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Abstract

Corrosion on multiphase steels is strongly influenced by the iron content. On the other hand, thermochemical 
surface treatments like plasma nitrocarburizing have been successfully used to enhance resistance to salt-
spray corrosion, but the literature about microbial influenced corrosion is still scarce. The aim of this 
work was then to evaluate the biocorrosion influenced by the Penicillium candidum fungus on plasma 
nitrocarburized multiphase 4340 steel, comparatively with the untreated steel. Small blocks of treated and 
untreated metals were evaluated by SEM, AFM, and EDS, before and after the biocorrosion process. It was 
observed that biocorrosion drastically affected the surface of the untreated 4340 steel while nitrocarburized 
samples preserved their original aspect. Only 7% of oxide content was detected in the nitrocarburized steel 
against 32% in the untreated metal. It was concluded that plasma nitrocarburing was effective to improve 
biocorrosion resistance of multiphase 4340 steel, and consequently, this treatment should be also tested with 
other microorganisms and in other metals and alloys used in the aerospace and aviation industries.
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Resumo

Corrosão em aços multifásicos é fortemente influenciada pelo teor de ferro. Por outro lado, os tratamentos de 
superfície termoquímicos como a nitrocarburação a plasma têm sido utilizados com sucesso para aumentar 
a resistência à corrosão salt-spray, mas a literatura sobre a corrosão influenciada por microorganismos 
ainda é escassa.  O objetivo deste trabalho foi  avaliar a biocorrosão influenciada pelo fungo Penicillium  
candidum em aço multifásico 4340 após o tratamento de nitrocarburação a plasma comparado com o 
aço sem tratamento. Pequenos blocos de aço com e sem tratamento foram avaliadas por SEM, AFM, e 
EDS, antes e depois do processo de biocorrosão. Observou-se que a biocorrosão afetou drasticamente a 
superfície do aço 4340 sem tratamento, enquanto as amostras nitrocarburadas teve  o seu aspecto original 
preservado.  Foi detectado apenas 7% de teor de óxido no aço nitrocarburado contra 32% no aço não 
tratado. Concluiu-se que a nitrocarburação a plasma foi eficaz para melhorar a resistência a biocorrosão 
de aço multifásico 4340, e, consequentemente, este tratamento deve ser testado com outros microorganismos 
e em outros metais e ligas utilizadas na indústria aeroespacial e de aviação.
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Introduction

Multiphase steels are widely used in industry, usually 
in structural applications for automotive, aerospace and 
defense industries. However, despite the high techno-
logy involved in their production, multiphase steels are 
susceptible to corrosion, mainly due to the significant 
iron content. Thermochemical surface treatments as 
plasma nitrocarburizing has been considered effective 
to enhance some specific properties such as corrosion 
resistance, hardness, friction wear, fatigue life(1-4), and in 
fact, improvement on corrosion resistance and high sur-
face hardness have been reported after these treatments(4). 
However, the effects of microorganisms on multiphase 
steels corrosion processes are scarcely studied.

Biocorrosion is the term commonly used to designate 
an electrochemical process of metal dissolution due to the 
presence of bacteria, microalgae, and fungi(1), that act as a 
consortium of microorganisms(1). In this microbiologically 
influenced process, metabolites and acidic by-products 
alter the metal-solution interface, initiating, facilitating 
or enhancing the corrosion process.

Many investigations have focused in microorganisms 
of jet fuel systems(7-9), where both bacteria and fungi are 
usually found. However, fungal growth has also been 
observed in aircrafts passenger compartments(10), where 
biocorrosion is also a matter of concern.

Fungi(5,11) are eukaryotic microorganisms, with a thick 
and rigid cellular wall. The filamentous fungi growth 
is ramified (mycelium) in single tubular multinucleate 
structures (hyphae), originated from the germination of 
reproductive spores. Morphologically more complex com-
pared with the bacteria cells, the vegetative mycelium is 
responsible for the fungi adherence in solid substrates, 
while spores are formed in aerial hyphae. 

The filamentous fungus Penicillium candidum used 
in this work belongs to the saprophytic specie. During 
their life-cycle, the P. candidum hydrolyzes ester bonds 
to produce mono- and diacylglycerols, glycerol, and 
organic and free fatty acids(12,13), which are corrosive 
substances. This fungus was chosen because it has 
been implicated in corrosion processes as much as 
the genus Aspergillus(14-16).

The aim of this work was to evaluate the biocorrosion 
on plasma nitrocarburized multiphase 4340 steel influen-
ced by the fungi Penicillium candidum, comparatively 
with the untreated 4340 steel. 

Materials and Methods
Sample preparation

Coupons (5 mm x 5 mm x 3 mm) were cut from a 
plate of AISI 4340 steel. Five pieces were metallographi-
cally polished and acid-etched with 5% Nital solution for 
10 seconds. Another set of coupons have their surfaces 
nitrocarburized in a DC-pulsed plasma discharge, in a 
75% N2, 23.5% H2 and 1.5% CH4 atmosphere, for three 
hours, at temperature of 500ºC. Both treated and untreated 
coupons have their surfaces evaluated by SEM-scanning 
electron microscopy (LEO 1460Vp, Carl Zeiss, USA) 
and by AFM-atomic force microscopy (SPM 9500J3, 
Shimadzu, Japan), in contact mode, using conventio-
nal SiNi probes. Surface chemical microanalyses were 
also performed by EDS-energy dispersive spectroscopy 
(X-MAX EDS, Oxford Instruments, UK).

Biocorrosion

Lyophilized P. candidum (PC-TT033, CHR HASEN, 
Denmark) was revitalized in sterile distilled water and 
a pure culture was grown in Sabouraud Dextrose agar 
(Himedia, India). From this pure culture, a fungal spore 
suspension (1.50 x 105 spores/ml) was prepared in a glass 
tube with sterile distilled water. Next, a set of glass tubes 
with 3 ml of Sabouraud Dextrose broth (Himedia, India) 
was inoculated with 100 μl of the prepared spore suspen-
sion. One coupon was immersed in each tube. The tubes 
were kept at a constant temperature of 25ºC for 14 days. 
After this incubation period, samples were evaluated using 
the same techniques (SEM, AFM and EDS).

Results and Discussion

Figure 1a shows a characteristic image of the untreated 
4340 steel surface obtained by SEM. Typical cementite 
microstructures (needle-shaped Fe3C) can be seen over 
the ferrite matrix (a-Fe, dark regions). Some bainite plates 
can also be visualized (dashed white circles). It is impor-
tant to notice that after the plasma nitrocarburizing, these 
microstructures could no longer be identified (Fig. 1b).

Representative AFM bi-dimensional images with 
40 µm x 40 µm of scanning area of the same untreated 
4340 steel samples are presented in Fig. 2. In addition 
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to the microstructures visualization (needle-shaped 
cementite, dark regions of ferrite matrix and bainite pla-
tes, indicated by dashed circles), these images displa-
yed quantitative information about height distribution 
(right side of each micrograph). In Fig. 2a, the highest 
peak of the cementite structure is about 225 nm far from the 
deepest region of the a-ferrite matrix. In Fig. 2b, the 
value 1.11 mm is the distance between the scratch bot-
tom and the highest peak hill on the scratch edge.

Biocorrosion produced morphological alterations in the 
untreated steel, easily identified by SEM. It can be observed 
in Fig. 3a, some pits (cavities on the surface, indicated by 
the smaller arrows) and also new structures (clear region, 
indicated by the larger arrow). The EDS microanalysis 
on these new structures revealed high contents of oxygen 
(32% in weight), which has not been detected in the metal 
before biocorrosion. This result strongly suggests that oxide 
formation originated these new morphological structures.

As can be seen in Fig. 3b, the surface of a nitrocarbu-
rized 4340 steel after the biocorrosion process showed no 
significant morphological alterations due to biocorrosion. 
In addition, the EDS microanalysis on the nitrocarburized 
4340 steel has detected only 7% of oxygen content after 
biocorrosion. These results supported the finding that nitro-
carburizing treatment of the metal is also an effective pro-
tection against biocorrosion.

Figure 4 shows AFM images of untreated and treated 
steels after biocorrosion. In Fig. 4a, in addition to some 
pits of corrosion (white arrows), it can be seen that all the 
structures have lost their original morphology. Topography 

Figure 1. Scanning electron micrographs of  
(a) untreated and (b) nitrocarburized 4340 steel.

Figure 3. Scanning electron micrographs of 
(a) untreated (indicating biological corrosion)  

and (b) nitrocarburized 4340 steel.

Figure 2. Bi-dimensional visualization of atomic 
force micrographs of (a) untreated and  

(b) nitrocarburized 4340 steel.
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also changed drastically, increasing the height distribu-
tion scale to 663 nm. On the other hand, Fig. 4b corro-
borates Fig. 3b:  no appreciable changes in morphology 
and topography of the nitrocarburized steel surface were 
measured by AFM after biocorrosion.

Figure 4. bi-dimensional visualization of atomic  
force micrographs of untreated (a) and  

treated (b) 4340 steel after biocorrosion.

Conclusion

Biocorrosion influenced by Penicillium candidum 
resulted in severe surface deterioration on untreated 4340 
steel, with pits and oxide formation. However, no note-
worthy morphological and topographical changes were 
observed in the nitrocarburized steel coupons.

The plasma nitrocarburizing treatment on the mul-
tiphase 4340 steel was also effective to improve the 
resistance against biocorrosion by P. candidum fungi, 
suggesting that it should be tested with other microor-
ganisms and other metals and alloys used in the aeros-
pace and aviation industries.
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