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Abstract
Corrosion resistance is one of the essential criteria in the automotive industry, especially in harsh 
climates, as it causes severe damage to vehicles. Therefore, the anti-corrosion factor should be 
a complementary and integral part of other safety standards. An experimental investigation for 
monitoring and evaluating the corrosion behavior of high strength low carbon steel plates with 
different surface characteristics and treatments conditions used in the automotive industry exposed 
to a salty, corrosive thermo-accelerated medium has been introduced in this empirical study. The 
produced samples are divided into four main groups: welded, unwelded, coated, and uncoated. 
These samples were exposed to an aggressive chemical medium consisting of salty-aqueous spray 
with a 5% NaCl concentration at 35°C with speed and pressure. All changes in surface features, 
including topography, roughness, and corrosion products, were measured and analyzed periodically 
every 8 hours for 24 hours by scanning electron microscopy, optical microscopy, and CSPM imager 
surface roughness analysis. The results showed that the coated samples had lower roughness 
values and lower corrosion products after 24 hours under the salty-aqueous spray test.
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1. Introduction
Since the 1930s, rock salt has started to be sprayed on roads 

in the winter to de-ice and prevention of the formation. Adding 
salt (or salty solutions) reduces the freezing point of water to 
below -20°C, where the salt acts as an inhibitor of the ability of 
water molecules to form solid ice crystals so they remain liquid 
[1, 2]. Although this method saves thousands of lives and 
prevents thousands of accidents annually, on the other hand, it 
has caused pollution and the emergence of many of its adverse 
effects on plants, insects, aquatic animals, water sources, and 
wetlands, close to these roads [3-9]. Furthermore, a significant 
problem has been arisen for cars due to salt spray which is 
corrosion. Repeated exposure to salt affects the unpainted parts 
of the car and the painted parts. As the coating layer becomes 
unstable and micro-holes begin to appear, which allows the 
penetration of water and its contents of salts, leading to the 
formation of underneath bubbling up. Eventually, the coating 
layer begins to flake off. Rusty metal layers appear under it, 
which will soon flake off and fall, resulting in the holes if not 
treated [10-14]. Therefore, it is essential to consider the issue of 
corrosion in vehicles at a level not less than other safety factors 
such as body stiffness, strength, airbags, crash severity sensing, 
fuel consumption efficiency, fire resistance, and so on [15-17]. 

A wide range of metals and alloys are used in the automotive 
industry, including, steels, aluminium alloys, composite 
materials, and other lightweight materials, So, according to 
this diversity, the corrosion behavior varies from one material 
to another of these materials. Many types of steels are used 

in the automotive industry, the most common being high-
strength steel, with various grades, and mild steel, as shown 
in the Fig. 1, represents the safety cage of Volvo XC60 which 
indicates the materials used in its manufacture [18-28]. 
The use of a high-strength steel in the vehicle’s body can be 
increased the capacity for energy absorption and plastic 
deformation resistance of the component. To maintain 
weldability and formability of automotive parts, high-strength 
steel will have a low alloying and carbon content, with several 
alloying elements such as titanium, copper, vanadium, and 
niobium, which are added to obtain a strengthened structure 
[29-33]. Electrochemical reactions mainly cause corrosion in 
automobiles, in addition to other corrosives such as humidity, 
temperature, a range of air contaminants like chlorine, sulphur 
oxides, nitrogen oxides, de-icing salts that are the subject of 
this study. The steel is immersed in a suitable electrolyte, such 
as water or road salt, and certain localized anodes and cathodes 
are created. Electrons move from the anodes to the cathodes 
during anodic oxidation and cathodic reduction, as seen in 
Fig. 2 [34-37]. There are many techniques used for corrosion 
protection and the most common of which is zinc coating or 
as it is called galvanization. Coating by Zinc provides good 
corrosion resistance to steel through cathodic control. The 
zinc coating layer has an effective adhesion to the steel surface 
which will improve the corrosion and abrasion resistance due 
to the characteristics of the galvanizing process. Besides the 
effectiveness of this technology, it is also considered as low cost 
and easier to implement compared to other technologies [36, 
38-41].
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 Fig. 1 Materials of Volvo XC60 safety cage [18]
 1. ábra A Volvo XC60 biztonságiváz anyagai [18]

 Fig. 2 Corrosion of an automotive body structure
 2. ábra Az autóipari karosszéria szerkezetének korróziója

2. Materials and  methods
2.1 Materials used

High strength low alloy steel was used in this study. The 
chemical composition analysis of high-strength low carbon 
steel shown in Table 1 was carried out by the ICP-OES method 
using spectrometer 720 ES.

Chemical composition, %

C S Mn Si P Cr Ni Cu Mo V
0.07 0.012 0.230 0.140 0.010 0.022 0.036 0.050 0.002 0.003

 Table 1 Chemical composition of high strength low alloy steel
 1. táblázat Nagy szilárdságú, alacsony ötvözetű acél kémiai összetétele

2.2. Samples preparation
Four samples of high strength low alloy steel (HSLA) plates 

with dimensions of 5 cm width, 5 cm length, and 1 mm 
thickness, whose details are illustrated in Table 2, were used 
in this study. The welding process is done using tungsten inert 
gas arc welding (TIG welding) by Elektra Beckum Industrie 
WIG 160 DCI. Stress relieving heat treatment was performed 
at 120 °C for 1 hour, after the cutting and welding process. To 
provide the optimum surface adhesion, the samples have been 
cleaned by immersion for 1 min in a dilute HCl mixed with 
2 ml of hexamethylenediamine (HMD) corrosion inhibitor 
to mitigate the effect of HCl on the sample surface upon 

immersion. After removing the samples from the cleaning 
solution, they are washed with distilled water, then dried with 
cotton and placed in a closed container containing a moisture 
barrier to prevent their oxidation. All sides of the samples 
are completely coated with a layer of a 200 µm thickness of 
liquid zinc spray type MAESTRO. The thickness of the coating 
layer was measured by paint thickness tester PCE-CT 25FN. A 
summary of the processing steps shown in Fig. 3.

Sample Treatment condition

1 Unwelded and uncoated

2 Unwelded and coated

3 Welded and uncoated

4 Welded and coated

 Table 2 Details of test samples
 2. táblázat Vizsgálati minták részletezése

 Fig. 3 Processing steps of HSLA plates
 3. ábra A HSLA lemezek feldolgozási lépései 

2.3 Tests
2.3.1 Salt spray
Thermo-accelerated salt spray test under 5% NaCl salt 

spray was used to simulate corrosion conditions in natural 
atmospheres was done according to ISO 9227 [42]. Salt spray 
cabinet model SF/450 found at University of Miskolc, Hungary 
was used to complete this test. All surface characteristics of the 
samples have been recorded before the test started. All surface 
changes were measured and analyzed during three specific 
periods, 8, 16, and 24 hours, respectively at 35°C.

2.3.2 Scanning Electron Microscopy (SEM)
This analysis used to determine the spatial distribution of 

corrosion products on the surface of samples by Carl Zeiss EVO 
MA10 SEM found at the University of Miskolc in Hungary.

2.3.3 Optical Microscopy
In this surface inspection, Carl Zeiss light optical microscopy 

with a magnification of 50x was used to detect the extent and 
spatial distribution of rust, and secondary precipitated phases 
at the surface of the samples.

2.3.4 Surface roughness
The CSPM imager program shown in Fig. 4 has been used 

to surface roughness mapping and evaluation parameters. The 
investigated surface roughness parameters were mainly the 
average of the roughness profile (Sa) and core roughness depth 
(Sk). This superficial evaluation was done according to ISO 21920 
for profiles [43, 44] and ISO 25178 for 3D measurements [45].
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 Fig. 4 The CSPM imager program
 4. ábra A CSPM imager program 

3.Results and Disscusion
3.1 SEM analyses for Surface corrosion products

In such an artificial environment with precipitating salty water 
with 5% NaCl that mimic the natural conditions of corrosion, 
HSLA steel plates start corroding in the aqueous salt solution 
containing dissolved oxygen according to electrochemical 
reaction mechanism, therefore, there will be migrating tiny 
local anode and cathode sites with iron dissolution (which 
will oxidized to ions) and oxygen reduction, respectively. Then 
the iron(II) and iron(III) cations can react with the anions 
(first of all OH‐ anions) present nearby with the formation of 
soluble and non‐soluble oxide‐hydroxides and other corrosion 
products depending on the actual local electrochemical 
reactions and physical transport circum‐ stances (diffusion, 
the solution flows, etc.) [46]. Surface inspection of the samples 
after exposure to 5% NaCl salt spray for 24 hours has been 
accomplished by SEM-EDX analysis, and the details are shown 
in Fig. 5 and Fig. 6, respectively. The corrosion products of this 
process are listed as oxides in Table 3. In Fig. 5, the unwelded 
and uncoated sample showed a severe oxidized surface state 
that extended over most of the surface, and this state is very 
clear in Fig. 6 as well. The chemical composition of this 
oxidized surface contained about 86.53 wt.% FeO. The analysis 
also showed that the surface of the unwelded and uncoated 
sample contained some compound-bound chlorine (Cl2O) 
with a quantity of 10.55 wt.%. This indicates that the chloride 
ions migrated or penetrated the steel surface. Since the chloride 
ions can quickly and easily dissipates because this sample does 
not have any protective layer. These ions will initiate and/or 
develop their corrosion layer through the possible subsequent 
formation of various iron-oxide-hydroxide (rust) compounds.

In the unwelded and coated sample, the oxidized surface 
state was reduced by 94.5%, where the FeO content has been 
decreased from 86.53 wt.% to only 4.75 wt.%. The FeO formation 
on the coated sample surface is because of the possibility of 
creating microcracks in the areas of invisible defects of the 
zinc coating layer resulting from the attack of chloride ions. 

Thus, the speed of the salt spray helped in the penetration of 
the saline solution inside the zinc coating layer and thus led to 
the destroyed (i.e., chemically modified and dissolved away) 
and peeling of parts of this protective layer. Because of this, the 
chloride ions content in the oxidized surface was 1.86 wt.%, 
which is also reduced by 82.4% of what it was in the uncoated 
sample. As for the welded-uncoated sample, we can notice an 
increase in the FeO value to 87.95wt.%, which is higher than 
the unwelded-uncoated sample value, as this sample did not 
withstand the attack of chloride ions, where the Cl2O was high 
(9.96 wt.%) as well as the extension of the oxidized surface 
to include the welding area as well as shown also in Fig. 6, 
although carry out a stress removal treatment to get rid of the 
heat-affected zone (HAZ). It is possible that this is related to 
the presence of some micro-defects in the welding area results 
from the inefficiency of the welding process entirely along with 
the sample, which caused the appearance of rust in the welding 
surface. 

 Fig. 5 SEM analysis for HSLA steel plates after exposure to 5% NaCl salt spray 
for 24 hours, (a) unwelded and uncoated sample, (b) unwelded and coated 
sample, (c) welded and uncoated sample, and (d) welded and coated sample

 5. ábra A korroziós teszt után (24 óra, 5%-os NaCl sópermet) a HSLA acéllemezek 
SEM-elemzése: (a) hegesztés és bevonat nélküli minta, (b) hegesztés nélküli 
bevonatos minta, (c) hegesztett bevonat nélküli minta, (d) hegesztett és 
bevonatos minta

 Fig 6. Surface topography and roughness measurements of high strength low alloy 
steel after 24 hours of exposure to 5% NaCl salt spray, (a) unwelded and 
uncoated sample, (b) unwelded and coated sample, (c) welded and uncoated 
sample, and (d) welded and coated sample

 6. ábra HSLA acéllemezek felületi topográfiájának és érdességének mérési eredményei 
a korroziós teszt után (24 óra, 5%-os NaCl sópermet): (a) hegesztés és bevonat 
nélküli minta, (b) hegesztés nélküli  bevonatos minta, (c) hegesztett bevonat 
nélküli minta,(d) hegesztett és bevonatos minta.
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Components
EDX composition analysis, wt%

a b c d

Cl2O 10.55 1.86 9.96 2.99

SiO2
2.25 1.75 1.54 1.5

MnO 0.67 0.76 0.55 0.94

FeO 86.53 4.75 87.95 6.98

ZnO - 74.65 - 72.36

 Table 3. The chemical composition of HSLA steel samples at different test durations 
under 5% NaCl salt spray analyzed by SEM-EDS, (a) unwelded-uncoated 
sample, (b) unwelded-coated sample, (c) welded-uncoated sample, and (d) 
welded-coated sample

 3. táblázat HSLA acélminták kémiai összetétele SEM-EDS elemzéssel 5%-os NaCl 
sópermet után: (a) hegesztés és bevonat nélküli minta, (b) hegesztés nélküli 
bevonatos minta, (c) hegesztett  bevonat nélküli minta, (d) hegesztett és 
bevonatos minta.

 Fig. 7 EDX mapping analysis for HSLA steel plates
 7. ábra HSLA acéllemezek EDX elemzése 

As for the welded-coated sample, the oxidized surface was higher 
than in the unwelded-coated sample, where the FeO content was 
(6.98 wt.%) as we note from Fig. 7 that despite the coating, the 
welding area has also oxidized. The reason for this is the rapid 
appearance of microcracks in the coating layer that covers the 
welding area, because it is uneven, so the superficial protuberances, 
no matter how small, will be prone to peeling the paint layer off 
it and being attacked by chloride ions. Therefore, we see that the 
proportion of Cl2O is also high (2.99 wt.%) when compared with 
the Cl2O proportion of the unwelded-coated sample. The EDS 
analysis of HSLA steel plates is shown in Fig. 7. Rust is made up 
of a variety of oxides, including hydrated oxides, oxyhydroxides, 
and other crystalline and amorphous compounds, although the 
major components are iron and oxide.  As a result, determining 
the oxygen ratio in the rust layer can provide insight on corrosion 
process under similar exposure conditions. To further understand 
the initial corrosion, the chemical composition of the rust layer 
was examined after 24 hours period of salt spray exposure at 
typical locations and showed several corroded regions. General 
corrosion developed throughout the area, as seen in Fig. 5, and Fig. 
6. Corrosion progressed in the sample un welded- uncoated and in 
the welded and uncoated sample, that was conformed also by peaks 
of oxygen in EDS analysis. The overall decrease in the corrosion 
rate in the samples with coating suggests that the corrosion delay 
was due to the Zinc coating layer because it decrease the harmful 
attack of chlorides. Corrosion in welded-uncoated sample in 
reality, when comparing the corrosion in the weld and HAZ zones, 
these zones is more severe due to the thermal effect because the 
welding temperature and these with effect of chlorides it will be 
weak to resist the corrosion [47].

3.2. Monitoring and evaluation of optical micrographs for 
the surface

Light optical micrographs for the surface of samples are 
presented in Fig. 8. The visual examination revealed that the 
corrosion initiated and started on the whole surface area of 
unwelded-uncoated and welded-uncoated samples. Inspection of 
the unwelded-coated and welded-coated samples upon corrosion 
initiation typically revealed one distinct corroding spot, which in 
some cases was surrounded by significantly smaller corrosion pits 
on the coating layer. The small corrosion pits were interpreted as 
micro defects where corrosion had initiated but could not reach 
stable pit growth (in contrast to the dominating corrosion state).

 Fig. 8 Light optical micrographs of HSLA steel plates after 24 hours of exposure to 
5% NaCl salt spray, (a) unwelded and uncoated sample, (b) unwelded and 
coated sample, (c) welded and uncoated sample, and (d) welded and coated 
sample

 8. ábra A korróziós teszt után (24 óra, 5%-os NaCl sópermet) a HSLA acéllemezek 
fénymikroszkópos felvételei: (a) hegesztés és bevonat nélküli minta, (b) 
hegesztés nélküli bevonatos minta, (c) hegesztett bevonat nélküli minta, (d) 
hegesztett és bevonatos minta

3.3 Surface topography changes in roughness 
The change in surface roughness on the HSLA steel plates 

surface was mentioned in Fig. 6. Before the salt spray test, 
the surface of the samples has a typical ground topography. 
However, this simple regular surface pattern soon changes, 
where more irregular surface and complex topography appear, 
depending on the type of sample and the duration of exposure to 
the saline solution. This new topography represents rust, as well 
as changes to the coating layer. In the stage of the appearance 
of rust and the effect of the coating layer due to saline solution, 
the surface roughness will change drastically, as its values will 
rise, as expected, as shown in the Fig. 9 and 10, which represent 
roughness average and core roughness depth respectively. 
Uncoated samples generally have the highest roughness rates, 
and welded samples are the highest despite being coated. 
Unwelded and coated sample showed the lower roughness 
values during the different test durations under 5% NaCl salt 
spray; also welded and coated sample showed slightly higher 
roughness values comparing with sample unwelded one. These 
samples (coated) appeared good resistance for corrosion after 
24 hours under 5% NaCl salt spray because the zinc coating layer 
improved the ability to resist the attack of chloride ions and that 
will lead to progress in the corrosion process slowly. In addition, 
the values of the roughness depth parameters (Sk) are on average 
more than twice as high as their roughness average equivalent 
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(Sa) on the corroded surfaces. One possible reason for this can 
be that the corrosion appears crater‐like at certain points on the 
surface and therefore has a high surface in homogeneity, which 
is better detected by roughness depth characteristics.

 Fig. 9 Roughness average (Sa) values for HSLA steel plates at different test durations 
under 5% NaCl salt spray

 9. ábra Különböző idejű sópermet (5% -os NaCl) teszt után a HSLA acélemezek 
átlagérdessége (Sa) 

 Fig. 10 Core roughness depth (Sk) values for HSLA steel plates at different test 
durations under 5% NaCl salt spray 

 10. ábra Különböző idejű sópermet ( 5% -os NaCl ) teszt után a HSLA acélemezek 
magmagassága (Sk)

4. Conclusions
The oxidized areas spread on the whole surface of the 

uncoated samples after 8 hours after exposure to the salt 
spray; this chemical attack also caused significant changes in 
the surface topography. The percentage of zinc compounds in 
the case of unwelded-coated samples was higher than that of 
welded-coated samples by 3.07%, indicating that part of the 
coating layer has peeled off the welding area, which contributed 
to its exposure to the attack of chloride ions. Corrosion points 
appear on the weld area extensively even though they are 
coated, and stress relieving heat treatment is applied. We believe 
this behavior may result from the inefficiency of the welding 
process along the welded surface through the appearance of 
micro-cracks after welding or the entry of oxygen due to the 
shallowness of the inert gas which caused poor insulation and 

full enclosing of the welding area from the outside atmosphere. 
Therefore, manufacturers must pay attention to these areas and 
ensure the total efficiency of the welding to provide maximum 
safety in vehicles. The lowest rates of surface roughness were 
in the unwelded and coated samples, where the roughness of 
these samples was less than the welded and coated samples by 
17.2% and 5.5% for the roughness average and core roughness 
depth, respectively. Also, the intensity of the roughness rate 
after exposure to salt spray varies in the case of the unwelded-
uncoated samples and welded-uncoated samples, where the 
roughness average and core roughness depth were higher in 
the case of welded-uncoated by 10.8% and 20, respectively than 
unwelded-uncoated samples, after 24 hours exposure to the 
saline spray. Concentrations of oxygen and iron oxide (FeO) in 
welded samples, whether coated or uncoated, are higher than 
those unwelded ones, which indicates that the salt spray has 
been penetrated the coating layer earlier than the unwelded 
ones. The irregular diverse topography of the welding area 
plays a pivotal role in increasing the coating removal rate from 
them, making this area susceptible to corrosion, and this is also 
observed from the low content of ZnO in the welded samples, 
which is 3.16% less than its unwelded-coated counterparts.
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