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This study aimed to improve corrosion resistance and adhesion of metallic materials 

typically used in automotive application. A combination of cataphoretic and Geomet 

coatings has been used to improve corrosion resistance. Firstly, cataphoretic coating 

was applied and then the coating process was completed with Geomet 321 and ML 

Black respectively. The results of the corrosion tests were classified into different 

categories such as adhesion, water resistance, moisture resistance, salt resistance and 

cyclic tests. The corrosion properties of the two- and three-layer coatings were found 

to improve as a function of both the sandblast pre-treatment and the post-cataphoresis 

curing temperature. The findings show that the adhesion strength and corrosion 

properties of Geomet 321 increases with curing temperature and sandblasting. This 

study will be a contribution to the future of protective coatings in the automotive 

industry by describing the process steps necessary to achieve optimum results. 

 

1. Introduction 

 

Metallic materials are widely used in automotive, 

aerospace, and chemical applications because of 

their strength, melting point, and hardness. 

However, corrosion resistance is poor in some 

metallic materials. Corrosion occurs when metal 

loses electrons or interacts with air, water, and 

chemicals. It may also affect the appearance and 

structural integrity of the metal [1]. Globally, the 

annual cost of corrosion is estimated to be 

approximately US $2.5 trillion [2]. Therefore, 

improving corrosion properties are an important 

issue, especially for materials used in corrosive 

environments [3, 4]. 

Electrochemical, electrophoretic, galvanic, zinc, 

chromium, phosphate coatings have been 

proposed as the best, cheapest and most effective 

industrial methods of improving metallic 

corrosion properties [5–11]. Coatings provide a 

physical barrier to metal surfaces, extending 

substrate life [12]. Electroplating and electroless 

coatings are generally used in the spacecraft and 

aerospace industry due to their high wear and 

corrosion properties and high cost [13,14]. 

Cataphoresis and Geomet coatings offer a more 

economical option than other coatings, as well as 

high corrosive resistance. That’s why, these 

coating methods have become increasingly 

popular in the automotive industry. 

Cataphoresis coatings are widely used for 

corrosion protection of metal surfaces. In this 

method, the metal substrate is immersed in an 

electrolyte coating bath and an electric current 

form a thin film [15]. A cataphoretic coating 

offers an aesthetic appearance, a long service life 

and resistance to corrosion. Cataphoresis can also 

be used as a primer before many applications, 

and superior properties can be achieved with 

different coating techniques.  
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Zinc is the most used metal for corrosion 

protection. It exhibits a lower electrochemical 

potential than other metals [16–18]. Zinc does 

not corrode as toxic as cadmium and is suitable 

for anti-corrosive coatings [19]. The organic zinc 

lamellar coating (Geomet) is ideal for use in 

automotive materials. It provides impact, 

friction, chemical and corrosion resistance for 

bolts, nuts, hinges, and discs. Therefore, the 

second and third layers were Geomet 321 and 

Geomet ML Black after cataphoresis coating. 

These coatings contain metal oxide, zinc, and 

lamellar aluminium in their structure [20].  

 

Philip et al. used accelerated corrosion tests 

(ACT) to investigate the differences between Zn-

Fe and Geomet coatings. They observed that Zn-

Fe coated screws developed white rust within one 

week, and after four weeks, significant red rust 

[21]. However, Geomet-coated screws showed 

much better corrosion resistance. No rust 

residues were observed after even eight weeks of 

exposure to ACT. 

 

Another study compared the corrosion resistance 

of mechanical, hot-dip and Geomet coatings on a 

bolt using salt spray. The hot dip and mechanical 

zinc coatings corroded in a 750-hour corrosion 

environment while Geomet coatings showed no 

red-white rusting even after 1000 hours of 

corrosion [22]. It is also ideal for use on bolted 

joints, particularly where the bolt is subject to 

constant friction. It also eliminates the risk of 

hydrogen absorption associated with many 

electroplated zinc and zinc alloy coatings. 

Another advantage over electroplating is that the 

process is low cost and has significantly less 

environmental impact [23]. 

 

Geomet coatings are completely resistant to 

inorganic and organic solvents. They provide 

long term corrosion resistance due to their ability 

to withstand thermal shock [24]. Geomet 

coatings have been reported to not only improve 

the corrosion properties of the bolt coating, but 

also to provide lubricity, reduce bolt friction and 

extend service life [22, 25]. In combination with 

cataphoresis coatings, certain coating types can 

reduce high wear rates and maximise corrosion 

resistance [26]. Non-hydrogen embrittlement 

lamellar coatings consist of a combination of zinc 

and aluminium flakes with a water-based 

inorganic coating. During application, the liquid 

is applied to the substrate and excess liquid is 

removed by centrifugal action. A final 

passivation process enhances the corrosion 

protection properties of the coating [27]. 

 

In this study two different pre-treatment 

methods, with and without sandblasting, were 

applied to the surface of the low carbon steel to 

develop a three-layer corrosion resistant coating 

process. The first layer was cataphoresis (I), the 

second layer was base coat (Geomet 321) (II) and 

the last layer was top coat (Geomet ML Black) 

(III). To optimise the corrosion resistance, 

different curing temperatures were used in the 

cataphoresis process. Adhesion and corrosion 

resistance of Basecoat 321 and Topcoat ML 

Black were investigated using water, humidity, 

salt and cycling tests to assess post-paint 

corrosion. The combined use of [C+B] and 

[C+B+T] coatings, the applicability of 

sandblasting pre-treatment and the effect of 

different curing temperatures (150, 175, 200, 

210, 220, 230 ℃) on the coatings were 

investigated, unlike other studies in the literature. 

Corrosion resistance was 50% better than other 

literature studies. The results showed that the 

best corrosion resistance was achieved with a 

three-layer coating (C+B+T) in combination 

with sandblasting pre-treatment and curing at 

210°C. 

 

2. Experimental Process 

 

2.1. Materials 

 

Low carbon steel (AISI 1040) substrates 

(75x50x5 mm) were used for the experimental 

coating. All Geomet and Cataphoresis coating 

chemicals were purchased from PPG and NOF 

Metal Coating. The coding system shown in 

Table 1 was used to product 2-layer and 3-layer 

coatings in the publication. After the necessary 

pre-treatments, the coatings were applied in two 

layers [C+B] and three layers [C+B+T]. 
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Table 1. Coding of two- and three-layer coatings 

 

To better understand the coating methods used in 

the paper, both coatings are presented in the form 

of a model in Figure 1. Figure 1(a) shows the 

two-layer coating, while Figure 1(b) shows the 

three-layer coating. All coating procedures and 

tests were carried out at "Uzman Kataforez San. 

ve Tic. Ltd. Şti". 

 

 
Figure 1. Cross-sectional model of the coatings 

(a: [C+ B] b: [C+ B+ T]). 
 

2.2. Method and process 

 

The effect of different curing temperatures 

applied to the cataphoresis coatings on the 

adhesion and corrosion properties of Basecoat 

and Topcoat was investigated. Figure 2 details 

the surface preparation of the specimens prior to 

cataphoresis and the application of Geomet 

Basecoat 321 and Topcoat ML Black. The 

variable parameters used in the experimental 

study, sandblasting, and degree of curing, are 

shown in different colours. Figure 2 shows the 

coatings applied to the substrate sample from top 

to bottom. First step two coats [C+B] and then 

three coats [C+B+T] were applied. 

 

The first step in the pre-treatment process was an 

acid degreasing process to remove oil and 

contaminants from the sample surface. This gives 

the coating a better bond strength and then 

followed by rinsing and sandblasting. 

Two different cataphoresis coatings were 

produced with the same parameters with and 

without sandblasting pre-treatment. Sandblasting 

is a mechanical method of roughening a material 

surface. Sandblasting can produce 

nanocrystalline surfaces, just like surface 

treatment [28, 29]. Cast steel granular (S-70) 

powder with a density of 7 g/cm3 with a hardness 

of 40-50 HRC was used for the sand blasting 

process (12A; 10 min. blasting). The cutting 

action of the abrasive grit completely cleans the 

surface of the substrate and improves the surface 

quality. Sandblasting makes the surface rougher 

and cataphoresis coatings adhere better to the 

rough surface and provide better adhesion. After 

sandblasting, rinsing starts again; the necessary 

pre-treatments are shown in Figure 2.  

 

Activation pre-treatment affects phosphate 

crystal structure and size [30]. The crystal grains 

in the coating are thick, especially in zinc 

phosphate baths. Excessive phosphorus in the 

coating structure makes the structure porous, 

greatly reducing corrosion resistance [31]. An 

activation process is necessary to reduce the size 

of the phosphate coating crystals. When zinc 

phosphate crystals are small and thin, a denser 

and more homogeneous coating forms. 

Therefore, prior to cataphoresis coating, the 

activation process plays an essential role in terms 

of bond strength and corrosion properties. 

Phosphating is a process which is widely used for 

the improvement of corrosion resistance and 

materials surface structure like steel [31]. 

 

The phosphating process creates a thin, rough, 

and porous layer of phosphate on the surface. 

This layer ensures that the cataphoresis coating 

harmonises with the surface. For this reason, 

phosphating is considered a fundamental step in 

surface preparation for cataphoresis coating. 

 

The formation of a zirconium passivation layer 

after phosphating provided greater corrosion 

resistance by filling the high porosity areas on the 

sample surface. It also improved the surface 

properties by increasing the adhesion of the 

organic coating to be applied (Geomet 321/ML 

Black). The phosphate film is not uniform on the 

surface. Passivation homogenises the phosphate 

and minimises the amount of air that can remain 

under the cataphoresis. After pre-treatment of the 

substrate, the first layer of cataphoretic coating 

was applied. The cataphoresis coating bath was 

prepared by selecting the concentration and 

parameters from a previous study [32, 33]. After 

cataphoresis coating, the paint on the sample 

surface was filtered twice, and curing processes 

COATING TYPE CODE LAYER 

Cataphoresis+ 

Basecoat Geomet 321  

[C+B] Two Layer 

Cataphoresis+ 

Basecoat Geomet 321+ 

Topcoat ML Black 

[C+B+T] Three Layer 
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were performed at different temperatures (150, 

175, 200, 210, 220, 230 ℃) for 20 min.                                                                                     

 

After curing of the cataphoresis coatings, the 

Geomet coating process was started. Table 2 

shows the parameters of the bath for the Basecoat 

321 and the Topcoat ML Black coatings.  

 
Table 2. Bath parameters of Geomet 321 and 

Geomet ML Black coatings 

 PARAMETERS  

B
A

S
E

C
O

A
T

 

G
E

O
M

E
T

 

3
2

1
 

Temperature 20 °C 

Viscosity 90 s (DIN 4 Cup) 

Density 1,32 g/cm³ 

pH 8 

Solids Amount %40 

PRE-DRYING 
Temperature 80-100 °C 

Time 6-10 min. 

CURING 
Temperature 300-320 °C 

Time 20 min. 

 PARAMETERS  

T
O

P
C

O
A

T
 

G
E

O
M

E
T

 

M
L

 B
L

A
C

K
 

Temperature 24 °C 

Density 1,10 

Solids Amount %25 

Coating Time 10 min. 

PRE-DRYING 
Temperature 80-100 °C 

Time 6-10 min. 

CURING 
Temperature 300-320 °C 

Time 20 min. 

 

The NOF chemicals concentration was adjusted 

using the chemical analyses methods presented 

by the company to achieve the optimum coating 

concentration for Geomet coating. 

 

A curing window was used to evaluate the curing 

quality after cataphoresis. Figure 3 shows a 

curing window showing various curing times and 

temperatures at different panel temperatures.  

 

To produce a quality coating, the values in the 

curing temperature/time regions containing the 

inner regions of the red, blue, and black lines 

should be selected. For example, the curing time 

at 180 ℃ should be between 20 and 80 min in 

Figure 3. The curing window is used to prevent 

the formation of defects on the surface from 

being coated.  

 

Increasing the curing temperature after 

cataphoresis may improve corrosion resistance 

by providing less permeability on the 

performance of anti-corrosion primers, or 

delamination and crack zones may occur due to 

stress and high hardness [34]. Thus, the degree of 

curing applied after cataphoresis coating is 

critical. In addition, a defect on the surface of the 

cataphoresis coating will adversely affect 

different types of coating to be applied to it.  

 

 

Figure 2. The pre-treatments and coating processes for [C+B] and [C+B+T] 
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Figure 3. Curing window used for determining 

coating quality after drying [35] 

 

Curing below 155 ℃ will cause the 

primer/metallic substrate interphase to become 

more active, increasing the coating's tendency to 

delamination. Too low a curing temperature 

reduces the bond strength of the coating to the 

substrate. The low binding density increased the 

delamination areas on the coating surface. The 

bond density of the coating to the substrate is 

very fast at very high curing temperatures. The 

speed of this binding density makes the 

cataphoretic coating more brittle and reduces its 

corrosion performance [36]. In both cases, the 

cataphoresis coating shows poor performance in 

corrosive environments. Therefore, the 

determination of the optimum curing temperature 

prior to Geomet coating is very important. 

 

Geomet 321 coatings were applied for 10 

minutes at room temperature, pH 8. The speed of 

the centrifuge was 280 rpm for Geomet coatings. 

The Geomet 321 coatings were pre-dried at 90 °C 

and curing at 300 °C for 30 minutes.  The 

application of the coating was carried out for 10 

minutes at room temperature. The pre-drying and 

curing parameters used for the [C+B] coating 

was applied to the [C+B+T] coating, and the 

coatings were prepared for testing.  

 

After cataphoresis coating, Geomet 321 and then 

Geomet ML Black topcoats were applied on top 

of each other, using different pre-drying and 

curing degrees (150, 175, 200, 210, 220, 230) to 

obtain the optimum corrosion and adhesion 

result. 

 

2.3. Testing process 

 

The thickness of the cataphoresis coating was 

measured using an Elcometer 456 Probe, while  

the weight of the Geomet coating was measured 

using a Fischerscope Hybrid System X Ray 

instrument. Contact angle measurements were 

performed with Theta Flex Contact Angle 

Measurement Device. Each sample was 

photographed with Canon EOS 600D camera for 

comparison of sample images after the test. 

All the post-coating tests are shown in Figure 4. 

Adhesion testing is generally used to determine 

the bond strength and the force required to peel 

the coating from the substrate on surfaces such as 

painted surfaces. All samples were tested using a 

Qualtech Cross Cutting Tester (REF DIN ISO 

2409) (6-blade system at 1mm pitch). Tests were 

performed at room temperature, 50±5% relative 

humidity and constant pressure, with a tape width 

of 25 mm and an adhesive force of 6 - 10 N on 

glass. In the adhesion test, the coating surface to 

be tested is first cleaned and degreased, then cut 

with a sharp tool (knife, razor blade) down to the 

substrate material (two cuts at 30-45°) to create 

edges where the coating can be removed.   

 

Adhesive tape is applied over the cut area and 

pressed to the coating surface diagonally along 

the pattern. The tape is then pulled back in a 

parallel direction to the surface. When the 

coating peels off because of removing the tape; it 

will be concluded that the coating adhesion 

strength is insufficient.  

Figure 4. Tests applied after coatings are produced 

REF DIN EN

ISO 2409 

DRY 
ADHESİON

ASTM D 
870-02                    

WATER
RESİSTANT

MIL-STD-
810G 

HUMİDİTY 
RESİSTANT

ASTM        
B 117 

SALT SPREY 
TEST

ASTM 
G154 

CYCLE 
TEST
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The test area is visually inspected, and the 

adhesion strength is graded based on the amount 

of peel from the substrate surface [37]. Figure 5 

shows a detailed model of the peel test.  

 

 
Figure 5. Cross-Cut Band Test Model [38] 

 

The degree of peeling of coatings can be 

determined according to the ISO standard shown 

in Table 3. ISO 0-5 represents the peel rates of 

the coatings from the best to the worst. 

Dry adhesion tests were first carried out on 

Geomet 321, and Geomet ML Black coatings 

pre-treated with and without sandblasting. The 

samples that passed the dry adhesion test were 

subjected to water and moisture resistance testing 

and then adhesion testing. After these tests, the 

adhesion and corrosion properties of the coatings 

were investigated by performing salt spray and 

cycle tests on the coatings that passed the 

adhesion test. Table 4 shows all tests and 

parameters. All adhesion tests were scored using 

the conditions shown in Table 3. "0" and"1" were 

considered successful and tested further, while 

"2", "3", "4" and "5" were considered failed and 

not tested further. 

 
Table 3. Conditions for evaluating the amount of 

peeled coating after the Cross-Cut Tape Test [37] 
Peel Type Definition Peel Degree 

 

Perfectly straight cut edges. No 
abrasions on the coating. 

        0 

 

 

 

Flaking of coatings in the crosscut 
mid-section. Less than 5%, no 
significant peeling visible. 

 

        1 

 

 

Intermediate areas and edges of the 
coating have peeling. (5- 15%) 

 

2 
 

 

Partial or total breakage along the 
peel edges, partial or total breakage 
of individual pieces in wide strips 
and trims (15-35 %). 

 

3 

 

 

 

Partial or total breakage of wide 
strips or individual squares. (35- 
65%) 

 

4 

 

 

Over 65% peel of coating from 
surface. 

        5 

 

The water resistance tests (according to ASTM D 

870-02 standard) of the coating samples 

produced within the scope of the study were 

carried out in a BM 402 water bath (Figure 6) 

[39]. The samples were kept in deionised water 

at a constant temperature of 60±2℃ in a water 

bath for 24 hours. After 24 hours, samples were 

removed from water bath and dried. Samples 

were kept at room temperature for two hours and 

adhesion tested. As a result of the peel test, no 

deformation (peeling) and no change in coating 

colour is expected. 

 

The moisture resistance of the coating samples 

was also examined in a hot atmosphere 

(according to MIL-STD-810G Method 507.5) 

using a BM 402 water bath (Figure 6) [40]. It is 

relatively important for applications where the 

coating material is exposed to changes in 

different pressure or temperature. 

 
Table 4. Test and parameters performed after 

coating 

 

This is because moisture in the atmosphere can 

react with the metal components on the coating, 

which can disrupt the coating integrity structure. 

To determine the moisture resistance, moisture 

testing was performed on the produced samples. 

Moisture can cause oxidation of the coating 

structure and chemical or electrochemical 

degradation of organic and inorganic surface 

coatings. The coating sample was kept at 40 °C 

for 150 h for the moisture test. 

 

 
Figure 6. Water and moisture resistance test (BM 

402) 

 

Test Device Temperature Time (hours) 

Water 

Resistant 

BM 402 60 ± 2 ℃ 24h 

Humidity 

Resistant 

BM 402 40±1  ℃ 150h 

Salt Spray 

(%5 NaCI) 

ASCOT 35 ℃ 1000h at 24h intervals 

Cycle Test Scania/ 

STD4319 
35 ℃ A single cycle lasts for 

24h and there are 63 

cycles to be completed 

(1512h.) (Fig 7). 
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The resistance of a coating to corrosive 

environments is evaluated by salt spray testing.  

This test is performed by spraying salt on the 

coating surfaces placed in the test chamber and 

observing the corrosive effect on the material and 

the corrosion process. To ensure the correct 

application of this test, the ISO 9227 has been 

implemented in the ASTM B 117 standard [41]. 

The study used ASCOT as a corrosion chamber. 

The salt spray test creates a highly corrosive 

atmosphere using a standard 5% NaCl solution.  

 

After testing, surface corrosion is evaluated 

according to standards and acceptance criteria. 

At the end of the test, the surface is expected to 

be free from staining, deformation, red rust (a 

max. of 5% rust [42].) and white rust due to 

corrosion. Figure 7 shows the cabinet in which 

the salt spray and corrosion cycle tests are 

conducted. 

 

A method of evaluating the performance of a 

coating in a corrosive environment is corrosion 

cycle testing. It is then subjected to a series of 

temperature, moisture, and chemical tests. Cycle 

testing is performed using the Scania/STD4319 

device according to ASTM G 154 and lasts 24 

hours. A total of 63 cycles are completed by 

returning to the start after five repetitions. The 

parameters used in the cycle tests are detailed in 

Figure 8. These cycles evaluate coating material 

durability by examining corrosion, rusting and 

other material effects. After corrosion cycles, 

specimens are inspected for corrosion severity, 

coating quality, surface deformation, and other 

characteristics. 

 

 
Figure 7. Cabinets for salt spray test (a) and 

cycle tests (b) 

 

 
Figure 8. Cycle test parameters applied to coatings. 

 

3. Conclusions and Discussion 

 

It was observed that the average coating 

thickness after cataphoresis coating was 20 μm. 

The amount of coating per m2 after Geomet 

coatings was obtained by dividing the weight 

difference before and after coating by the surface 

area.  Densities of Geomet Basecoat and ML 

Black are presented in Table 5 as g/m2. Because 

of Geomet coatings are dip-spin processes, a 

homogeneous coating is not formed on the 

surface and therefore the coating thickness is 

given in gram per m2. For visual inspection, 

images of (a) C+B (white) and (b)C+B+T (black) 

samples after coating are shown in Figure 9. 

 

Firstly, surface images of Geomet 321 (Basecoat) 

were examined in Figure 9. The adhesion 

strength of Geomet 321 is low due to the low 

curing temperatures of 150 and 175°C after 

cataphoresis. This is because the low curing  

Cycle Test

Salt test at 35 ℃ for 30 min. 

Drying at 35 ℃ for 5 min.

Washing at 35 ℃

Drying at 35℃ for 5 min.

20% RH at 35℃, 1 hour 40 min.

55% RH at 35℃, 1 hour 40 min.

90% RH at 35℃, 1 hour 20 min.

55% RH at 35℃, 2 hours 40 min.

Curing 

Degree (oC) 

Geomet 321 (g/m2) 

(Basecoat) 

ML Black (g/m2) 

(Topcoat) 

150 15.1 2.64 

175 18.8 2.14 

200 17.5 1.87 

210 26.3 2.14 

220 20.4 2.34 

230 18.2 1.25 

5x 

Table 5. Geomet 321 and ML Black coating density 

(g/m2) 
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temperature creates delamination areas in the 

coating. As a first observation, curing at higher 

temperatures gives better adhesion to Geomet 

321. Good adhesion was observed at all curing 

temperatures prior to Geomet ML Black 

(Topcoat) testing. 

 

3.1.Dry adhesion test  

 

The dry adhesion tests were carried out without 

any post coating corrosion test.  Figure 10a 

shows the images of sandblasted C+B coatings 

after dry adhesion test. Table 6 shows the degree 

of peeling of Geomet 321 (Basecoat) coatings. 

The amount of peeling decreased with increasing 

curing temperatures. A high degree of peeling of 

the coating was clearly visible at a curing 

temperature of 150°. The coatings curing at 175,  

200, 210, 220° were unsuccessful, although the 

amount of coating passing to the tape decreased 

with increasing curing temperatures. The coating 

curing at 230° has not been observed any peeling 

problem, and the sample was prepared for the 

next test.   

 

Figure 10b shows the surface images of Geomet  

321 coatings without sandblasting pre-treatment 

after dry adhesion test. Comparing the Geomet 

321 coatings with and without sandblasting pre-

treatment, the first impression is that the 

adhesion of the sandblasted samples is much 

better. In particular, the coatings at 150, 175 and  

 

200° cured without sandblast pre-treatment were 

judged unsuccessful in the dry adhesion test due 

to excessive peeling. 

No peeling was observed at 210° curing 

temperature, and the test was therefore 

successfully passed. 

 

Due to the low peel of the coatings, the samples 

treated at 220° and 230° were also eliminated. As 

a result, all second layer samples [C+B] that were 

not sandblasted except 210° were eliminated in 

the adhesion test. 

Figure 9. Surface images of after coating. (a: C+B b: C+B+T) 

 

Figure 10. Surface images of Geomet 321 (Basecoat) coatings with different degrees of 

cure after cataphoresis coating with (a) and without (b) sandblasting pre-treatment after dry 

adhesion test 
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Table 6. Dry adhesion test results of Geomet 321 

(Basecoat) coatings with different degrees 

 

Due to the low peel of the coatings, the samples 

treated at 220° and 230° were also eliminated. As 

a result, all second layer samples [C+B] that were 

not sandblasted except 210° were eliminated in 

the adhesion test. 

 

The images after the dry adhesion tests of 

C+B+T coatings with sandblasting pre-treatment 

at different curing degrees are presented in 

Figure 11a, and the test results are presented in 

Table 7.  

 

The coatings passed the dry adhesion test at all 

curing temperatures.  ML Black coatings were 

found not to peel from the surface and to adhere 

well when all surface images were analysed. 

 

Figure 11b shows the surface images of Geomet 

ML Black coatings without sandblasting pre-

treatment and with different degrees of curing. 

As with sandblasted coatings, no peeling was 

observed at all cure levels; all samples passed the 

dry adhesion test and were approved for water 

resistance testing. It can be said that the dry 

adhesion strength of ML Black topcoats is much 

higher than C+B coatings at all curing 

temperatures.  

 

This is due to the silicate material contained in 

the ML Black coating. Zinc based coatings offer 

a higher level of adhesion due to their formation 

with an epoxy resin binder and an inorganic 

silicate [43]. Silicate material has been reported 

to be a good binder in previous studies [44]. In 

addition, reducing the grain size of the coating 

material can both improve the properties of the 

coating and provide better adhesion of the 

coating to the surface as a suitable binder [45]. 

Determination of solid-liquid interfacial tensions 

is essential in terms of corrosion properties. For 

this reason, contact angles of Geomet ML Black 

(Topcoat) coatings were measured before water, 

humidity, salt fog and cycling tests. 

 
Table 7. Dry adhesion test results of C+B+T 

coatings with different degrees of cure after 

cataphoresis 
 

Coating Type 

Sandblasting 

Pre-treatment 

Curing 

Degree 

(℃) 

Peel 

Degree 

Test 

Results 

 

 

CATAPHORESIS 

+ 

GEOMET 321 

(BASECOAT) 

+ 

GEOMET ML 

Black 

(TOPCOAT) 

 

 

APPLIED 

150 1 PASSED 

175 1 PASSED 

200 0 PASSED 

210 0 PASSED 

220 0 PASSED 

230 1 PASSED 

 

 

 

NOT 

APPLIED 

150 1 PASSED 

175 1 PASSED 

200 1 PASSED 

210 0 PASSED 

220 0 PASSED 

230 1 PASSED 

 
Coating Type 

 

Sandblasting 

Pre-treatment 

Curing 

Degree 

(℃) 

 

Peel 

Degree 

 

Test 

Results 

 

 

 

 

 

 

CATAPHORESIS 

+ 

GEOMET 321 

(BASECOAT) 

 

 

 

APPLIED 

150 5 FAIL 

175 4 FAIL 

200 3 FAIL 

210 3 FAIL 

220 3 FAIL 

230 0 PASSED 

  

 

 

NOT 

APPLIED 

150 5 FAIL 

175 5 FAIL 

200 4 FAIL 

210 0 PASSED 

220 2 FAIL 

230 3 FAIL 

Figure 11. Surface images after dry adhesion test of Geomet 321 + ML Black coatings 

produced at different degrees of cure after cataphoresis coating with (a) and without (b) 

sandblasting 
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Contact angle measurements were performed 

with Theta Flex Contact Angle Measurement 

Device. The contact angle is determined 

according to a certain standard in a material 

where corrosion resistance is required. Typically, 

the aim is to create a hydrophobic (water-

repellent) effect on the coating surface to 

improve corrosion resistance. This is the way in 

which a drop of water spreads or collects on the 

surface of a material [46]. Increasing the contact 

angle allows the water droplet to spread and flow 

more, rather than collecting in a small area on the 

surface. Therefore, the effect of after coating 

curing on the contact angle was investigated. 

 

Figure 12 shows a graph of the contact angles on 

the coating surface. This shows a progression 

from a spreading (most wettable) to a non-

wetting contact angle with increasing contact 

angle. Increasing the contact angle reduces the 

liquid penetration on the coating sample surface. 

It increases the corrosion resistance of coatings 

by reducing the surface defect/corrosion rate that 

will occur over time [47]. 

 

 
Figure 12. Hydrophobicity and hydrophilicity 

varying with contact angle. (Adapted from 

Tylkowski B. and Tsibranska I.) [47]. 

 

The contact angles of the coatings increased 

according to the contact angle of the substrate. 

The contact angle of the low carbon steel 

substrate was reported to be 49.5° in previous 

studies [48]. Compared to the contact angles after 

coating and substrate, the contact angles 

increased by an average of 42% according to 

substrate (Figure 13). It can be said that the 

coatings tend from a hydrophilic to a 

hydrophobic structure with an increase in the 

contact angle. This increased contact angle 

reduced liquid retention on the coating surface 

and improved corrosion resistance. The coating 

samples were observed to increase to a contact 

angle of 73° with an increasing degree of curing. 

A whole wetting angle is observed in the 

substrate, and a partial wetting angle is observed 

in the coatings when this contact angle is 

evaluated on the graph. This result proves that the 

coating with high wetting angle provides the best 

corrosion properties. 

 

 
Figure 13. Effects of curing degrees after 

cataphoresis on coating contact angles (C+B+T) 

 

3.2. Water resistance test 

 

After the water resistance test, adhesion tests 

were performed on the with (a) without (b) 

sandblasted C+B+T and C+B (indicated in 

yellow) coatings produced at different curing 

temperatures and their surface images are 

presented in Figure 14. Table 8 shows the 

adhesion test results graded according to the 

standard. After the water resistance test, the 

samples produced at 150, 175, and 200 curing 

degrees in sandblasted (a) coatings after the 

water resistance test have not been pass the test 

as some of the coating layer passed into the 

adhesion band after the adhesion test. It was 

concluded that this situation affected the 

adhesion resistance due to the low bond density 

of the coatings on the substrate surface at low 

curing temperatures.  

 

No peeling was observed at 210 and 220° curing 

degrees and these samples passed the test. In the 

case of the non-sandblasted coatings, the samples 

produced at high cure rates (210° (C+B), 

220°(C+B+T) were not stripping from the 

surface after the water test and prepared for the 

moisture resistance test. The non-sandblasted 

coatings at 150, 175 and 200° curing failed the 

adhesion test after the water test. The coatings 

peeled off the surface at low curing temperatures 

with a water resistance effect. According to the 

59
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test results, curing temperatures above 200℃ 

increased corrosive performance and adhesion 

resistance. However, there was surface shrinkage 

due to rapid drying and a reduction in bond 

strength when cured at 230°C with and without 

sandblasting. 

 
Table 8. Adhesion test results after water resistance 

of Geomet ML Black 
Coating Type Sandblasting 

Pre-Treatment 

Curing 

Time (℃) 

Peel 

Degree 

Test 

Results 

 

 

 

 

 

 

 

 

CATAPHORESIS 

+ 

GEOMET 321 

(BASECOAT) 

+ 

GEOMET ML 

Black (TOPCOAT 

 

 

 

 

APPLIED 

150 3 FAIL 

175 2 FAIL 

200 2 FAIL 

210 1 PASSED 

220 0 PASSED 

230 4 FAIL 

230 

(Geomet 

321) 

4 FAIL 

  

 

 

 

 

NOT 

APPLIED 

150 3 FAIL 

175 3 FAIL 

200 2 FAIL 

210 3 FAIL 

210 

(Geomet 

321) 

1 PASSED 

220 0 PASSED 

230 2 FAIL 

 

3.3. Moisture resistance test 

 

In order to investigate the reaction of the 

sandblasted (a) and non-sandblasted (b) coatings 

in a hot and humid atmosphere, a moisture 

resistance test was carried out on Geomet 321 

and Geomet ML Black coatings. The tape 

adhesion tests of the coatings with (a) and 

without (b) sandblasting after moisture resistance 

test is presented in Figure 15. The adhesion test 

results determined according to the standard are 

given in Table 9.  
 

 

Table 9. Adhesion test results after moisture 

resistance of Geomet ML Black coatings 
 

Coating Type 

Sandblasting 

Pre-

treatment 

Curing 

Degree (℃) 

Peel 

Degree 

Test 

Results 

CATAPHORESIS 

+ 

GEOMET 321 

(BASECOAT) 

+ 

GEOMET ML 

Black (TOPCOAT 

 

 

APPLIED 

210 0 PASSED 

220 4 FAIL 

    

 

NOT 

APPLIED 

210 (Geomet 

321) 

0 PASSED 

220 0 PASSED 

 

After the moisture resistance test, the sandblasted 

C+B+T coating curing at 220° failed the moisture 

resistance test, while the curing at 210° and 

passed the test successfully. This is because to 

the brittle structure of the coatings after 

cataphoresis with the increase in bond density 

with high curing temperature. In addition, the 

surface contact area decreases with the increase 

in the lamellar structure of Geomet coatings [49]. 

The 2-layer [C+B] and 3-layer [C+B+T] coatings 

at 210° without sandblasting pre-treatment 

passed the test. Curing at 220° without 

sandblasting [C+B+T], coatings passed the test, 

and the samples that passed the test were 

prepared for salt testing. 

 

 
Figure 15. Adhesion test surface images of Geomet 

ML Black coatings with (a) and without (b) 

sandblasting after moisture resistance 

 

     Figure 14. C+B+T (three layer) coatings surface image of after water resistance 
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3.4. Salt spray test  

 

Illustrated in Figure 16 are the surface images 

after the salt test, depicting coatings both with (a) 

and without (b) prior to sandblasting pre-

treatment. Following the conclusion of the test, 

an absence of corrosion indications was noted on 

the ML Black topcoat, which had undergone 

curing at 210° after the cataphoresis process. The 

cataphoresis + Geomet 321 coating cured at 

210°, and the ML Black topcoat cured at 

220° failed this test due to corrosion. The non-

sandblasted Geomet 321 coating at 210℃ has not 

been pass the salt test due to the formation of too 

many red rust patches. Due to the formation of 

red and white rust patches, the non-sandblasted 

ML Black coating surface (220) also failed the 

test. 

 

 
Figure 16. Surface images of Geomet ML Black 

coatings with (a) and without (b) sandblasting after 

salt test 

 

3.5. Cycle test 

 

The surface image of C+B+T coating curing at 

220° after sandblasted cataphoresis coating is 

given in Figure 17a. The surface images of the 

321-coating curing at 210° without sandblasting 

and the C+B+T coating curing at 220° are 

presented in Figure 17b. Since the cycle test is 

more aggressive than the salt test, C+B curing at 

210° and Topcoat Geomet ML Black coating 

curing at 210, and 220° were retaken into the 

cycle test after the salt test.  

 

The best corrosion performance was obtained by 

curing at 210 and 220℃. The basecoat Geomet 

321 coating without sandblasting passed the 

cycle test as no red rust formation was observed, 

although white rust residue was formed at 210℃ 

curing condition. Topcoat ML Black coatings 

curing at 210℃ with sandblasting and 220℃ 

without sandblasting successfully passed the 

cycle test as no red rust formation was observed. 

As a result, all the coating samples shown in 

Figure 17 passed the cyclic corrosion test for 

1512 hours. 

 

 
Figure 17. Post-cycle surface images of C+B+T 

coatings 

 

The cycle results of the zinc coatings, Geomet 

coating, and the results obtained in the study after 

the salt test are shown in Table 10 for comparison 

with the study. According to these results in the 

literature, alkaline Zn, Zn-Fe, and Zn-Ni coatings 

withstood the cyclic salt test for 300 hours, 360 

hours, and 720 hours, respectively [50, 51]. 

These values were increased to 1008 hours with 

more innovative Geomet coatings. In this study, 

Basecoat 321 and Topcoat ML Black coatings 

applied on cataphoresis have not been observed 

red and white rust formation even in the 1512 

hours (63 cycles) salt test. It was concluded that  

 Alkaline 
Zn Coating [50] 

Alkaline Zn-
Fe Coating 

[50] 

Alkaline Zn-
Ni 

Coating[50] 

Cataphoresis 
Coating 

[51] 
 

[Basecoat 321] + 
[Topcoat ML Black]  

[52] 

[Cataphores] + [Basecoat 
321] + [Topcoat ML Black] 

(This paper) 

Corrosion 
Resistance 

300 hours 360 hours 720 hours 720 hours 1008 hours 1512 hours 

Cyclic Corrosion 
Resistance 

13 cycles 15 cycles 30 cycles 30 cycles 42 cycles 63 cycles 

Table 10. Comparison of corrosion properties of coating after Salt Spray 
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the cataphoretic intermediate coat applied prior 

to the Geomet coating increased the corrosion 

resistance of the Geomet (321 + ML Black) 

coatings by 50 percent.  

 

As a result, Cataphoresis and Geomet coating, 

which have superior corrosion resistance, were 

deposited together on a similar substrate, 

resulting in much higher corrosion resistance to 

corrosion environments. 

 

Analysing the dry adhesion results in Table 11, 

Geomet ML Black topcoat shows much better 

adhesion than Geomet 321 basecoat. This is due 

to the silicate material in the Geomet ML Black  

topcoat. The sandblast effect was positive for the 

topcoats, while it was negative for the 321 

coatings. According to corrosive test results, 

increasing curing temperatures obtained good 

results for both two- and three-layer coatings.  

 

Low curing temperatures which led to 

delamination and reduced bond strength. The 

first test applied to the coating samples, water 

resistance, was successful at 210 and 220 ℃. The 

coating layer shrinkage due to rapid drying and 

had a brittle structure at the high curing 

temperature (230°C).  

 

In addition, the rapid drying of the cataphoresis 

coating resulted in a rough and inhomogeneous  

 

structure, which adversely affected the corrosion 

properties due to the uneven deposition of the 

Geomet coatings on the surface. 

 

4. Conclusion 

 

In summary, the study evaluated the performance 

of the Geomet coatings, specifically the Geomet 

321 basecoat and the Geomet ML Black topcoat, 

applied by means of a cataphoresis process. The 

results showed that the adhesion strength of 

Table 11. Comparative test results of [C+B] and [C+B+T] 

coatings 
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Geomet 321 is influenced by the curing 

temperature, with higher temperatures resulting 

in better adhesion. Dry adhesion tests showed 

that using sandblasting as pre-treatment 

significantly improved adhesion, especially at 

higher curing temperatures. 

 

The contact angle measurements showed that an 

increase in the curing temperature resulted in a 

transition of the coatings from a hydrophilic to a 

hydrophobic structure, thus improving the 

corrosion resistance. The water resistance tests 

confirmed the effectiveness of the coatings cured 

at 210°C and 220°C, while the adhesion and 

performance at lower curing temperatures were 

found to be inadequate. The moisture resistance 

test highlighted the embrittlement of coatings at 

high curing temperatures, which affected 

adhesion and performance. 

 

The salt spray tests identified the optimum curing 

conditions for corrosion resistance, with coatings 

cured at 210°C showing superior performance. 

 

The cycle test, a more aggressive assessment, 

confirmed the corrosion resistance of 

Cataphoresis + Geomet321 + ML Black lasting 

1512 hours (63 cycles) without red or white rust 

formation. As a result, 50% superior corrosion 

resistance was obtained compared to other 

studies in the literature. 
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