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ABSTRACT

The bolted fasteners, widely used in various industries, are the fundamental structural components most commonly
used in the assembly of steel structures. Bolted fasteners offer advantages such as versatility, reliability, minimal
maintenance and inspection costs, easy and fast assembly, and good strength under variable loads. However,
fastener failures occur due to complex loading conditions, hydrogen embrittlement during fabrication or service,
fatigue failures due to alternative stress, and combined effects of corrosion and stress. Therefore, the study of
fastener failure is critical for safety in both every day and industrial applications. Zinc plating has long been a
preferred method of protecting fasteners from corrosive environments. One of the most commonly used methods
for coating fasteners today is the centrifugal hot dip galvanising (CHDG) process. CHDG is suitable for outdoor
applications on small metal parts (bolts, nuts, washers) that cannot be hot dip galvanised. Centrifugation removes
all excess zinc from the threads of bolts. Oversized nuts fit perfectly on very small parts. In this study, nut samples
coated with CHDG were exposed to corrosion in a corrosive environment according to ASTM B117 standards. At
the end of thirteen (13) days, the outer surface of the nut attached to the screw was cut and the screw steps were
examined using scanning electron microscopy (SEM) and energy dispersive X-ray spectrometry (EDS). The
results show that the zinc coating on the surface produced by the CHDG process is effective in protecting the metal
nuts against corrosion. The zinc patina begins its development with exposure to oxygen in the atmosphere, forming
a layer of zinc oxide on the surface. Moisture from rain or humid air reacts with the zinc oxide to form zinc
hydroxide which then reacts with carbon dioxide present in the air to form the tightly adherent, insoluble zinc
patina.
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Santrifiijlii Sicak Daldirma Galvaniz (SHDG) Isleminin Somunlar
Uzerindeki Korozyona Etkisi

0z
Cesitli endiistrilerde yaygin olarak kullanilan civatali baglanti elemanlari, ¢elik yapilarin montajinda en yaygin
olarak kullanilan temel yapisal bilesenlerdir. Crvatali baglanti elemanlar1 ¢ok yonliiliikk, glivenilirlik, minimum
bakim ve denetim maliyeti, kolay ve hizli montaj ve degisken yiikler altinda iyi mukavemet gibi avantajlar
sunmaktadir. Bununla birlikte, baglant1 elemani arizalar1 karmasik yiikleme kosullari, imalat veya servis sirasinda
hidrojen gevreklesmesi, alternatif stres nedeniyle yorulma arizalar1 ve korozyon ve stresin birlesik etkileri
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nedeniyle meydana gelmektedir. Bu nedenle, baglanti elemani arizalarinin incelenmesi hem ginliik hem de
endistriyel uygulamalarda giivenlik agisindan kritik 6neme sahiptir. Cinko kaplama, baglant1 elemanlarini korozif
ortamlardan korumak i¢in uzun zamandir tercih edilen bir yontemdir. Glniimiizde baglanti elemanlarinin
kaplanmasinda en yaygin kullanilan yontemlerden biri santrifiij sicak daldirma galvanizleme (SHDG) islemidir.
SHDG, sicak daldirma ile galvanizlenemeyen kii¢iik metal parcalar (civatalar, somunlar, pullar) {izerindeki dis
mekan uygulamalar i¢in uygundur. Santrifiijleme, civatalarin diglerindeki tiim fazla ¢inkoyu giderir. Biiyiik
boyutlu somunlar ¢ok kii¢iik parcalara miikemmel uyum saglar. Bu ¢alismada, SHDG ile kaplanmis somun
numuneleri ASTM B117 standartlarina gore korozif bir ortamda korozyona maruz birakilmigtir. On {i¢ (13) giiniin
sonunda vidaya bagli somunun dis ylizeyi kesilmis ve vida basamaklar1 taramali elektron mikroskobu (SEM) ve
enerji dagilimli X-1s1n1 spektrometresi (EDS) kullanilarak incelenmistir. Sonuglar, SHDG islemiyle iiretilen
yiizeydeki ¢inko kaplamanin metal somunlar1 korozyona karsi korumada etkili oldugunu gostermektedir. Cinko
patina, atmosferdeki oksijene maruz kaldiginda gelismeye baslar ve yiizeyde bir ¢inko oksit tabakasi olusturur.
Yagmurdan veya nemli havadan gelen nem ¢inko oksit ile reaksiyona girerek ¢inko hidroksit olusturur ve bu da
havada bulunan karbondioksit ile reaksiyona girerek sikica yapisan, ¢éziinmeyen ¢inko patinayi olusturur.

Anahtar Kelimeler: Korozyon, Somun, Santrifiij Sicak Daldirma Galvaniz

. INTRODUCTION

Corrosion is defined as the deterioration of a material, usually a metal, due to its reaction with the
environment [1]. The destructive effects of corrosion have a direct impact on the durability and safety.
Corrosion is an extremely important economic problem. Economic losses are directly related to the
necessity of replacing damaged structures, machinery, equipment, or their components. These losses
result from the use of costly corrosion-resistant materials, expenses associated with corrosion protection,
and are also indirectly influenced by production stoppages due to the need to replace parts or repair
damage [2], [3].

There are five primary methods of corrosion control that play a vital role in mitigating the detrimental
effects of corrosion: material selection, coatings, inhibitors, cathodic protection and design. Material
selection involves selecting materials that are inherently resistant to corrosion or that can be treated to
increase their resistance. Coatings, such as paints and metallic coatings, create barriers between the
metal surface and the corrosive environment, preventing direct contact and corrosion initiation.
Inhibitors are chemicals that can be added to the environment or applied directly to the metal surface to
inhibit corrosion reactions. Cathodic protection involves the application of an external electrical current
or sacrificial anode to shift the corrosion potential of the metal to a more passive state. Finally, design
considerations such as proper drainage, ventilation and avoidance of crevices can minimize corrosion
by reducing the accumulation of moisture and corrosive agents. Each of these methods is critical to
effective corrosion management and will be further explored in subsequent chapters to provide a
comprehensive understanding of corrosion control strategies (Figure 1).
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Figure 1. The main methods used to prevent corrosion

The world population has been growing at a significant rate in recent decades. Naturally, the
consumption of all type of metals increases accordingly. Steel is the most widely used material in the
world due to its versatility, low cost and good strength properties [4]. Carbon steel products are widely
used in the automotive, infrastructure and construction industries. It is a material that determines the
development of industry and society as a whole, and its production is constantly growing [5]. It is
therefore important to be able to preserve this metal cheaply and effectively for a long period of time.

Zinc has been widely used in the surface treatment of various steel structures to improve the service life
of the structure, due to its good corrosion resistance. Zinc forms galvanized steel after solidification on
the surface of the steel [6].

The hot-dip galvanizing process offers a unique combination of superior properties such as high
strength, formability, light weight, corrosion resistance, low cost and recyclability. In the hot dip
galvanizing process, a steel sample is cleaned, fluxed and then immersed in a molten zinc bath at a
temperature of approximately 450 °C [7]. Hot dip galvanized steels have been extensively used in
industrial sectors such as automobiles, household appliances or construction due to their excellent
corrosion resistance properties [8], [9]. While the hot-dip galvanizing process is successfully applied to
large metal parts, the centrifugal hot-dip galvanizing process (CHDG) is applied to small metal parts.
Centrifugation is employed to achieve a homogeneous coating by removing excess zinc from the
surface. In this process, the steel product is rotated in a crucible to facilitate the removal of excess zinc
through centrifugal force. Consequently, a more uniform and thinner zinc coating is achieved, enhancing
the quality of the coating and providing more durable protection (Figure 2).
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Figure 2. The CHDG process
In this study, the morphological changes of the nuts tested according to ASTM B117 standards for 13

days before and after the experiment were compared by SEM and EDS analysis and the results were
discussed.

II. MATERIAL AND METHOD

The nuts used in this study are M8 nuts manufactured to 1ISO 4032 standard. It is used as a fastener in
the connection of carcass elements and pad hooks in the construction industry [10]. Fasteners (nuts and
bolts) were plated with 114 um zinc using the CHDG method. The fasteners were well cleaned prior to
the corrosion experiments (Figure 3). The galvanised steel bolts and nuts were exposed to the corrosive
medium for 1, 5, 9 and 13 days according to ASTM B117 standards [11]. To examine the corrosion
occurring in the bolt steps at the end of 13 days, the nut exposed to corrosive environment were
mechanically cut. The surface morphologies of the galvanised nuts were observed using a scanning
electron microscope (SEM, FEI Quanta FEG 250) and elemental composition analysis was carried out
using an energy dispersive X-ray spectrometer (EDS) before and after the experiment. Galvanised nuts
were mounted on an aluminium stub using double-sided carbon tape and an accelerating voltage of 20
KeV was applied for the SEM analyses.

I11. RESULTS AND DISCUSSION

A.SALT SPRAY TEST RESULTS

A salt spray test (ASTM B117) provided relative corrosion resistance values for CHDG coated nuts in
a standardised corrosive environment. The experimental results presented in this study were obtained
using 5% NacCl at 35 °C with 50% humidity for 13 days. Figure 3 shows images of bolts and nuts coated
by the CHDG process prior to salt spray testing. Before the salt spray test, the surfaces of the bolts and
nuts appear to be bright and intact appearance.
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Figure 3. Visual inspection before the salt spray test

The specimens placed in the salt cabinet were removed at the end of the 1, 5™ 9" and 13" days
respectively and examined visually (Figure 4). After 1 day of salt spray testing, it was observed that the
lustre of the coating had diminished and the zinc coating had begun to corrode, resulting in the
appearance of white patches. It can be seen that the degree of corrosion increases with the duration of
exposure. At the end of the 13th day, white corrosion products were observed prominently covering the
surfaces of both the bolt and nut samples. This observation indicates that the zinc coating applied to
these components has undergone uniform corrosion. No brown colour formation was observed on the
surface of the bolt and nut at the end of the specified periods. The continued presence of the protective
zinc coating, indicated by the absence of brown rust, demonstrates that the underlying matrix material
remains protected from corrosive elements and potential degradation. The coating thickness of the nut
removed from the test chamber on the 13" day of the salt spray test was 224 um. The increase in coating
thickness may be due to the formation of possible oxide layers such as ZnO, Zns(OH)sCl.-H20 or
Zns(CO3)2(OH)s formed on the surface of the nut [12].
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Figure 4. Visual inspection after the salt spray test
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B. SURFACE MORPHOLOGY ANALYSIS

SEM-EDS analysis was performed to investigate the surface morphologies of galvanized nuts cut in half
before corrosion and exposed to a corrosive environment for 13 days. Figure 5 shows SEM images taken
from the thread area of galvanized nuts before exposure to corrosion.
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Figure 5. SEM images of galvanized nuts before corrosion (a and c: 500x and 5000x of top regions; b and d:
500x and 5000x of hollow regions)
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In Figure 5, the red area shows the hollow area and the green area shows the top area in the galvanized
nut sample. It can be seen that the surface is rough as a result of coating the nut with Zn. As a result of
EDS analysis, Zn, Fe and O were detected on the surface of the nut. Zn, used as the main coating element,
functions in two capacities, both as a barrier against corrosion and as a matrix element protector [13].
As a result of EDS taken from the tops in the thread area, 88% Zn was detected, while 1% Zn (87.5%
Fe) was detected in the hollow areas. This indicates that the top areas are better covered with Zn, while
the hollow areas are less covered. Similarly, in the EDS element mapping results, it can be seen in Figure
6 that the Zn element is concentrated in the top regions and Fe is dominant in the hollow regions.
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Figure 6. EDS element mapping images of galvanized nuts before corrosion

Figure 7 shows SEM images and EDS results of galvanized nuts exposed to a corrosive environment for
13 days.
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Figure 7. SEM images of galvanized nuts exposed to corrosive environment after 13 days (a and c: 500x and
5000x of top regions; b and d: 500x and 5000x of hollow regions)

In the SEM images of the galvanized nut after corrosion, it is seen that corrosion products occur in both
hollow and top regions (Figure 7). After 13 days, it is seen that different corrosion products are formed
in different parts of the surface. EDS data show that Zn, Fe and O are the main components of corrosion
products. The presence of Cl ions on the surface was observed upon exposure to the salt test. Zn, the
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main component in the coating layer, decreased with the intensification of corrosion after 13 days of
exposure. It was determined that the Zn rate was lower in the hollow regions compared to the top regions.
While the Fe content was 52.3% in the top region, it was found to be 75% in the hollow region. Since it
is difficult for the electrolyte to reach the thread area during the first exposure period in bolt-nut samples,
the area is dry and corrosion is less. However, when it enters the electrolyte over time, it keeps the thread
area wet and the deterioration of zinc accelerates the formation of Fe-based corrosion products on the
surface [13]. Figure 8 shows the EDS element mapping images of galvanized nut samples after
corrosion. According to the EDS mapping result, the presence of corrosion products in the thread area
of the galvanized nut was detected. It has been determined that corrosion products are associated with
regions richer in Fe.
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Figure 8. EDS element mapping images of galvanized nut samples after 13 days

The cross-sectional images of galvanized nut specimens before and after 13 days of exposure to the salt
spray test were observed using SEM-EDS, as shown in Figure 9.
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Figure 9. The cross-sectional images and EDS spectrum of the nut: (a) Before corrosion and (b) After the salt
spray test.

It can be seen from the cross-sectional morphologies shown in Figure 9 that the layer thickness on the
surface increases when galvanised nuts are exposed to corrosion. As mentioned in the salt spray test
results section, the increase in thickness of the Zn layer after 13 days is due to the formation of oxide
layers on the surface. The EDS results for the elements O, Fe and Zn in the coating layer before the
corrosion tests were 8.4%, 5.2% and 86.3% respectively. After being subjected to the salt spray test for
13 days, the EDS results showed that the O and Fe ratio increased to 19.1% and 6%, respectively, while
the Zn ratio exhibited a decrease to 73.5%. Additionally, the presence of 1.4% CI from the environment
was also observed.

V. CONCLUSION

The corrosion evolution of CHDG coated steel nuts exposed to a corrosive environment for 13 days
according to ASTM B117 standards was investigated and the results were as follows.

1. Steel nuts coated with Zn by the CHDG method were found to be corrosion resistant. At the end
of the 13" day, the coating thickness was found to have increased to 224 pum. It is believed that
this increase is due to the formation of oxide layers on the surface.

2. As aresult of the data obtained by SEM-EDS analysis, it was observed that corrosion products
start to form in the nut thread area after 13 days. However, after 13 days of aggressive testing,
this result shows that the CHDG coating continues to protect the threads of the nut. This is
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evidenced by the fact that the Zn element is still present on the surface of the threads in the EDS
mapping analysis.

3. According to the EDS results, it was determined that the Zn ratio was lower in the hollow
regions compared to the top regions, and therefore corrosion was observed to be more intense
in the hollow regions.

4. The cross-sectional SEM images showed that the thickness of the coating layer deposited on the
nuts by the CHDG process increased after the salt spray test for 13 days. The EDS results of the
coating layer showed an increase in the O and Fe ratios, a decrease in the Zn ratio and the
presence of the Cl element on the surface.

5. Electrochemical corrosion detection methods such as Dynamic Electrochemical Impedance
Spectroscopy (DEIS) can be used to further investigate the corrosion mechanisms of CHDG
coated steel nuts over the time. In addition, the structures of Zn and Fe based corrosion products
formed on the surface should be investigated by using characterisation techniques in further
research.

ACKNOWLEDGEMENTS: This scientific study was conducted as a result of cooperation between
Diizce University, Fibrobeton Company, and Standard Profile
Corporation Research and Development Centers. The authors extend
their gratitude to Volkan Ozdal, Volkan Akmaz, Sedat Enves, Yasemin
Hatipoglu, and Faik Ali Birinci from the Fibrobeton Company R&D
Center for their valuable assistance during this research.

V. REFERENCES

[1] H. Gerengi, “Anticorrosive Properties of Date Palm (Phoenix dactylifera L.) Fruit Juice on 7075
Type Aluminum Alloy in 3.5% NaCl Solution,” Industrial & Engineering Chemistry Research, vol. 51,
no. 39, pp. 12835-12843, 2012.

[2] H. Gerengi and H. I. Ugras, “Patent Studies on Using Cationic Boron Doped Ionic Liquids as
Corrosion Inhibitor,” NWSA Academic Journals, vol. 12, no. 2, pp. 53-65, 2017.

[3] H. Kania, “Corrosion and Anticorrosion of Alloys/Metals: The Important Global Issue,”
Coatings, vol. 13, no. 2, p. 216, 2023.

[4] M. M. Solomon, H. Gerengi, T. Kaya, and S. A. Umoren, “Performance Evaluation of a
Chitosan/Silver Nanoparticles Composite on St37 Steel Corrosion in a 15% HCI Solution,” ACS
Sustainable Chemistry & Engineering, vol. 5, no. 1, pp. 809-820, 2017.

[5] D. Dwivedi, K. Lepkova, and T. Becker, “Carbon Steel Corrosion: A Review of Key Surface
Properties and Characterization Methods,” RSC Advances, vol. 7, no. 8, pp. 4580-4610, 2017.

[6] Y. Liu, H. Gao, H. Wang, X. Tao, and W. Zhou, “Study on The Corrosion Behavior of Hot-dip
Galvanized Steel in Simulated Industrial Atmospheric Environments,” International Journal of
Electrochemical Science, vol. 19, no. 1, p. 100445, 2024.

[7] R. Sa-nguanmoo, E. Nisaratanaporn, and Y. Boonyongmaneerat, “Hot-dip Galvanization with
Pulse-electrodeposited Nickel Pre-coatings,” Corrosion Science, vol. 53, no. 1, pp. 122-126, 2011.

[8] M. Marash, K. Dikmen, V. Ozdal, V. Akmaz, and H. Gerengi, “Investigation of The Corrosion
Behavior of Hot Dip Galvanized (HDG) St37 Steel in 3.5% NaCl Solution,” in 8th International
Congress On Engineering, Architecture And Design, Istanbul, 2021, pp. 681-690.

24



[9] S. M. A. Shibli, B. N. Meena, and R. Remya, “A Review on Recent Approaches in the field of
Hot Dip Zinc Galvanizing Process,” Surface and Coatings Technology, vol. 262, pp. 210-215, 2015.

[10] H. Gerengi, M. M. Solomon, M. Marasli, and B. B. Kohen, “A comparative analysis of The
Corrosion Characteristics of Electro-galvanized Steel Coated with Epoxy Zinc-free and Zinc-rich
Coatings in 5% NaCl,” Journal of Adhesion Science and Technology, vol. 37, no. 20, pp. 27952806,
2023.

[11] H. Gerengi, M. Maragli, M. Rizvi, B. Kohen, and 1. Tagkiran, “Protection of Steel Hooks
Embedded in Glass-Fiber-Reinforced Concrete against Macrocell Corrosion,” Petroleum Research, vol.
9, no. 2, pp. 317-326, 2024.

[12] K. Zhang, R. Song, and Y. Gao, “Corrosion Behavior of Hot-dip Galvanized Advanced High
Strength Steel Sheet in a Simulated Marine Atmospheric Environment,” International Journal of
Electrochemical Science, vol. 14, no. 2, pp. 1488-1499, 2019.

[13] E.F.Daniel, C. Wang, C. Li, J. Dong, I. I. Udoh, D. Zhang, W. Zhong, and S. Zhong, “Evolution
of Corrosion Degradation in Galvanised Steel Bolts Exposed to a Tropical Marine Environment,”
Journal of Materials Research and Technology, vol. 27, pp. 5177-5190, 2023.

25



