1 is 

uniform and continuous (Figure 2b). Also, some of 

the areas on the phosphate surface at pH=2.4 is 

uncovered, and in some places, the surface is cracked 

(Figure 2c). At low pHs, Mn2+ is predominantly 

manganese hydrate, and at higher pHs, it is a complex 

of hydrated manganese [15]. Therefore, at low pHs, 

the formation of suitable complexes for the 

manganese phosphate precipitation can improve the 

quality of the coating [16]. Additionally, sodium 

hydroxide concentration is affected by the pH of the 

bath. At higher pH than 2.1, in the presence of 

manganese hydroxide, the color of the bath was dark, 

and this is due to the formation of sludge, which leads 

to a decrease in the efficiency of the bath. Another 

reason for increasing the quality of the coating by 

increasing the pH and, consequently, reducing the 

quality of the coating by increasing the pH is related 

to the concentration of H+ ions in the bath. With 

increasing pH, the release of hydrogen decreases, and 

therefore, the bath efficiency and deposition rate 

increase. At higher pHs, the formation of manganese 

hydroxide and its products leads to a reduction in the 

amount of free metal cations and phosphate 

compounds. The formation of such compounds leads 

to a decrease in the bath efficiency and deposition 

rates that are consistent with microscopic images 

(Figure 2).
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Fig. 2. SEM image of surface morphology of phosphate samples with (a) pH = 1.9, (b) pH = 2.1 and (c) pH = 2.4 

 
Bath pH is one of the most important and controlling 

factors in phosphate baths. The excessive dilution of 

the bath will result in an excessive concentration of 

OH-, resulting in a decrease in phosphate deposition. 

On the other hand, in over-saturated baths (low pH 

baths), deposition of insoluble crystalline phosphate 

monoxide occurs after a long time. So the excess 

concentration of the bath leads to a decrease in 

deposition rate [17]. At low pHs (pH=1.9 and less), 

due to the low speed of the reactions and the 

undesirable reactions, some parts of the sample 

remain uncovered. As the pH rises from 1.9 to 2.1, 

the speed of the reactions increases, and the uniform 

coating is deposited on the surface. Also, in low pHs, 

due to high concentrations of H+ ions and H2 

reduction in cathodic locations, it causes a rise in pH 

in the bath/substrate interface, which leads to the 

deposition of insoluble manganese phosphate 

crystals in longer time periods. Some parts of the 

surface coated at pH=1.9 is uncoated (Figure 2a). In 

baths with low pHs (in baths with low free acid ratio), 

dissociation of the phosphates takes place in solution 

(as well as at the substrate interface) and leads to 

precipitation of insoluble phosphates as a sludge 

[17,18]. Low concentrations of insoluble manganese 

phosphate crystals and unwanted reactions result in 

the non-uniformity of the coating at low pHs. 

Therefore, the deposition time should be increased to 

create a uniform coating. Also, the release of 

hydrogen and the formation of brittle hydroxide 

compounds cause cracks in the coating produced at 

pH=1.9 [19]. 
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At high pHs (pH=2.4 and above), unwanted reactions 

result in the formation of hydroxide and oxide 

compounds. The dark color of the bath solution is a 

reason for unwanted reactions (formation of 

manganese hydroxide and their products)that can 

lead to unwanted and brittle compounds [12, 19]. 

Also, in high pHs, due to the formation of soluble and 

unstable phosphates on the surface, some parts 

remain uncovered. In the coating formed at pH=2.4, 

a number of cracks are seen. Creating brittle 

hydroxide and oxide compounds leads to cracking 

the coating. Also, the formation of unwanted 

compounds in the deposited layer or the formation of 

these compounds at the interface of the deposit-

substrate can reduce the adhesion of the coating to the 

substrate [20]. 

As indicated by SEM images, with increasing pH, the 

grain size decreases (Figure 2). Bath pH is one of the 

most important controlling factors in surface 

morphology. At low pHs, due to high concentrations 

of H+ ions, the amount of hydrogen reduction 

increases. By increasing the hydrogen reduction, the 

number of micro-cathodic sites and micro-anodic 

sites increase. Thus, with the increase of the micro-

cathodic sites and micro-anodic sites, the deposition 

rate increases. On the other hand, with the increased 

release of hydrogen, there is the possibility of the 

formation of brittle hydride compounds. At low pHs, 

due to high concentrations of H+ ion, the amount of 

H2 reduction on the surface increases, and as a result, 

nucleation locations (micro-cathodic sites) increase 

for coating growth. Therefore, the nucleation rate is 

higher than the growth rate, and therefore fine grains 

are formed (Figure 2a). With increasing pH, the 

concentration of H+ ion decreases, and the amount of 

hydrogen reduction on the surface decreases. 

Therefore, active cathodic sites for nucleation are 

reduced. As a result, the speed of nucleation will be 

less than the rate of growth. For this reason, the 

coating produced in the higher pH is coarser (Figure 

2c). Therefore, based on microscopic SEM images, 

the best coating of manganese phosphate was formed 

on the substrate SCM420H at pH=2.1. Figure 3 

illustrates the XRD analysis of the coated sample. 

XRD analysis from the coating surface indicates that 

the coating layer consists of MnFe2(PO4)2(OH)2H2O 

(JCPDS, Card No. 005-0110), Mn(PO3)3 (JCPDS, 

Card No. 044-0078), Fe(PO3)2 (JCPDS, Card No. 

030-0661) and (Mn,Fe)5H2(PO4)4·4H2O (JCPDS, 

Card No. 016-0383) phases.

 

 
Fig. 3. XRD analysis from the sample surface phosphated at pH = 2.1 
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3.2 Electrochemical tests: 

3.2.1 Potentiodynamic Polarization: 
Potentiodynamic polarization curves in sodium 

chloride solution 3.5% for a uncoated steel sample 

and steel samples coated in phosphate baths with 

different pH values are shown in Figure 4. The data 

analysis of these curves was performed using 

Powersuite software, and the results are presented in 

Table 1. Stern-Geary (Equation 1) was used to 

calculate polarization resistance: 

a cRp
2.3i ( )corr a c

 


  
                                         (1) 

In this equation, Rp is the polarization resistance, and 

βa and βcare the slopes of the cathodic and anodic 

regions of the Tafel curve, respectively, and icorr is 

the corrosion current. 

 The results showed that at pH=2.1, the polarization 

resistance has the highest amount and the corrosion 

current has its lowest value, and therefore the coating 

formed at this pH exhibits higher corrosion 

resistance. At pH=1.9, the corrosion rate has 

increased significantly due to the lack of uniform 

coating on the substrate or the coarse structure of the 

coating. Low levels of polarization resistance are also 

due to the severe corrosion effect of acidic phosphate 

solution. In addition, at pH=1.9, due to the higher rate 

of hydrogen reduction and as a result of high levels 

of hydrogen on the surface, phosphate coating 

deposits are prevented, and the formation of a 

uniform coating layer is not possible [21]. As the pH 

increased from 2.1 to 2.4, the polarization resistance 

decreased sharply, indicating an increase in the 

corrosion rate in this case. This can be due to an 

increase in the amount of sludge present in the test 

solution at pH=1.9 due to the higher consumption of 

H+ and the formation of insoluble phosphates.

 

 
Fig. 4. Potentiodynamics polarization curves of uncoated and coated SCM420H steel in phosphate solution with 

different pH in NaCl 3.5%. 

 
Table 1. Electrochemical data derived from potentiodynamic polarization curves of uncoated and coated SCM420H 

steel in phosphate solution with different pH in NaCl 3.5% 

Rp  

Ω.cm2 

c (±10-3)β 

mV/dec 
a (±10-3)β 

mV/dec 
Icorr (±10-7) 

μA 

Ecorr (±10-3)vs. 

SCE 

mV 

Sample 

5.1 102.6 229 6.1 -638 Uncoated  

8.6 178 112 3.5 -596 Coated at 

pH=2.4 

24.6 191 132.3 1.4 -520 Coated at 

pH=2.1 

3.8 125.6 168 8.25 -613 Coated at 

pH=1.9 
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The porosity of the phosphate coating is calculated 

according to the linear polarization results by 

equation (2) [22]: 

Rps ( E / )corr aP 10
Rp

 
                                                 (2) 

In this equation, P is the coating porosity, Rps and Rp 

are the polarization resistance of the uncoated sample 

and the coated specimens, respectively, ΔEcorr is the 

potential corrosion difference between the coated and 

uncoated specimen andβais the slope of the anodic 

curve in the uncoated sample. The porosity for the 

sample coated in a solution with pH=1.9, pH=2.1, 

and pH=2.4 was 1.717, 0.673, and 0.906%, 

respectively. These results indicate that the coating 

formed at pH=2.1 is uniform with less porosity, and 

the coating formed at pH=1.9 has more discontinuity. 

In addition, the corrosion protection efficiency can 

also be calculated from equation (3) [23]: 

0

icorrP (%) (1 ) 100e
icorr

                                                         (3) 

In this equation, Pe is the corrosion protection 

efficiency, i0
corr and icorr are the corrosion current 

density of the sample without coating and 

coating(uncoated sample), respectively. The 

corrosion efficiency of the sample coated in a 

solution with pH=2.4, pH=2.1, and pH=1.9 was 

42.55%, 76.9% and -35.84%, respectively. The 

negative value of corrosion protection efficiency 

indicates the coating formed at pH=1.9 does not 

protect the substrate against corrosion [24]. 

3.2.2 Electrochemical Impedance 
Nyquist curves derived from electrochemical 

impedance in a 3.5% sodium chloride solution refer 

to the uncoated steel specimen and the steel samples 

coated in phosphate baths with different pH values 

are shown in Figure 5. Data on these curves were 

extracted by PowerSuite software and sent to Zview 

software for analysis. The equivalent circuits 

proposed by the software for the uncoated sample and 

the phosphate samples are shown in Figures 6a and 

6b, respectively. 

 

 
Fig. 5. Impedance curves of uncoated and coated SCM420H steel in phosphate solution with different pH in NaCl 

3.5%. 
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Fig. 6. Equivalent electrical circuit used forthe uncoated sample (a) and coated samples (b). 

 

Here Rs is the solution resistance between the 

reference electrode and the specimens, Rct is the 

charge transfer resistance of steel, Rcoat is the 

corrosion resistance of coating versus diffusion of 

corrosive environment, Cdl is the dual-layer capacity, 

and CPE is the constant phase element used instead 

of the simple capacitor for the metal.CPE for the 

substrate and coating are shown with CPE1 and 

CPE2, respectively. The results obtained from the 

analysis of Nyquist curves using Zview software are 

presented in Table 2. The reason for using the 

constant phase element instead of the ideal capacitor 

is related to the roughness of the electrode surface, 

the non-homogeneous reactions on the electrode 

surface, and the non-uniform current distribution 

during the corrosion process [25]. The constant phase 

element consists of two components of admittance 

(CPE-T) and power index number (CPE-P). The 

power index number (CPE-P) is between 0.5 and 1, 

and the more deviation from 1, the heterogeneous and 

roughness of the surface is more [26, 27].  

The power index number of the coated samples is 

close to 0.5, which indicates the non-homogeneity of 

the coating and hence the non-uniform distribution of 

the current on the surface. Jabat et al. [28, 29] also 

showed that conversion coatings increase surface 

roughness. The higher admittance values indicate 

greater porosity in the coating. Admittance is 

minimum in pH of 2.1, which indicates that the 

protective properties of the coating are better in this 

case. With a pH drop of up to 1.9, the amount of 

admittance increases, resulting in reduced corrosion 

resistance. The solution resistance for coated samples 

was always higher than the uncoated specimen due to 

the interaction between the substrate and the ions in 

the bath coating. The higher value of the solution 

resistance at pH = 2.1 can be attributed to the better 

performing of reaction of forming the coatings and 

thus to provide a better coating on this pH. In 

addition, the double layer capacity for the coating 

formed at this pH is lower than other conditions, 

which indicates the lower penetration of the corrosive 

solution into the metal/coating interface. These 

results are fully consistent with the results of the 

Tafel polarization.

 
Table 2 Electrochemical data derived from impedance curves of uncoated and coated SCM420H steel in phosphate 

solution with different pH in NaCl 3.5%. 

dlC 

(3-10)± 
2-F.cm 

ctR 

(±10) 
2Ω.cm 

P-CPE 

(2-10)± 

CPE-T 

(3-10)± 
nS2-cm1-Ω 

coatR 

(±10) 
2Ω.cm 

sR 

(±10) 
2Ω.cm 

Sample 

- 992 0.74 0.0007 - 11.6 Uncoated 

0.0015 755 0.538 0.0001 2400 18 Coated at 

pH=2.4 

0.00001 18115 0.53 0.00003 9995 35 Coated at 

pH=2.1 

0.03 630 0.54 0.0014 850 15 Coated at 

pH=1.9 

 

4. Conclusion 
Alloy steel SCM420H was coated with a manganese 

phosphate coating. The effect of three pHs (pH=1.9, 

pH=2.1, and pH=2.4) on morphology, microstructure 

of coatings, and corrosion resistance were 

investigated. The results showed that the manganese 

phosphate deposited in the bath at pH=2.1 was 

uniform, and there was no cracking or porosity in it. 

The results of the potentiodynamic polarization test 

in sodium chloride solution (3.5%) showed that the 

coated sample in the bath with pH=2.1 had the lowest 
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corrosion current (1.402μA) compared to the bath 

coated sample at pH=1.9 (8.246 μA) and the sample 

coated in a bath with pH=2.4 (3.487 μA). The results 

of electrochemical impedance spectroscopy (EIS) in 

aqueous NaCl 3.5% showed that the sample coated in 

the bath with pH=2.1 had the highest polarization 

resistance (28020 Ω) compared to the bath coated 

sample at pH=1.9 (1480 Ω) and the sample coated in 

a bath with pH=2.4 (3155 Ω). 
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