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Abstract 

 
 Steel sheets are extensively used in various industrial applications because of their high 
mechanical properties, costs, and availability. However, in some applications such as gas, oil, and solar 
water heaters and heating, ventilation, and air conditioning (HVAC) systems, corrosion properties need 
to be further improved through new surface coatings for enhanced protection against corrosion, 
degradation, and abrasion. In many cases, a duplex coating system is used to provide extra protection 
against corrosion and degradation. In this study, steel sheet samples with varying levels of protective 
zinc coating thicknesses were individually tested as well as in conjunction with polymeric-based paint 
coatings through equal exposure times in a salt spray chamber for several days. Corrosion and 
mechanical testing of varying zinc coatings, especially in duplex systems are hardly available in the 
literature reviews, and this study reports new findings in the HVAC field. The prepared samples were 
kept in a salt spray chamber for different time frames (250 – 1000 hours), and the effects of corrosion 
damages over time were investigated. Before and after the evaluations, all the sheet samples were 
subjected to tensile testing to study the changes in mechanical properties. It was discovered that duplex 
coating systems that involve a zinc coating with an organic polymer-based powder coat or pre-painted 
finishes on metal sheets (G30, G60, and G90) showed little or no sign of corrosion degradation over 
time, and therefore experience substantially fewer property changes. However, the surfaces of the 
uncoated or one-layer coated samples were severely damaged in the salt spray chamber, reducing the 
lifetime of the HVAC system. It is concluded that the duplex system provided better corrosion and 
chemical resistance against environmental degradations.  
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1. Introduction 
 
Corrosion is a process of deteriorating materials or their surfaces due to environmental 

influences and is a very destructive attack (Asmatulu et al., 2007). Corrosion has a substantial 
environmental and economic impact on all facets of infrastructure, from bridges, highways, buildings, oil 
and gas pipes, chemical processing, water, and wastewater treatment systems. Besides material loss, 
corrosion interferes with the safety of humans, damages industrial operations, and poses a danger to 
the environment and health. Therefore, corrosion awareness and adaptation of timely and appropriate 
control measures are key to lessening corrosion failures during the service (Roberge, 2008). 

Corrosion involves oxidation and reduction reactions on the surface of materials exposed to a 
harsh environment. These reactions take place at the anode and cathode sides. Oxidation occurs at the 
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anode, reduction occurs at the cathode, and electrons follow from the anode to the cathode (Ahmad, 
2006). This means that there is a loss of electrons due to the negative potential of the anode compared 
to the cathode. In short, the anode is the part of the metal that corrodes by changing its properties. The 
cathode, on the other hand, is considered nobler than the anode, and therefore gains reactions and 
does not corrode. This reaction takes place based on the potential difference between the anode and 
cathode and is carried out by an exchange of ions known as anions and cations (Ahmad, 2006). Anions 
are the negatively charged ions that move in a current toward the anode, while cations are the 
positively charged ions that do the opposite and move toward the cathode. 

Conversion coatings are applied to galvanized steel surfaces to improve the adhesion of 
additional protective coatings and for the protection of the zinc coating (Hernandez-Alvarado et al., 
2012). In this study, a duplex system of coatings has been used. A duplex system is a type of corrosion 
protection in which a powder coating or paint is applied to a steel surface that has undergone a hot-dip 
galvanizing process. When these two methods are used, the level of corrosion protection is much better 
than using each system independently. Powder coating or painting over hot-dip galvanized steel 
requires thorough preparation, proper skills, and clear knowledge of the two systems. The duplex 
system can be very useful when the powder coating or paint achieves good bonding, and there is 
correct substrate preparation of the galvanized surface (Hernandez-Alvarado et al., 2012).  

 Zinc coating is an economical and effective method for protecting steel substrates from the 
atmospheric corrosion environment. To facilitate cathode protection, zinc coating acts as a barrier 
against the corrosive environment by corroding itself sacrificially (Bhadu et al., 2013). Protection by 
galvanization may be enhanced by using a thicker zinc coating or by painting the metallic substrate 
(Guin, 2011). Paints generally improve the surface life underneath zinc coating and act as a barrier 
against zinc reaction with environmental species. Pinholes, air bubbles, craters, and cracks found in the 
paint are sealed by corroded zinc products. Additionally, zinc products that were corroded generally 
occupy 25% more volume than zinc, and iron oxides occupy a volume many times greater than steel; 
therefore, forces are reduced at the zinc-paint interface compared to those at the steel-paint interface 
(Revie and Uhlig, 2008). Surface degradation is a common problem in coatings when they are exposed to 
sunlight / UV light, moisture, pollutants, and oxygen (Nuraje et al., 2013). Therefore, by applying nano-
coatings, a new approach has been found to show a better performance (Asmatulu et al., 2011). Thin-
film coating technology enables control of surface-related properties, such as corrosion resistance, while 
allowing underlying substrates to be chosen for their strength and toughness. 

Atmospheric corrosion testing of materials has a long history of application in evaluating coated 
and uncoated corrosion products. Salt spray test results are used to determine a material's suitability for 
a particular application. Salt spray testing practice is a standard method of evaluating corrosion 
products. For example, in galvanized steel, salt spray attacks the bare zinc. Zinc resists corrosion, but its 
resistance depends on the formation of reaction products. When galvanized steel is exposed to normal 
conditions, such as marine or road salt environment, zinc generally forms a passivation layer, mainly zinc 
carbonate, which resists attacks by salt and all other elements and ensures prolonged corrosion 
protection (Asmatulu et al., 2007; Roberge, 2008; Ahmad, 2006). 

 
2. Experiment 
 
2.1 Materials  
 

Three different steel plates (G30, G60, and G90) with various galvanic coating thicknesses were 
selected. It was found that thicknesses higher than G90 were not only difficult to acquire but were also 
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very uncommon according to the steel suppliers. Due to these limitations, the following steel plates 
were coated and tested as given in Table 1. 

 
Table 1: Material characteristics of the steel used for this project 

 
 

The materials selected for testing were varied in many ways than just by galvanic coating 
thickness as can be seen in Table 1. For example, unpainted G30 material was not available; therefore, a 
pre-painted sample was ordered with the understanding that the effects of corrosion may be different 
than the G60 and G90 samples. Additionally, the hardness of the steel varied for each sample. The "CQ" 
on the G30 material represents commercial quality steel, which is common in the range of 40-65 HRH 
(Rockwell Hardness). Similarly, “DS” on G60 material represents draw quality steel, softer steel having 
HRB in the range of 35-50. Finally, “EDDS” on the G90 material represents extra deep draw steel, even 
softer steel having HRB in the range of 15-30. 

 
2.2 Methods 
 

All the samples were differentiated based on zinc coating thickness. The scheduled test time in 
the salt spray chamber was up to 1,000 hours. Each set of samples had 3 duplicate specimens to take 
the average test results. The raw metal sheet materials were cut down to 7.5” x 4.0” blanks using the 
hydraulic shearing machine. This size was selected to support a 90° bend along the long axis and to fit in 
the sample trays available for the salt spray chamber. The material blanks were bent at a 90° angle on 
the long axis using the manual sheet metal brake. This was done to simulate a tensile load on the zinc 
coating on the outer edge of the bend and determine if a unique corrosion phenomenon would occur 
along the bend lines. A total of 12 G60 and 12 G90 samples were subjected to powder coat paint. This 
allowed 3 specimens for each sample to be tested at 250, 500, 750, and 1,000 hours of salt spray 
exposure. At the time of the procedure, the paint booth was in the process of optimizing the spray 
program to reduce variation in paint thicknesses. The PosiTector 6000 coating thickness gauge was used 
on all the painted samples after the procedure was done. The purpose of this test was to record the 
variation in paint thickness on the samples before testing to determine if it had any impact on corrosion 
formations.  The salt chamber was operated in steady-state conditions at 95°F with 5% salt content 
(NaCl) as per the ASTM B117 standard and chemical and mechanical properties were investigated (ASTM 
D1654; ASTM B117). After the salt spray chamber (Singleton), the samples were cleaned in warm water 
to remove salt deposits. A soft brush was used to expose the corroded substrate and any visible rust on 
these samples. The samples were dried immediately following the rinsing and were cut furthermore 
using the hand lever shears to prepare for tensile strength test coupons. The tensile test coupons were 
extracted by a shear cutter before and after the salt spray tests.  

 
3. Results and Discussion 
3.1 Tensile Properties of Corroded Metal Sheets 
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All the prepared samples were subjected to tensile test to evaluate the effects of corrosion on 
the mechanical properties of the steel with different organic and inorganic coatings. It was initially 
anticipated that there would be a distinct difference in the strength of the samples as they were 
exposed to a salt spray chamber for a long duration. Figure 1 shows the stress-strain curve for the G60 
powder-coated metal sheet samples as a function of salt spray exposure time. There was an average 
reduction in ultimate stress of 8% on the unpainted samples compared to painted ones, but yield 
stresses were nearly the same. In another case, the unpainted samples tested at 500 hours had a 21% 
change in yield stress over the painted variants. A 0.2% offset method was used to determine the yield 
strength for the G90 sample, compared to visualize and pinpoint the yield strength for the G60. A more 
likely possibility, however, is the fact that the thicker layer of zinc protection on the G90 allowed for less 
degradation in the unpainted sheets, resulting in a less severe reduction in mechanical properties. As is 
seen in Figure 1, the sample with 750 hours of exposure time displayed slightly better mechanical 
properties than its counterparts 
 

 
Figure 1: Stress-strain curve of the G60 powder-coated metal sheet samples 

as a function of salt spray exposure times 
 
Figure 2 shows a summary of the 12-powder coated G90 samples. This material had impressive 
repeatability in tensile strength results across all samples compared to the G60 material. There was 
practically no difference in tensile strength between any of the tested durations, which may be because 
of the shallow surface damages and paint degradations. 
Figure 3 shows a summary of the 15 pre-painted G30 samples. Like the G90 material, these samples 
performed very close to one another with little to no tangible impact on the structural integrity of the 
steel.  
A summary of the 11 unpainted G60 metal sheet samples is shown in Figure 4 as a comparison. First, the 
samples that were untested in the salt spray chamber withstood slightly lower stress than the other 
samples in the beginning, but in turn managed to withstand more elongation, as well. Additionally, the 
250-hour sample failed quite early compared to the rest. Most likely, these are related to the structural 
changes in the selected materials along with the salt spray effects.  
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Figure 2: Stress-strain curve for the G90 powder-coated sheet samples as a function of salt spray exposure time 

 

 
Figure 3: Stress-strain curve for G30 pre-painted samples as a function of the salt spray exposure times 

 

 
Figure 4: Stress-strain curve for the G60 unpainted samples as a function of exposure times 
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In these studies, about 11 unpainted G90 samples were compared to each other, and the test 
results are shown in Figure 5. Although the samples here overlapped nicely for the most part, 
particularly in terms of strain values, however, there appears to be an outlier in the 500-hour sample, 
like the outlier seen in the G60 comparison from Figure 4. The similar materials' property effects and the 
salt spray degradations.   
 

 
Figure 5: Stress-strain curve for the G90 unpainted samples as a function of exposure times 

 
Figure 6 shows the comparisons among the three unpainted G60 samples. These specimens 

were unique in that they consisted of both 1,000-hour G60 bottom edge samples compared against a 
similarly sized untested G60 sample. The purpose of this comparison was to assess the most severe 
corrosion and rusting that may be observed throughout the salt spray chamber studies. In this case, a 
noticeable reduction in mechanical strength can be seen on the selected test coupons after exposure. 
 

 
Figure 6: Stress-strain curve for the G60 unpainted samples with severe corrosion effects under the salt spray tests 
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Figure 7 reveals the comparisons among the three unpainted G90 samples. These specimens 
provided similar test results that are observed in the tests of the G60 samples. Although the difference 
in material strength between the severely corroded samples at 1,000 hours and the 0-hour sample was 
to be expected, the range of strain across all the values raises the question of which one(s) are the 
outliers. Based on our observation, multiple parameters can be seen on the prepared samples for the 
various mechanical property changes (stress, strain, elongation, elastic modulus, yield, and ultimate 
tensile strengths, etc.), which are mostly related to the material's structure, coating, and properties, 
testing conditions, local degradations, and some other unknown effects.   

 

 
Figure 7: Stress-strain curve for G90 unpainted samples with severe corrosion effects 

 
Tsyrulnyk and Heneha (2004) studied the effects of stressed steel and concluded an intensified 
dissolution of sacrificial anodes on steel in loaded or stressed conditions. The tensile strength testing 
provided insight into an evaluation method less commonly found in this type of corrosion testing, yet 
still applicable to make comparisons between different samples. Tensile strength testing is also 
applicable in fatigue testing. Coni et al. (2009) studied the influence of the coating on the mechanical 
properties of galvanized steel. They determined that the specific yield strength and the specific tensile 
strength of the stripped samples were higher than that of the coated samples, which indicates that the 
presence of coating decreases the specific yield and tensile strength of the galvanized steel sheet (Coni 
et al., 2009). The zinc coating displayed a higher influence on the reduction of the specific yield strength 
between coated sheets and striped sheets. X. Shi et al. (2009) used homogeneous epoxy coatings 
containing nanoparticles of SiO2, Zn, Fe2O3, and halloysite clay on steel substrates to provide extra 
protection against corrosion and enhance mechanical properties. They determined that the mechanical 
properties of nanocomposites largely depend on the integrity and internal properties of the coating 
surface, since under mechanical stress the micro-voids between the nanoparticles or between the 
polymer matrix and the nanoparticles may become the origin of cracks. They also reported an increase 
of around 30% in young’s modulus for the nano-Zn-modified epoxy coating. Structural and technological 
effects in some materials can change the overall properties of the sample, which causes variations in the 
physical and chemical properties (Subeshan et al., 2022; Zhang et al., 2013; Khadak et al., 2021; 
Subeshan et al., 2020; Alarifi et al., 2019). 

 



The Journal of Management and Engineering Integration Vol. 15, No. 2 | Winter 2022    

76 
 

3.2 Visual Analysis of Corroded Surfaces 
All the G30, G60, and G90 samples were initially free of rust regardless of the paint finish (pre-

paint vs. powder coat) or test time. The powder coating proved to be an effective and impenetrable 
protective coating due to its hard and smooth surface. These samples specifically had little or no salt 
deposits on the surface when being removed from the chamber. Similarly, the pre-painted G30 material 
did not display any signs of rust despite the slightly more textured surface, when compared to the 
powder-coated finish. The 90° bent the samples did not appear to promote any signs of degradation, as 
well. The coated samples have a uniform thickness of paint, and this coating would cover any of the 
microcracks in the zinc coating. 
Although there was no red color rust seen on any of the painted samples, many samples suffered from 
blistering due to the corrosive effect (cathodic reactions with hydrogen gas formation). There was a 
noticeable difference in the blistering between pre-painted G30 steel and G60 or G90 powder-coated 
steel. In the case of G30, blistering occurred frequently both around the scribe line as well as away from 
it.  This was likely due to a combination of the relatively thin layer of zinc protection (or damaged zinc 
film) coupled with the pre-paint finish that was less protective than the harder powder coat alternative.  
Figure 8 shows the blistering effects on the 750 hours and 1000-hour tested G30 samples. Blistering 
mainly forms near the damaged areas and on the edges.  

 

 
a) 

 
b) 

Figure 8: Blistering effects on the G30 samples for a) 750 hours and b) 1,000 hours 
 

For the 250 and 500 hours of exposure, the samples showed some little blistering along the scribe line. 
The scribe line itself did not exhibit any severe corrosion outside of small traces of salt deposit 
embedded in the scribe. The blistering that occurred sporadically across the surface would quickly prove 
detrimental to the long-term reliability and appearance of the material. The G60 and G90 material that 
was powder coated behaved similarly to the G30 samples in some ways. The primary similarity was the 
blistering effects; however, it was limited to the scribe line in nearly all cases. Additionally, both the size 
and frequency of blisters along the scribe line were increased with these samples, as well as compared 
to G30. Figure 9 shows the G60 and G90 powder-coated samples after 1,000 hours of salt spray 
exposure times. 
Additionally, some blister formations have been seen in some of the samples due to the aggressive 
corrosive atmosphere. Salt spray caused oxidation and destroyed the coating structures to improve the 
corrosion rates and reduce the mechanical properties.  Also, it was reported hydrophobic and 
superhydrophobic coatings greatly improve the corrosion resistance of the surface by eliminating the 
corrosion formations and keeping the mechanical strengths of the substrates (Asmatulu et al., 2007; 
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Nuraje et al., 2013; Asmatulu et al., 2016; Jurak et al., 2020). Marin et al. (2011) improved the corrosion 
resistance of AISI 316 stainless by coating using atomic layer deposition (ALD) of Al2O3/TiO2 layers. 
 

 
a) 

 
b) 

Figure 9: Blistering effects after 1,000 salt spray tests on a) G60 and b) G90 samples 
 

Leppan̈iemi et al. (2018) used atomic layer deposition coatings to seal pinholes resulting in physical vapor 
deposition coatings to provide extra resistance against corrosion. Joseph et al. (2021) conducted several 
experiments on galvanized steel sheets for roof building and construction in rainwater and acidic 
environment and found that the green sheets were the least affected in rainwater with a lower 
corrosion rate. Additionally, the lowest corrosion rate values were observed in the rainwater 
experiments compared with the acidic environment tests. In hydrochloric acid (HCl) solution weight-loss 
experiments, the green roofing sheet showed the maximum corrosion rate compared to the cream 
roofing sheet. Recent studies also indicated that the corrosion properties of many metallic and organic 
surfaces can be altered using hydrophobic and superhydrophobic coatings and nanocomposite coatings, 
and the lifetime of those substrates was substantially improved. In corrosion and coating-related issues, 
polymer degradation is also a major issue to consider for better corrosion mitigation (Subeshan et al., 
2022; Zhang et al., 2013; Khadak et al., 2021; Subeshan et al., 2020; Tran et al., 2018; Asmatulu et al., 
2019). 

 
4. Conclusions 
 

Many steel sheets with different zinc coating thicknesses and paint finishes used for HVAC 
systems were tested under different salt spray conditions to evaluate degradation levels and mechanical 
properties. Duplex systems involving combinations of inorganic metallic-based coating systems with 
organic polymer-based paint finishes are commonly used in manufacturing processes, but there is a 
paucity of literature on this subject. Duplex coating systems experienced no (or very little) degradation 
of strength regardless of the number of hours exposed to the salt spray chamber environment up to 
1,000 hours. This is due to the high level of protection provided by the outer organic powder coating 
layer and further protection from the underlying zinc layer.  This was true for all cases including the G30, 
G60, and G90 steel sheets used for the HVAC systems. There was some decrease in the yield strength of 
certain unpainted steel sheets compared to painted counterparts. The sample G60 experienced a 30% 
reduction in yield strength due to the uniform surface corrosion, and only a small 6% reduction in 
ultimate tensile strength. Additionally, this same relationship was not seen between painted and 
unpainted G90 material and is likely due to the increased coating thicknesses. 
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