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AISI 304 stainless steel is widely used in many industries due to its good properties such as corrosion resistance 

and mechanical properties. However, this steel is usually exposed to a severe environment that leads to high corro-

sion and mechanical failure. This study aims to examine the corrosion behavior of spin-coated AISI 304 stainless 

steel in a simulated marine environment contains 3.5 wt. % NaCl, by preparing and characterizing nanocomposite 

coatings with different weight fractions of TiO2 (0, 1, 2, 3 wt. %) dispersed in a gelatin matrix. Three spinning 

speed sets (Low (L): 250-1000, Medium (M): 500-2500 and High (H): 750-4000) rpm were chosen to inspect the 

effect of spinning speed on the characteristics of coatings. Nanoparticles dispersed in gelatin matrix were examined 

by XRD, SEM, and EDX. The results approved the formation of crack-free and homogeneous coatings without 

any noticeable defect. Moreover, the corrosion evaluations were measured by potentiodynamic polarization tech-

nique. The results showed that compared to uncoated AISI 304 steel, the corrosion behavior of TiO2 nanoparticles 

dispersed in gelatin matrix considerably improved the uniform and localized corrosion. The corrosion test results 

showed that increasing the spinning speed to a certain limit has a positive impact on the corrosion characteristics.  
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 Introduction  

AISI 304 steel is extensively used in several applica-

tions due to its good properties such as corrosion re-

sistance, mechanical strength and ductility [1]. It is ma-

inly used in various industrial and household applicati-

ons, especially food-handling equipment and machinery 

parts [2]. However, this steel is usually exposed to a se-

vere environment that leads to high corrosion and mecha-

nical breakdown [1]. Therefore, surface treatment is es-

sential to enhance its properties against severe corrosion 

environments. Some surface amendment methods have 

been established to enhance the corrosion resistance and 

mechanical properties of AISI 304 steel without modify-

ing its properties. These methods can be applied either by 

grains refinement [3] or by addition of alloying elements 

to the surface [4-5] or by covering the surface with pro-

tective layers [6-7]. 

Titanium dioxide is one of the most used ceramic oxi-

des in many industrial applications because it has a very 

wide range of uses in the literature due it is unique cha-

racteristics. Since titanium dioxide has a very high ref-

ractive index, chemical stability, and nontoxicity; it is wi-

dely used in solar cells applications [8]. Titanium dioxide 

(TiO2) is also commonly used in the literature as a coating 

material for enhancing the wear and corrosion resistance 

for various materials; AISI 304 stainless steel [9], AISI 

3016L stainless steel [10], Magnesium alloy [11], Tita-

nium alloy [12] and by many coating techniques; sol-gel 

dip-coating [10], plasma electrolytic oxidation [12], 

Electrodeposition [11]. Curkovic et al. [13] investigated 

the nanostructured titanium dioxide-coated AISI 304 

steel corrosion resistance in the marine environment (3 

wt. % of NaCl) by a sol-gel dip-coating method and found 

that the number of TiO2 layers is a function of the corro-

sion resistance of the coated AISI 304. Fallet et al. [14] 

investigated the corrosion resistance, the electrochemical 

characteristics of titanium dioxide and hybrid TiO2-SiO2 

powders on medium carbon steel by the sol-gel spin coa-

ting method in simulated 3.5 wt. % of NaCl solution. The 

study showed that the TiO2 coating alone beats the hybrid 

TiO2-SiO2 coating in corrosion resistance. Ghasemi et al. 

[15] discussed the heat treatment temperature effect on 

electrochemical behavior of hybrid titanium dioxide-ceria 

sol-gel by spin coating method on AISI 316L steel, the 

heat treatment temperature ranged between 300°C and 
500°C, they reported a corrosion resistance enhancement 

and a higher pitting resistance of the AISI 316L steel. 

Gelatin is a natural polymer derived from collagen 

through an acid (type A-gelatin) or alkali (type B-gelatin) 

hydrolysis [16]. Gelatin has many characteristics such as, 

good adhesiveness and moderately low cost in addition to 

it has good bio properties which make it a good choice for 

medical applications, such as tissue engineering applica-

tions [17], pharmaceutical applications [18], and food and 

cosmetics products [19]. Recently, gelatin becomes a pro-

mising coating material on metal substrates for implants 

[20], although few researchers used gelatin as a gel matrix 

for nanocomposite powder dispersion instead of the old 

and traditional sol-gel method [16]. 

 The aim of this study is to examine the corrosion 

behaviour of the unique gelatin-spin coated AISI 304 sta-

inless steel in simulated severe corrosion environment 

containing chloride ion. The protection against corrosion 

of selected nano-ceramic titanium dioxide (TiO2) powder 

at different titanium dioxide (TiO2) weight percentages in 

gelatin were created by gelatin-spin coating process with 

different spinning speed sets will be investigated in a 3.5 

wt. % NaCl water solution using electrochemical analysis 

techniques.  

 Materials and experimental methods 

2.1 Substrates preparation 

In this research, the 304 stainless steel specimens 

were machined into 55 mm × 55mm × 1 mm samples 
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were used as substrates. Before coating, the AISI 304 sub-

strates were immersed in a solution consisting of HNO3 

and hydrogen H2O2 at 30:70 ratio of H2O2: HNO3 for 30 

seconds to enhance the adhesion of gel coating to the AISI 

304 substrates. Then the substrates were cleaned in Ace-

tone for 15 minutes with the ultrasonic cleaner to remove 

any tightly adhering contamination on the substrate sur-

face such as dust, dirt or any potential oil or grease that 

may be embedded onto the surface previously. Finally, 

the substrates were sonicated in deionized water for 15 

min and dried by hot air stream before use.  

2.2 Preparation of gelatin-TiO2 coatings 

In order to prepare the coating material, various 

amounts of titanium dioxides nanoparticles (anatase, size 

of 10-25 nm, purity >99.0 %, density 3.9g/cm3, US Re-

search Nanomaterials company) dispersed in gelatin at di-

fferent wt. %. Gelatin (type A porcine skin, Mw= 50,000-

100,000, Sigma) was selected as a standard 8 wt. % gela-

tin in 20 wt.% acetic acid [16]. The solution was prepared 

at room temperature. After thorough gelatin dissolution, 

different weight percentages of TiO2 nanoparticles (0, 1, 

2 and 3) wt.% were added to the solution. A magnet stirrer 

(Dragon Lab, MS-H-S) was used for at 24 hours room 

temperature to ensure homogeneous dispersion of TiO2 

nanoparticles in the suspension. In order to stabilize the 

gelatin structure in water, crosslinking is essential. Ethyl-

3-(3-dimethylaminopropyl) carbodiimide (EDC, Sigma) 

was used as a crosslinking agent. 9 wt. % EDC solutions 

in ethanol [16] was added to the suspension and magneti-

cally stirred for 6 hours at 50°C.   
Spin-coating thin and homogeneous were generated 

with a spin-coating technique using a KW-4A precision 

spin-coater (Chemat Technology Inc.) equipped with a 

vacuum pump (Gast Manufacturing). The spin coating 

process consisting of four main steps 1-placing a specific 

amount of the gel-like coating material in the middle of 

the sample with a needle; 2-spinning the substrate at a 

certain low spinning speed (below 1000 rpm) in order to 

dispense the coating material regularly on the substrate 

outer flat surface, 3-spinning the substrate at a high 

spinning speed between (1000 to 10000 rpm) in order to 

accelerate the coating material to spread widely and uni-

formly on the substrate flat surface; and 4-drying the ex-

cessive gel-like material in order to obtain a dried and so-

lidified thin coated layer on the outer surface of the sub-

strate. In this research, three spinning speed sets (L, M, 

and H)  were chosen to study the effect of spinning speed 

on the characteristics of the coatings. Spinning time was 

chosen for all coated samples to be 15 seconds for the low 

coating speed and 30 seconds for the high coating speed. 

Full description of the procedure of preparing the gelatin-

nanoparticles coatings can be found in [21]. 

2.3 Surface characterization 

The surface morphology and topography of the gene-

rated films were examined by SEM and EDX before the 

corrosion test to investigate the homogeneity and distri-

bution of the nanoparticles within the gelatin matrix, and 

after the corrosion,  to investigate the morphology of the 

coated samples. EDX was used for elemental analysis and 

chemical characterization of the substrate surface and 

corrosion products. The phase identification of coated 

samples was executed using XRD in order to check the 

presence of TiO2 nanoparticles within the film on the 

AISI 304 surface. In this study, direct current polarization 

(DCP) test was used to examine the characteristics of 

corrosion behavior of the coated AISI 304 samples. Ga-

mry potentiostat Ref 600 corrosion testing instrument was 

used with graphite as a counter and saturated calomel as 

a reference electrode (SCE).  

 Results and Discussion  

3.1 Chemical characterization of TiO2 nanoparticles 

dispersed in the gelatin coating 

Figure 1a shows the uncoated AISI 304 steel surface 

before the corrosion test. It can be observed that the sur-

face has a tube-shaped form that was created during the 

polishing process. Many scratch lines also can be seen as 

being parallel to the polishing lines. Figure 1b shows 

SEM graphs of the pure gelatin-coated sample at medium 

(M) spinning speed set before the corrosion test. It can be 

seen that the surface is covered by a smooth and uniform 

gelatin layer without cracks or defects. Figure 1c shows 

SEM graphs of 2 wt.% TiO2 nanocomposite coated 

sample at medium (M) spinning speed set before the 

corrosion test. The figure confirmed the distribution of 

TiO2 nanoparticles through the gelatin matrix uniformly 

and homogeneously without affecting the morphology of 

the gelatin matrix coating. Figures 1d demonstrates EDX 

spectrum and quantitative analysis of coated AISI 304 

steel with TiO2 nanoparticles dispersed in a gelatin matrix 

before the corrosion test. The figure reveals the presence 

of TiO2 nanoparticles in gelatin-coating before the corro-

sion test. 

Figure 2 shows the uncoated AISI 304 surface 

morphology after corrosion testing. A salt brittle layer 

with many cracks that filled with the corrosion products 

had covered the whole surface. The cracks formation can 

be attributed to the internal stresses that were caused by 

the released gases during the cathodic reactions, or it can 

be formed as a result of the salt layer. It also can be seen 

from the figure that the uncoated AISI 304 steel surface 

had filled with many pits or cavities of different sizes. The 

gelatin coating layer without TiO2 nanoparticles was 

completely deteriorated and failed to protect the AISI 304 

surface from corrosion as shown in Figure 3, while the 

distribution of TiO2 nanoparticles in gelation matrix 

enhance the performance of the gelatin coating in pro-

tecting AISI 304 steel after the corrosion test with only 

shallow cracks and pits as shown in Figure 4. Therefore, 

it is a sign of the stability and the functionality of the coa-

tings. 
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Fig. 1 The surface morphology of AISI 304 steel before corrosion test, (b) SEM graphs of pure gelatin-coated sample at 

medium spinning speed set before corrosion test, (c) SEM graphs of 2 wt. % TiO2 nanocomposite coated sample at me-

dium spinning speed set before corrosion test, (d) EDX spectrum and quantitative analysis of coated AISI 304 steel with 

TiO2 nanoparticles dispersed in gelatin matrix before corrosion test 

 

 

Fig. 2 The surface morphology of AISI 304 steel after 

the corrosion test. 

 

 

Fig. 3 SEM graphs of the pure gelatin-coated sample at 

the medium spinning speed set after corrosion test. 
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Fig. 4 SEM graphs of 2 wt.% TiO2 nanocomposite coa-

ted sample at the medium spinning speed set after corro-

sion test. 

3.2 XRD analysis 

X-ray diffraction (XRD) analysis was used to confirm 

the presence of TiO2 nanoparticles within gelatin-coating 

as shown in Figure 5. It is shown that gelatin did not have 

any clear peak in XRD pattern, which is compatible with 

its amorphous nature, while XRD pattern of 2 wt.% TiO2 

nanoparticles dispersed in gelatin consisted of the main 

characteristic peaks of TiO2 at 2 of 25°, 25.209°, 
37.059°, 47.960, ° 53.069°, 54.091°, 62.79°, and 70.29° 
indicating the presence of TiO2 nanoparticles in this coa-

ting, identification. 

 
Fig. 5 XRD pattern of gelatin and gelatin-TiO2 on a 

fused glass substrate 

3.3 Electrochemical corrosion investigation  

Figure 6 shows the potentiodynamic polarization cur-

ves of AISI 304 steel spin-coated with nanocomposites 

coatings with different weight fractions (0, 1, 2, 3 wt. %) 

of TiO2 at low spinning speed set. It is shown that coating 

of AISI 304 steel with only gelatin does not cause any 

improvement in the corrosion rate. However, dispersing 

TiO2 nanoparticles in the gelatin matrix reduced the 

corrosion rate. The corrosion rate decreased significantly 

with 1 wt.% TiO2 nanoparticles coating, because of the 

outstanding chemical stability, good thermal, electrical 

properties and low electron conductivity of TiO2, provi-

ding an excellent anticorrosion in addition to the gelatin 

barrier coating [22]. In contrast, increasing the weight 

fraction TiO2 nanoparticles increased the corrosion rate 

slightly as compared to 1 wt. %. This result can be attri-

buted to the tendency of increasing agglomeration of na-

noparticles in gelatin as the weight fraction percentage of 

nanoparticles increased. Thus, increasing the coating sur-

face roughness affects the corrosion rate adversely. Tor-

kaman et al [16] found a similar behavior for the steel 

coated with forsterite in gelatin, where using 1 wt. % fors-

terite nanopowder in gelatin matrix exhibited a better 

corrosion resistance as compared with steel coated with 3 

wt. % forsterite nanocomposite coating. 

 

Fig. 6 The potentiodynamic polarization curves of AISI 304 steel coated with different nanocomposite coating at me-

dium spinning speed set.  
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Fig. 7 The potentiodynamic polarization curves of AISI 304 steel coated with nanocomposite coating that contains 2% 

wt. of TiO2 dispersed in gelatin at different spinning speed set (L, M, and H). 

 

Figure 7 shows the potentiodynamic polarization cur-

ves of AISI 304 steel coated with 2 wt.% of TiO2 nano-

particles dispersed in a gelatin matrix at different 

spinning speed sets (L, M, and  H) respectively. The use 

of low spinning speed caused a slight reduction of the 

corrosion rate; whereas increasing the spinning speed re-

sults in a greater enhancement of the corrosion resistance 

for the different examined weight fractions, since higher 

spinning speeds increased the centrifugal forces, which 

enhances the top coating surface smoothness [23], decre-

ased the nanoscale roughness [24], and enhance the coa-

ting adhesion to the substrate [25]. 

Table 1 summarizes the corrosion rates, corrosion po-

tentials (Ecorr), corrosion current densities (icorr) and criti-

cal pitting potentials (Epit) that were obtained from the 

Tafel scans for all examined samples. Three samples have 

been tested for each percentage of TiO2 nanoparticle at 

different spinning speeds. Chi-squared values were used 

to give information about the goodness of Tafel fit per-

formed on the samples. The lower Chi-Squared value in-

dicates that the performed fit is good. The fit is considered 

acceptable if the Chi-squared value is less than 100 [26]. 

It can be observed from the Table 1 that Icorr value can 

imply significant information about the corrosion behav-

ior, it has a proportional relationship with the corrosion 

rate; the sample that has the least corrosion current den-

sity experienced the best corrosion resistance. In contrast 

to the Ecorr values that cannot give any specific infor-

mation about the corrosion trend [27].  

Figure 8 shows the effects of both spinning speed and 

weight fraction of dispersed TiO2 nanoparticles on the 

corrosion rate of AISI 304 steel. For comparison, the cor-

rosion rate of uncoated AISI 304 steel is shown as a hor-

izontal dashed line on the plot as a baseline. The results 

showed that coating at a medium spinning speed set (M) 

reduce the corrosion rate slightly compared to the coating 

at high spinning speed set (H). Such a result can be at-

tributed to the reduction in coating thickness with increas-

ing the coating spinning speed [28]. Therefore, a trade-

off between coating spinning speed and coating thickness 

must be taken into account while choosing the appropri-

ate spinning speed set.

Tab. 1 Corrosion rates and electrochemical constant values for the uncoated AISI 304 sample and AISI 304 coated with 

TiO2 dispersed in gelatin samples 

The Examined  

Samples 

Spinning 

speed  

Set 

 (rpm)  

Ecorr   

(mV vs. 

SCE) 

icorr 

(µA/cm²) 
Corrosion 

rate  

(10-3 mpy) 

Chi-squared 

Epit  

(V vs. 

SCE)  

(mV) 

Uncoated AISI 304 

steel 
- -67.7 0.126 9.914 3.89 265 

Gelatin only L:250-1000 -112 0.149 11.73 4.41 355 

Gelatin only M:500-2500 -87 0.154 12.13 3.51 355 

Gelatin only H:750-4000 -64.6 0.128 10.10 9.11 393 

Gelatin-TiO2-1 wt. % L:250-1000 -43.8 0.077 6.09 7.84 350 

Gelatin-TiO2-1 wt. % M:500-2500 -119 0.024 1.91 6.61 348 

Gelatin-TiO2-1 wt. % H:750-4000 -143 0.040 3.18 4.34 384 

Gelatin-TiO2-2 wt. % L:250-1000 -88.7 0.095 7.50 5.91 388 

Gelatin-TiO2-2 wt. % M:500-2500 -156 0.055 4.28 3.88 418 

Gelatin-TiO2-2 wt. % H:750-4000 -82.7 0.045 5.43 5.96 447 

Gelatin-TiO2-3 wt. % L:250-1000 -58.3 0.150 11.78 2.66 384 

Gelatin-TiO2-3 wt. % M:500-2500 -135 0.041 3.21 4.76 385 

Gelatin-TiO2-3 wt. % H:750-4000 -115 0.033 2.63 5.13 414 
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Fig. 8 Corrosion rate (10-3mpy) of AISI 304 steel coated with different nanocomposite coatings at different spinning 

speed sets (L, M and H).

Figure 9 shows the effects of both weight fraction of 

dispersed TiO2 nanoparticles and spinning speed on the 

critical pitting potential behavior of AISI 304 steel coated 

samples. It is shown that the presence of TiO2 nanopar-

ticles in the coating improves the critical pitting potential 

of the AISI 304 steel significantly. This behavior is due 

to the formation of the stable coating layers on AISI 304 

steel surface compared to the unstable oxide film on the 

uncoated AISI 304 steel, which could not sufficiently pro-

tect against pitting corrosion[16]. At 2 wt.% TiO2, the cri-

tical pitting potential has been enhanced slightly compa-

red to 1 wt.% and 3 wt. %. Increasing the percentage of 

nanoparticles in gelatin increases the roughness of coa-

ting which increases the tendency of pits initiation. The-

refore, there are a strong relationship between spinning 

speed and critical pitting potential where increasing the 

spinning speed increases the critical pitting potential sig-

nificantly to a more positive values, because the higher 

spinning speed increases the centrifugal forces, which 

enhance the top coating surface smoothness [23], decre-

ase the nanoscale roughness [24] and enhance the coating 

adhesion to the substrate [25]. The maximum impro-

vements were obtained for the AISI 304 steel coated with 

1 wt. % of TiO2 nanoparticles at the medium spinning 

speed set. 

 

Fig. 9 Critical pitting potential (mV vs. SCE) of of AISI 304 steel coated with different nanocomposite coatings at diffe-

rent spinning speed sets (L, M and H).



October 2019, Vol. 19, No. 5 MANUFACTURING TECHNOLOGY ISSN 1213–2489

 

indexed on: http://www.scopus.com 765  

 Conclusions 

This This study examines the effect of applying TiO2-

gelatin-coating using the spin-coating technique on the 

corrosion characteristics of AISI 304 steel. Two factors 

were examined in this research on the corrosion behavior 

of AISI 304 steel: the percentage of TiO2 content and coa-

ting spinning speed. Based on the results of the study, the 

following can be concluded: 

• Different nanocomposite coatings with different 

weight fractions of TiO2 (0, 1, 2, 3 wt. %) dis-

persed in a gelatin matrix were well prepared on 

AISI 304 steel samples using spin coating tech-

nique at three different spinning speed sets. 

• The uncoated AISI 304 steel exhibits the poorest 

corrosion resistance where cracks and pits ap-

pear after the potentiodynamic polarization tests. 

• TiO2 content within the suspension has an obser-

vable impact on the corrosion resistance impro-

vement. The nanocomposite coating of 1 wt.% 

TiO2 achieved the best results as compared to 

nanocomposite coatings that have 0, 2 and 3 wt. 

% TiO2. 

• Coating at a medium spinning speed set reduces 

the corrosion rate slightly compared to the coa-

ting at low and high spinning speed sets. There-

fore, a trade-off between coating spinning speed 

and coating thickness must be taken into account 

while choosing the appropriate spinning speed 

set. 
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