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Abstract 

Chemical conversion coatings have attracted more attention in recent years due to 

their excellent characteristics such as corrosion resistance, wear resistance, adhesion 

and lubrication. In this study, phosphate chemical conversion (PCC) coating was 

fabricated on medium carbon low alloy steel by the facile PCC method with the 

addition of Fe
2+

 curing process at room temperature. It is shown that the coating was 

composed of hopeite (Zn3(PO4)2∙4H2O) and minor phosphophyllite 

(Zn2Fe(PO4)2∙4H2O) in the form of fine and flaky crystals along the direction inclined 

or perpendicular to substrate surface. Adhesive test indicated that the PCC coating 

was strongly attached on the substrate. The electrochemical analysis revealed that the 

as-prepared coating imparted better corrosion resistance to the steel substrate. 

Keywords: Alloy steel; Phosphate chemical conversion; Corrosion resistance 

1. Introduction  

As an important class of steels, medium carbon low alloy steel has been widely 
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used in aerospace and appliance industries due to its workability and excellent 

mechanical performances. However, its corrosion behavior has been commonly 

observed in aggressive medium, which can lead to corrosion and failure
1, 2

. Therefore, 

concerns arise significantly in the surface modification to endow the steel with a 

protective coating. So far, there have been a variety of surface treatments adopted on 

steels, such as plasma spraying 
3
, electroless plating 

4
, electroplating 

5
, and ion 

implantation methods 
6
.  

In many cases, phosphate chemical conversion (PCC) is regarded as an ideal way, 

which shows advantages such as low-cost, rapid coating formation and suitability for 

treatment of irregular surfaces
7-9

. This method plays a significant role in industry, due 

to its excellent corrosion resistance, wear resistance, adhesion of the underlying 

substrate, etc. The PCC baths are classified as zinc, manganese, iron, calcium, 

magnesium and chromate systems, which is based on the nature of the metal ion 

constituting the major component of the PCC bath. Especially, the main composition 

of zinc PCC coatings on steel substrates are hopeite (Zn3(PO4)2∙4H2O) and 

phosphophyllite (Zn2Fe(PO4)2∙4H2O) with excellent corrosion resistance 
9, 10

. For 

decades, PCC treatment has been specified as a good choice for a large percentage of 

steel and iron ordnance components which need excellent corrosion resistance
11-13

.  

It is reported that the presence of alloying elements and their chemical nature cause 

distinct difference in phosphate ability
11

. Meanwhile, low carbon steels undergo 

phosphating easily and produce superior quality coating, while phosphate rate 

becomes slower and the resultant crystals are larger with increased carbon content 
7
. 

Usually, high temperature phosphating are adopted to fabricate PCC coatings on 

medium carbon low alloy steel. For example, Arun Kumar et al
12

 studied zinc 

phosphated medium carbon low alloy steel using high temperature phosphating bath 
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(90 ℃) and found that the layer of phosphate coating consisted of numerous crystals 

of very different sizes. While the low or room temperature phosphating will become 

one inevitable trend to overcome the energy crisis, the room temperature phosphating 

technique has shortcomings including low phosphorization speed, thin coating and 

poor corrosion resistance 
14

. Therefore, it is usually difficult to deposit a high quality 

phosphate coating on medium carbon low alloy steel at room temperature.  

In this paper, we reported the fabrication of the fine-crystalline and uniform PCC 

coating on 35CrMnSi steel by the PCC method at room temperature. The effect of 

Fe
2+

 curing on the microstructure of PCC coating as well as the adhesive strength and 

corrosion resistance were investigated. 

2. Materials and method 

2.1. Chemical conversion process  

In the present study, 35CrMnSi steel (of 10 mm×10 mm×3 mm dimensions) of the 

following composition was used as substrate: 0.35 wt% C, 1.16 wt% Si, 0.82 wt% Mn, 

1.17 wt% Cr, 0.01 wt% S, 0.022 wt% P and balance Fe. The samples were abraded 

using emery paper, followed by degreasing in NaOH solution. Then, pickling was 

performed on samples. Afterwards, activation was conducted in a solution of Ti 

colloids (Na4TiO(PO4)2, commercially obtained) at room temperature. The samples 

were then immersed in a PCC bath at room temperature for different times. The PCC 

bath was composed of zinc oxide (10 ~ 25 g/L), phosphoric acid (5 ~ 15 mL/L), nitric 

acid (20 ~ 30 mL/L) and accelerant (1 ~ 2.5 g/L), with the pH value of 2.75. Before 

the immersion process, the bath solution was cured with a 5 g/L pure iron powder at 

room temperature for 12 h. After curing, the remaining pure iron powder was 

removed. Finally, the coupons were washed with distilled water and dried by blowing 

air at room temperature.  
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2.2. Phase and microstructure characterization  

The microstructure of coating was studied using a SU-70 Field Emission SEM 

(FE-SEM). The phase analysis of the coatings was carried out by a Rigaku D/max-γB 

X-ray diffractometer (XRD) using CuKα radiation, operated at 40 kV and 100 mA 

with a scan speed of 4 °/min. 

2.3. Scratch test 

Scratch adhesion test was performed on the surface of coating by using a 

commercial automatic scratch tester equipped with a diamond stylus (cone apex angle 

120°, tip radius 200 um) and an acoustic emission monitoring system to detect 

acoustic emission from crack formation. Scratches were made under stepwise 

increasing load for an interval length of 4 mm. The increased load was applied from 0 

to 70 N at a load rate of 35 N·mm
-1

 with a sliding speed of 2 mm·min
-1

. The results of 

critical normal load were the average value of five different measurements. 

2.4. Electrochemical measurements 

The corrosion characteristic of the coating was investigated by potentiodynamic 

polarization tests with a three-electrode setup in 3.5 wt% NaCl aqueous solution, at a 

scan rate of 5 mV/s. The saturated calomel electrode (SCE), platinum, and the sample 

coupon with 1 cm
2
 exposed area were used as reference, counter, and working 

electrodes in the three-electrode cell (Parstat 2273), respectively. All EIS 

measurements were conducted at an open circuit potential (OCP) after reaching a 

steady state, with voltage perturbation amplitude of 5 mV and a frequency range from 

100 kHz to 0.01 Hz. 

3. Results and discussion 

The PCC coating on 35CrMnSi steel was fabricated by immersed in a PCC bath at 

room temperature. The PCC bath with the addition of Fe
2+

 curing process was 
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composed of zinc oxide, phosphoric acid, nitric acid and accelerant, with the pH value 

of 2.75. The microstructure, phase, adhesion strength and corrosion resistance were 

characterized as follows. 

3.1. Microstructure characterization 

Fig.1 shows the FE-SEM images of PCC coatings obtained in room temperature 

bath for 15 min with and without the addition of Fe
2+

 curing process. It was observed 

that a well-crystallized and dense coating fully covered the both substrates, and the 

most crystals grew along the direction inclined or perpendicular to substrate surface. 

Further, it can also be clearly seen that the coating with Fe
2+

 curing was composed of 

fine and flaky crystals with size of about 2 ~ 5 μm, which was significantly less than 

that of the conventional PCC coating without Fe
2+

 curing with a crystal size of about 

50 ∼ 60 μm.  

In general, the formation rate of PCC coating on steels depended on the 

concentration of Fe
2+

 on the interface between the PCC bath and substrate which 

increased the number of active centers and thus decreased the crystal size markedly
7
. 

A high enough concentration of Fe
2+

 could initiate the chemical conversion reactions 

and accelerate the formation of PCC coating. Besides, the presence of Fe
2+

 in bath 

was beneficial to the formation of phosphophyllite (Zn2Fe(PO4)2·4H2O) in coating 

which had good corrosion resistance due to its chemical stability
10

. 

 

Fig. 1 FE-SEM images of PCC coatings obtained in bath for 15 min (a) without and 

(b) with the addition of Fe
2+

 curing process. 
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It has been demonstrated recently that the grain boundaries drastically changed the 

properties of the coatings, they strongly depended on the presence of defects like 

interphase boundaries and grain boundaries
15, 16

. The corrosion of PCC coating started 

from the defects like interphase boundaries and grain boundaries with higher energy 

and lower stability compared with free surfaces. However, the grain size had a larger 

impact on the corrosion resistance of coatings. Usually, the homogeneous 

fine-crystalline coating with high compactness and low porosity had excellent 

corrosion resistance, which can usually be used for anti corrosion applications. While 

the coarse-crystalline coating with high porosity can be acted as base for paint 

applications. In this research, we intended to highlight the application of corrosion 

resistance of PCC coating, thus the fine-crystalline coating with Fe
2+

 curing were 

discussed in detail in the following sections. 

The FE-SEM images of PCC coatings obtained in bath for different times with Fe
2+

 

curing process were shown in Fig. 2. When the steel substrate was PCC treated for 3 

min, many small plate-like crystals were formed on substrate surface, and the 

plate-like crystals were embedded in substrate (Fig. 2a). When the PCC treatment was 

conducted for 5 and 8 min, the crystals grew quickly to form bigger crystals, and 

some new small crystal grains formed on the bigger ones, while the substrate was not 

fully covered by PCC coating (Fig. 2b-c). When it came to 10 min, the crystals 

packed like leaves and finally a complete, dense coating on the surface was formed 

(Fig. 2d). 
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Fig. 2 FE-SEM images of PCC coatings obtained in bath for (a) 3 min, (b) 5 min, (c) 

8 min and (d) 10 min with Fe
2+

 curing process. 

 

From the growth process of PCC coating at different times, especially at the early 

age of growth process, it can be seen that the plate-like crystals were embedded in 

substrate, which indicated the substrate involved in the chemical reaction of PCC 

coating formation. Literatures
7, 14, 17

 have explained some possible PCC reactions on 

steels in zinc phosphate solution. Specifically, when substrate was immersed into the 

PCC bath, iron dissolved at the micro anodes through the following reaction:  

                        Fe + 2H
+
 → Fe

2+
 + H2↑                     (1) 

Hydrogen evolution occurred at the micro cathodic sites resulting in an increase of 

pH value at the metal/solution interface. This change in pH value altered the 

dissociation equilibrium, which led to the formation of PO4
3-

. 

 H3PO4 → H2PO4
-
 + H

+
 → HPO4

2-
 + 2H

+
 → PO4

3-
 + 3H

+
           (2) 

When PO4
3-

 run into Fe
2+

, ferrous phosphate as a subcrystalline layer was rapidly 

formed in the case of steel, on which crystalline layer of phosphates built up in future. 

  2PO4
3-

 + 3Fe
2+ 

+ 8H2O → Fe3(PO4)2·8H2O↓                (3) 

Whilst PO4
3-

 and metal ions (Zn
2+

, Fe
2+

) in the bath reached saturation, the 

deposition of insoluble phosphate would be achieved. Then it can be crystallized into 
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PCC coating on a subcrystalline layer. 

              2Zn
2+

 + Fe
2+

 + 2PO4
3-

 + H2O → Zn2Fe(PO4)2·4H2O↓          (4) 

                 Zn
2+

 + 2PO4
3-

 + 4H2O → Zn3(PO4)2·4H2O↓              (5) 

In summary, the PCC coating was formed on substrate via complicated chemical 

and electrochemical reactions, which caused the substrate surface to integrate itself as 

a part of the PCC coating. Therefore, the PCC coating was considered to be highly 

adherent to the substrate, which will be confirmed by the scratch adhesion test in 

section 3.3. Moreover, the resultant coating with the composition of hopeite and 

phosphophyllite can protect substrate by providing an insulator barrier between the 

metal and environment, which will be also discussed in section 3.4 in detail.  

3.2. Phase composition 

Fig. 3 shows the XRD pattern of PCC coating obtained in bath for 15 min with Fe
2+

 

curing process. As can be seen, the coating was mainly composed of hopeite 

(Zn3(PO4)2·4H2O) with minor phosphophyllite (Zn2Fe(PO4)2·4H2O). It is reported 

that hopeite possessed excellent rust resistance and water tolerance, and thus can be 

widely used as anti rust paints. Furthermore, phosphophyllite had better corrosion 

resistance than that of hopeite due to its chemical stability
10

. Meanwhile, there also 

existed amorphous phase clearly shown in the inset of Fig. 3. As previously reported, 

the growth of phosphate coating was initiated by the formation of a subcrystalline 

layer (ferrous phosphate) on which crystalline layer of phosphates built up rapidly 
7
. 

Thus, it can be deduced that the amorphous phase was most likely to be ferrous 

phosphate (Fe3(PO4)2·8H2O). 
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Fig. 3 XRD pattern of PCC coating obtained in bath for 15 min with Fe
2+

 curing 

process. The inset image showing a higher magnification. 

 

3.3. Adhesion strength 

Fig. 4 shows the variation curves of scarification friction/sound-force of PCC 

coating obtained in bath for 15 min with Fe
2+

 curing process. The adhesion strength 

was represented by the critical normal load at which a diamond stylus has just come 

into contact with the substrate. The critical normal load at which flaking occurred was 

determined by acoustic emission monitoring system from crack formation and sudden 

change of friction force together
18-20

. According to the result of adhesion test, the 

determined critical normal load was 50.7±1.8 N. Meanwhile the best curve along 

with microscope image of the coated sample was showed in Fig. 4. The PCC coating 

were highly adherent to the underlying metal according to the reports of Sankara 
7
 and 

Zhang 
10

. As mentioned in section 3.1, the PCC coating was formed on substrate via 

complicated chemical and electrochemical reactions, which caused the substrate 

surface to integrate itself as a part of the PCC coating. Thus, the PCC coating was 

considered to be highly adherent to the substrate, which was demonstrated through the 

cross-section image of PCC coating (Fig. 5(a)). Fig. 5(b) shows the EDS spectra of 

coating, indicating that O, Fe, Zn and P were the dominant elements on the surface of 
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coating. The result was in good agreement with the results of XRD (Fig. 3). 

 

 

 

 

 

 

 

 

 

Fig. 4 (a) Variation curves of scarification friction/sound-force and (b) scratch track of 

PCC coatings obtained in bath for 15 min with Fe
2+

 curing process. 

 

 

Fig. 5 (a) SEM of the cross-section image along with (b) EDS mapping of the PCC 

coating obtained in bath for 15 min with Fe
2+

 curing process. 

 

3.4. Electrochemical investigation 

3.4.1. Open circuit potential (OCP) and potentiodynamic polarization 

The changes of OCP as a function of time for the PCC coating obtained in bath for 

15 min with Fe
2+

 curing process and bare substrate in 3.5 wt% NaCl solution are 

presented in Fig. 6. Generally, a high open-circuit potential value indicated a high 

tendency to resist to corrosion
21, 22

. The OCP curve of bare substrate displayed a 

higher shift toward the noble direction as soon as the sample was immersed in the 

PCC bath and then stabilized close to −650 mV after 820 s. This shift could be due to 
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the oxidization that occurred at the substrate surface. The OCP of the PCC coating 

remained more or less constant throughout the test due to the formation of an intact 

coating on the substrate. Meanwhile, the PCC coating had higher open-circuit 

potential value than that of substrate, indicating a high tendency to resist to corrosion 

relative to substrate.  

 

Fig. 6 Variation of OCP as a function of time for (a) substrate and (b) PCC coating 

obtained in bath for 15 min with Fe
2+

 curing process. 

 

For determination of corrosion resistance, it was not sufficient only to consider the 

open-circuit potential as determination criterion. The polarization curve and 

electrochemical impedance spectroscopy were found to be very appropriate to study 

the entire corrosion resistance. 

The potentiodynamic polarization curves for the PCC coating and bare substrate are 

shown in Fig. 7. As described in section 3.1, the cathodic reaction was corresponding 

to the evolution of hydrogen, while the anodic polarization curve related to the 

corrosion resistance of the coating. As a general tendency, the hydrogen evolution is 

weakened as soon as the samples are immersed in the PCC bath. The electrochemical 

parameters calculated from the polarization curves by Tafel extrapolation are 

summarized in Table 1. Corrosion current density (icorr) and corrosion potential (Ecorr) 

were used to evaluate the protective property of the coatings. The icorr was correlated 

with the corrosion rate. A high current density corresponded to a high corrosion rate 

of the sample
9, 23, 24

. It can be seen that the Ecorr of PCC coating was approximately 
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0.58 V positive than that of bare substrate. The icorr of the PCC coating was 2.14 

μA·cm
−2

, which was about 10 times lower than that of bare substrate (21.88 μA·cm
−2

). 

This means that PCC coating endowed the steel excellent corrosion resistance. 

 

Fig. 7 Potentiodynamic polarization curves for (a) substrate and (b) PCC coating 

obtained in bath for 15 min with Fe
2+

 curing process. 

 

Table 1 The fitting values of electrochemical parameters of (a) bare steel and (b) PCC 

coating obtained in bath for 15 min with Fe
2+

 curing process. 

Samples 

Ecorr  

(VSCE) 

icorr  

(μA·cm
−2

) 

Rs 

(Ω·cm
2
) 

Y0 

(×10
-5

Ω
-1

·cm
-2

·S
-n

) 

Rct 

(kΩ·cm
2
) 

n 

a 

-0.87 

±0.09 

21.88 

±0.27 

15.35 

±2.12 

79.24 

±5.58 

0.58 

±0.04 

0.78 

±0.05 

b 

-0.29 

±0.12 

2.14 

±0.04 

18.91 

±5.81 

7.77 

±2.2 

2.78 

±0.74 

0.59 

±0.09 

 

3.4.2. Electrochemical impedance spectroscopy (EIS) 

EIS was also used as an effective tool to determine the electrochemical corrosion 

behavior of the coating. The EIS results for substrate and PCC coating in 3.5 wt% 

NaCl solution at OCP are shown in Fig. 7 as Nyquist and Bode diagrams. Fig. 8(a) 

shows both of specimens were approximately characterized by one large semicircle. 
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The diameter of the semicircle for PCC coating was larger than that of substrate, 

indicating a high polarization resistance was obtained for the PCC treated sample
9, 25

. 

Fig. 8(b) showing the |Z| Bode plot exhibited an increase in impedance value of PCC 

coating relative to substrate. The increase in the impedance value indicated an 

increase in corrosion resistance of PCC coating
26, 27

. This phenomenon was indicative 

of the fact that the PCC coating had a high resistivity in NaCl solution. The Bode plot 

in phase angle also showed that a large shift in the phase angle toward −90° was 

observed for PCC coating, as well as an inverse shift that occurred at low frequency. 

It is reported that the phase angle (−θ) at high frequency was a good criterion for 

integrity of coating as well as coating degradation in corrosive medium
9, 23

. Hence, an 

increase in −θ showed the increase in coating intactness. In the present study, the 

higher phase angle obtained for PCC treated sample at the high frequency region was 

attributed to the formation of PCC coating over the surface. 
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Fig. 8 Impedance spectra presented in (a) Nyquist plot, (b) Bode phase angle, and (c) 

Bode amplitude plots for (a) substrate and (b) PCC coating obtained in bath for 15 

min with Fe
2+

 curing process. 

 

The electrochemical equivalent circuit as shown in Fig. 9 was used for fitting EIS 

data. The circuit consisted of solution resistance (Rs), charge transfer resistance (Rct) 

and a constant phase element (CPE) which replaced the capacitance of the double 

layer (Cdl) due to the roughness and inhomogeneity of the electrode surface. The 

higher charge transfer resistance, the higher corrosion resistance of coating. The 

values of parameters for the bare substrate and PCC coating extracted from the plot 

are listed in Table 1. The results showed that the Rct values of PCC coating was 2.78 

kΩ·cm
−2

 which was about 4 times than that of bare substrate with the Rct of 0.58 

kΩ·cm
−2

. The capacitance values of PCC coating was significantly lower than that of 

Page 14 of 19New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



 

15 

 

bare substrate. This can be explained by the presence of hopeite and phosphophyllite 

reducing the susceptibility to corrosion. 

 

Fig. 9 Equivalent electrical circuits used to model the impedance behavior. 

 

To sum up, it can be concluded that the corrosion resistance of PCC coating was 

better than that of bare substrate. The better corrosion protection of PCC coating 

derived from the presence of hopeite and phosphophyllite as an insulator which were 

not directly engaged in any electrochemical reaction and thus provided a barrier 

between the substrate and surrounding environment. 

4. Conclusion 

The fine and dense coating was fabricated on 35CrMnSi steel substrate by the 

phosphate chemical conversion (PCC) method at room temperature. A high enough 

concentration of Fe
2+

 could initiate the chemical conversion reactions and accelerate 

the formation of PCC coating. The coating was mainly composed of hopeite 

(Zn3(PO4)2∙4H2O) and minor phosphophyllite (Zn2Fe(PO4)2∙4H2O) in the form of fine 

and flaky crystals, along the direction inclined or perpendicular to substrate surface. 

Adhesive test indicated that the PCC coating was strongly attached on the substrate 

owing to the surface of substrate as a part of PCC coating via chemical and 

electrochemical reactions. The electrochemical analysis revealed that the as-prepared 

coating imparted better corrosion resistance to the steel substrate by providing an 

insulator barrier between the metal and environment.  
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