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Abstract:

zinc phosphate layers were synthesized on steel surfaces through an electroless deposition method under
controlled temperature and pH conditions. The deposition process was conducted for immersion periods of 30,
60, 90, and 120 minutes in the phosphate bath. The surface morphology of the coatings was examined using
optical microscopy, and their corrosion resistance was evaluated by weight loss tests carried out within a 3.5%
sodium chloride medium. The results revealed a gradual improvement in both coating thickness and surface
coverage with increasing immersion time. Dense and uniform layers were obtained after 90 and 120 minutes, with
the highest corrosion resistance achieved at 120 minutes. After 24 hours of exposure, the specimen treated for 120
minutes exhibited a minimal weight loss of 0.33 g/m?, confirming its superior protective performance.
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Introduction
Corrosion poses a critical problem in numerous industrial applications, particularly within construction and
manufacturing, where iron and steel remain the preferred materials due to their excellent mechanical strength and
widespread engineering use worldwide [1-2]. Despite these advantages, their susceptibility to degradation in
aggressive environments limits their long-term performance. To address this issue, researchers have developed
various strategies to improve steel durability. Among these approaches, conversion coatings based on zinc
phosphate are frequently employed to provide enhanced surface protection and increase resistance to corrosive
damage [3]
Zinc phosphating serves as a key method for pretreating metal surfaces, applicable to both ferrous and non-ferrous
materials. Its popularity stems from its cost-effectiveness, fast processing, and the ability to improve surface
properties such as resistance to corrosion and wear, adhesion, and lubrication. This treatment method is
particularly valuable in industries including automotive manufacturing, industrial processing, and household
appliances [4-7].
Zinc phosphate layers are typically created on metal surfaces through immersion in solutions containing zinc and
phosphate ions, along with accelerating agents such as nitrate and nitrite [9]. These agents enhance the partial
dissolution and oxidation of the metal, which facilitates the formation of insoluble phosphate deposits [ 12]. During
this chemical phosphating process, insoluble phosphate compounds form on the surface through reactions between
zinc, phosphate, and sometimes iron ions. The main deposited phase, hopeite (Zns(PO4) »-4H20), a hydrated zinc
phosphate, constitutes the primary layer formed during chemical phosphating, and its precipitation occurs due to
interactions between zinc and phosphate ions, particularly under alkaline conditions generated by hydrogen
evolution at the metal—solution interface, as represented by the equation: [11].

3Zn%* + 2P0}~ + 4H,0 — Zn3(P0,),.4H,0 (hopeite)

Furthermore, when iron ions are present in the bath, a secondary phase known as phosphophyllite can also form
alongside hopeite, according to:
2Zn** + Fe?t + 2P0}~ + 4H,0 - Zn,Fe(PO0,),.4H,0 (phosphophyllite)

These reactions result in the formation of protective phosphate layers on the metal surface, enhancing corrosion
resistance and improving the adhesion of subsequent coatings. The precise composition and proportion of these
phases depend on the solution chemistry and the presence of metallic ions such as iron [12].
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Figure 1 .Schematic illustration of the zinc phosphating mechanism on the steel surface

This research examines the performance of zinc phosphate coatings under controlled experimental conditions,
specifically maintaining a constant temperature of 65 °C and a solution pH of 2.8. The study primarily focuses on
assessing how the duration of deposition affects the quality of the resulting coatings.

The effectiveness of electroless coatings depends on multiple factors, particularly the key process parameters
including deposition temperature, solution pH, and deposition duration, as well as the resulting microstructural
characteristics [5,6]. Among these, the length of deposition plays a vital role because it directly impacts the
coating’s morphology, thickness, and adhesion. In the current study, deposition intervals of 30, 60, 90, and 120
minutes were carefully analyzed to determine the optimal duration that maximizes corrosion resistance.

188 | Libyan Journal of Medical and Applied Sciences LIMAS)



Experimental
In this study, Pieces of mild steel from Iron and Steel Company of Misrata-Libya, measuring 15 X 10 X 2 mm
were employed in the tests, with their elemental analysis provided in Table 1, were selected to prepare phosphate
coatings using electroless plating from an acidic solution. The bath composition and experimental parameters are
summarized in Table 2. The pH of the solution was adjusted to 2.75 with a 50% NaOH solution, consistent with
prior studies recommending a pH range of 1.75-2.75 for optimal deposition [7,8]. The deposition temperature
was maintained at 65 °C based on preliminary experiments and literature findings [8].
Before initiating the phosphating process, the mild steel specimens were mechanically polished using silicon
carbide abrasive papers up to 400 grit to ensure a smooth surface finish. They were then ultrasonically cleaned in
acetone to remove contaminants, followed by rinsing with deionized water. Immediately after preparation, the
samples were immersed in the phosphating bath for different deposition times under controlled temperature
conditions, while the bath pH was carefully adjusted using a 50% NaOH solution. Once the coating was
completed, the specimens were rinsed again with deionized water and dried using compressed air. The schematic
representation of the experimental setup is illustrated in Fig. 2, and the coating weight was determined based on
the procedure described in [9,10].
Winf Wi
Wm(coat) = %
ss
Here, Wiy (coar) Tepresents the weight mass of the phosphate coating on the metal, expressed (g/m?). The term
Wiy,; Tefers to the mass of the specimen before phosphating, wy, ¢ corresponds to the mass after the coating process,
and Ag; indicates the total surface area of the coated sample.

Table 1. Elemental Analysis of Mild Steel
Element Composition (weight %)

C 0.171
Si 0.022
Mn 0.711

P 0.017
Cu 0.007
Al 0.065
Fe Balance

Table 2. Chemical Characteristics and Working Conditions of the Phosphating Solution

Phosphate Bath Composition = Concertation (g/L)  Bath Processing Parameters

H3PO; (85%) 15 T=60~65 °C

PH=2.75~2.80
Zn0 2.5 Time = 30 ~ 120 min
HNO; (70%) 25

The phosphate-coated specimens were immersed in a 3.5% sodium chloride solution at room temperature. The
initial mass of each sample (w,) was measured prior to immersion, and the specimens were exposed individually
according to the designated immersion periods. Upon completion of the immersion durations (24 and 48 h), the
samples were removed, thoroughly dried, and reweighed (w},). The corrosion-induced mass loss over 24 and 48
hours was subsequently calculated using the following equation [11,12].

_ Wma = Wy
Wm(loss) - A
SS
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Figure 2. Phosphating Process Setup for Mild Steel Samples

Here, Wy, 0ss) represents the mass lost by the coated specimen, which serves as an indicator of the corrosion of

the specimen’s coating, expressed (g/m?). And Ags Total Surface Area of the Specimen. The weights were
measured using a high-precision analytical balance, as illustrated in Fig. 3
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Figure 3. Analytical Balance

Results And Discussion

Microscopic and macroscopic image of phosphate —coated surfaces

As illustrated in Fig. 4, the mild steel surface exhibited a distinct change in appearance after the
phosphating treatment. The shiny metallic silver of the polished substrate was replaced by a
homogeneous dark-grey shade, confirming the formation of a continuous zinc phosphate layer. The
complete surface coverage reflects the uniformity and density of the deposited coating.

Figure 4. Optical images_of rhilci steel: (a) before phosphating treatment (b) after phosphating treatment
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Figure 5 (a—e) presents the morphological evolution of the steel surface with increasing immersion times in the
phosphate bath. In the untreated state (a), the surface appears relatively smooth and free of deposits. After 30 min
(b), small and sparsely distributed phosphate nuclei are observed, marking the onset of coating formation. At 60
min (c), the number of crystals increases and becomes more evenly distributed, producing a denser layer compared
with the earlier stage. By 90 min (d), crystal size and density show significant growth, resulting in overlapping
crystals and a more compact film. After 120 min (e), the surface is almost entirely covered with large, well-
developed phosphate crystals, forming a continuous and protective layer. These observations indicate that longer
immersion times promote higher coating density and thickness, with full layer development occurring at 120 min,
which is expected to enhance corrosion resistance.

Figure 5. Optical microscopy images illustrating the surface of mild steel: (a) untreated substrate (b) specimen
coated with zinc phosphate after 30 min, (c) after 60 min, (d) after 90 min, and (e) after 120 min of immersion.

Evaluation of Phosphate Coating Weight

The data presented in Figure 6 show that the phosphate coating weight progressively increased as the deposition
time was extended from 30 to 120 minutes. This suggests that longer treatment times not only stimulate the
nucleation of phosphate crystals but also promote their subsequent growth and densification on the metal surface.
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Figure 6. Effect of Immersion Time on the Weight mass of the Phosphate Coating on Steel.

Assessment of Corrosion Resistance Using Immersion Testing
Table 3 presents the results of the immersion test in a 3.5% sodium chloride solution, assessed through weight
loss measurements, for mild steel and phosphate coatings applied at various deposition times. The data indicate

191 | Libyan Journal of Medical and Applied Sciences LIMAS)



that the phosphate coatings acted as an effective barrier, protecting the mild steel substrates from the corrosive
effects of the sodium chloride solution. For the uncoated mild steel, weight loss after 24 and 48 hours of immersion
was 4.33 and 7.33 g/m?, respectively, whereas the coated sample with a deposition time of 120 minutes exhibited
significantly lower weight loss of 0.33 and 0.66 g/m?. Moreover, the results show that increasing the deposition
time enhanced the corrosion resistance of the coatings. Overall, the phosphate layer provided excellent protection
against corrosion, with the highest resistance observed at 120 minutes of deposition.

Table 3. Evaluation of Phosphate Coatings’ Corrosion Behavior in 3.5% NaCl Solution

Base Material W n(oss) after 24 hours Win(ioss) after 48 hours
(g/m?) (g/m?)
Mild steel without coating 4.33 7.33
Zinc-phosphated layer applied for 30 2 4
minutes
Zinc-phosphated layer applied for 60 1.833 3.66
minutes
Zinc-phosphated layer applied for 90 1.333 2.66
minutes
Zinc-phosphated layer applied for 120 0.33 0.66
minutes

Conclusions

This work focused on forming zinc phosphate layers on mild steel substrates through an electroless deposition
method at various time intervals. The results indicated that the duration of deposition strongly influences the
microstructure and corrosion resistance of the layers. Samples treated for 90 and 120 minutes displayed a compact
and uniform morphology, whereas the optimal surface coverage and highest corrosion protection were achieved
after 120 minutes. These findings underscore the importance of controlling the deposition period to enhance the
protective performance of zinc phosphate layers.
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