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Abstract— Zinc phosphate conversion coating is widely 

used in industry as a surface pretreatment. It improves the 

corrosion resistance and increases the adhesion between metal 

surface and subsequent treatment such as organic coatings. In 

this investigation, phosphate coatings were formed on steel 

surface with phosphate solutions containing different 

concentrations of zinc sulphate. The corrosion performance 

was evaluated by immersion test in a 3.5% NaCl solution. 

Experimental results showed that increasing zinc content in the 

phosphating bath led to improve the protection characteristics 

of formed coatings. Phosphated samples with phosphate 

solution containing 40 g/L zinc sulphate exhibited no corrosion 

after 72 h immersion time. However, increasing the zinc 

sulphate content to 40 g/l resulted in poor under-film corrosion 

resistance and in turn inferior protection properties.  

Keywords—Zinc phosphating; Conversion coating; 

Corrosion resistance; Steel. 

I. INTRODUCTION  

Protection of metal surfaces is a major concern of many 
reported studies in the literature [1]. Most of metals that used 
in construction buildings, domestic appliances, and 
transportations undergoe corrosion during normal service 
environment. One of the most effective coating used in 
industry to protect metal surfaces, especially steel surface, is 
a zinc phosphate conversion coating [2, 3]. Phosphate 
conversion coatings convert the metal surface into 
nonconductive and insoluble surface by depositing non-
metallic phases [4]. Several metal surfaces like steel [5], 
aluminium [6], galvanized steel [7] and magnesium [8]  
could be phosphated without difficulty. 

Numerous techniques and additives have been developed 
to improve the protection ability and properties of zinc 
phosphate coating on metal surfaces. The utility of using 
galvanic coupling technique and electrochemical treatment to 
deposit phosphate coating on metal surface were reported by 
Arthanareeswari et al. [9] and Jegannathan et al. [10], 
respectively. The main advantage of using such techniques, 
they can be applied at room temperature and without using 
chemical additives to accelerate the coating reaction. 
However, the coating produced by electrochemical 
techniques have high coating thickness which lead to inferior 

adhesion between the coating and subsequent treatments 
[11].  

Chemical zinc phosphate coatings are formed on metal 
surfaces in solutions containing zinc ions, phosphate ions, 
and accelerating ions such as nitrate and nitrite to promote 
the oxidation and dissolution of the metallic surface [12]. 
The mechanism of coating formation is illustrated in Fig. 1. 
Hopiete (Zn3(PO4)2.4H2O) is precipitated by chemical 
reactions between Zn

2+
 and 𝑃𝑂4

3− ions in the coating solution 
when the pH at metal-bath interface increased well into the 
basic range due to hydrogen evolution [13]. Phosphophyllite 
is deposited when iron ion exists in the coating's bath in 
addition to above mentioned ions [14, 15]. Thses insoluble 
phosphate depositions are formed according to the following 
reactions [16, 17]: 

3𝑍𝑛2++2 𝑃𝑂4
3−+ 4𝐻2𝑂 → 𝑍𝑛3 (𝑃𝑂4)2 .4𝐻2𝑂  (hopeite)     (1) 

2𝑍𝑛2++ 𝐹𝑒2+ +2 𝑃𝑂4
3−+ 4𝐻2𝑂 → 𝑍𝑛2 𝐹𝑒(𝑃𝑂4)2.4𝐻2𝑂  

(phosphophyllite)            (2) 

 

Figure 1: Diagrammatic representation of zinc phosphating 

reaction on steel surface. 

     It is seen that the Zn
2+

 plays a significant role in the 
formation of zinc phosphate coating on metal surface, hence 
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the aim of this study was to investigate the effect of zinc 
sulphate concentration on the formation and corrosion 
resistance of zinc phosphate coating formed on mild steel. 
The corrosion resistance of the phosphated samples was 
examined using immersion test in a 3.5% NaCl solution, 
whereas the under-film corrosion was studied by evaluating 
the spreading of corrosion from the ‘X’-scribe after 24 h of 
immersion in a 3.5% NaCl solution. 

II. EXPERIMENTAL 

A. Sample preparation 

Carbon steel samples (15 × 10 × 2 mm) were used in this 
study; the chemical composition is given in Table 1. The 
substrates were mechanically polished using a series of 
emery papers up to 400 grits. The samples were then cleaned 
in acetone and rinsed with deionized water. The specimens 
after that were immediately immersed into the phosphating 
bath containing different amounts of zinc sulphate for 7 min. 
The chemical composition and operating conditions for the 
phosphating bath are listed in Table 2; pH of the bath was 
adjusted by adding a NaOH. Finally, the phosphated samples 
were rinsed with deionized water and dried with compressed 
air. The phosphate coating weight determination was 
calculated according to the following formula [18]: 

1 2W W
W

A


  

where W is the phosphate coating weight per unit area, 
W1 is the specimen weight after phosphating, W2 is the 
specimen weight after the coating was eliminated using a 
15% sodium hydroxide solution for 15 min at 90 °C, and A is 

the surface area of the sample [11]. 

     TABLE 1. Chemical composition of the mild steel substrate 

Element Composition (wt. %) 

C                                          0.16 

Al                                          0.07 

Si                                            0.168 

Mn                                          0.18 

P                                            0.025 

Cu                                          0.09 

Fe                                              balance 

 

     TABLE 2. Operating conditions and chemical composition of the 
phosphating bath 

Bath composition Concentration Operating conditions 

H3PO4 (85%) 15 (ml/L) T = 75 °C 

ZnO 5 ~ 40 (g/L) pH = 2.5 

HNO3 (65%) 25 (ml/L) 

  

B. Characterization of phosphate coating 

    The corrosion resistance of the phosphated substrates was 
evaluated by weight loss test. The samples were totally 

immersed in a 3.5% sodium chloride solution and observed 
after 24, and 72 h of immersion for the loss in sample 
weight.  

To evaluate the ability of phosphate coatings to prevent 
the under-film corrosion, the bare steel and phosphated steels 
were painted with commercial paint. Then the coated 
substrates were scribed to the base metal with a sharp needle 
so that the base metal is exposed to the corrosive 
environment of 3.5% sodium chloride solution. The breadth 
of corrosion from the ‘X’-scribe after 24 h of immersion was 
assessed and photographed. [10]. 

III. RESULTS AND DISCUSSION 

A. Photos of phosphate coating  

Images of the mild steel substrate before and after 
phosphating treatment are shown in Fig. 2. The colour of 
polished mild steel substrate has changed from shining silver 
to uniform dark-grey after phosphating treatment by 
immersion technique, indicating the formation of a 
conversion phosphate layer on the metal surface. The base 
metal surface was totally concealed and covered which 
indicated that high and uniform deposition of phosphate 
coating formed on the metal surface. 

 

Figure 2. Photos of (b) polished mild steel substrate before 
phosphating, and (a & c) phosphated mild steel substrate for 7 min 

B. Phosphate coating weight  

Figure 3 presents the variation of the phosphate coating 

weights versus zinc sulphate concentration in phosphating 

bath. It is noted that, as the concentration of zinc sulphate 

was increased the coating weight values (in g/m
2
) registered 

a related increase. The maximum value of coating weight 

(21.19 g/m
2
) was obtained when the zinc sulphate content 

was increased to 40 g/L. This high coating weight was due 

to the high concentration of zinc ions in the phosphating 

bath which produce high zinc-phosphate deposition. 

However, with excessive increase in the weight of 

phosphating film, the film adhesion to subsequent treatment 

would become worse [19]. Therefore, under-film corrosion 

was investigated, as presented in Fig. 4. 

C. Corrosion resistance evaluated by immersion test  

Immersion test in a 3.5% NaCl solution provides an 

insight into the corrosion behavior of coated samples. The 

extent of corrosion is evaluated by measuring the weight 

loss of the substrate due to corrosion after 24 h of 

immersion and by visual observation [20]; the results are 

listed in Table 3. The weight loss of the coated sample was 

decreased as the zinc sulphate content increased. It was 4.72 

(a) 
(b) 

(c) 
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g/m
2
 for bare steel surface after 72 h, and as the content of 

zinc sulphate increased to 40 g/L the weight loss became 

zero indicating high corrosion protection provided by the 

heavy phosphate coating deposited on the mild steel surface.  

 

 

 
Figure 3. Variation of the phosphate coating weights obtained from 

phosphating solutions with different zinc sulphate concentrations 

 

 

TABLE 3. Corrosion resistance of phosphated mild steel 

substrate subjected to immersion in a 3.5% sodium chloride 

solution 

Substrate 
Loss in weight 

after 24hr 

(g/m2) 

Loss in weight 

after 72hr 

(g/m2) 

Uncoated mild steel 1.69 4.72 

Mild steel phosphated with 

5 g/l zinc sulphate 
1.48 3.97 

Mild steel phosphated with 

10 g/l zinc sulphate 
0.62 0.99 

Mild steel phosphated with 

20 g/l zinc sulphate 
0.25 0.62 

Mild steel phosphated with 

40 g/l zinc sulphate 
0.00 0.00 

 

 

D. The under-film corrosion resistance 

The best way to measure the ability of preventing under-
film corrosion is by assessing the spreading of corrosion 
from the ‘X’-scribe (scribed to the base metal) made on the 
painted substrate and subjected to corrosive media [21]. The 
performance of various phosphated samples is presented in 
Fig. 4. Compared to phosphated steel, the paint adhesion was 
very poor for unphosphated steel. The paint detaching was 
clearly seen in the unphosphated steel sample (Fig. 4a). This 
clearly indicated that the phosphate coating plays a 
remarkable role in the paint adhesion on metal surface. The 
pores nature of phosphate coating serves as a good 
mechanical bond between metal surface and subsequent 
coatings. 

When the zinc sulphate content was increased in the 
phosphating bath from 5 to 40 g/L, the spreading of 
corrosion and paint blistering on the surface of phosphated 
samples were relatively increased. This indicated that the 

high zinc ion content in the phosphating bath produced 
coating with less effectiveness in resisting alkaline attack. 
This could be attributed to the thick and heavy coating 
resulted from using high content of zinc sulphate, as seen by 
coating weight analysis (Fig. 3). High content of zinc ions in 
the phosphating bath could result in deposition of zinc 
metallic on the metal surface with a simultaneous zinc 
phosphate deposition. This led to inferior underfilm 
corrosion of the obtained coating due to the preferential 
dissolution of metallic zinc presented in the coating [10]. 
This result demonstrates the effectiveness of phosphate 
coatings in resisting alkaline attack. During this test, the 
chloride ions attack the steel surface resulting in formation of 
iron chloride which upon hydrolysis gives the red rust at 
exposed bare steel in the scribed region (anodic areas) [21, 
22]. 

 
Figure 4: Performance of painted mild steel substrates after 24 h of 

immersion in a 3.5 % NaCl solution of (a) unphosphated steel; and 

phosphated mild steel with phosphating bath containing various 

amount of zinc sulphate: (b) 5 g/L, (c) 10 g/L, (d) 20 g/L, and (e) 40 

g/L 

IV. CONCLUSIONS  

The surface morphology and corrosion resistance of zinc 
phosphate coating on mild steel substrate have been 
investigated as a function of zinc sulphate concentration in 
the phosphating bath. It can be confirmed that increasing of 
the zinc sulphate has facilitated the coating deposition and 
increased its surface coverage. The immersion test results 
showed that the corrosion resistance of phosphated mild steel 
has improved with increasing the zinc sulphate in the 
phosphating bath. However, the under-film corrosion of 
phosphated-painted steel was inferior with high 
concentrations of zinc sulphate in the phosphating bath 
(more than 10 g/L). These results suggested that the low zinc 
phosphating (which contain low zinc ion concentration) is 
superior for treating steel surfaces in conjunction with 
organic coatings (paint). 
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