
372 Vol.31 No.2 GUO Qiang et al: Corrosion Behavior of Ultra-high Strength Steel 300 M...

Corrosion Behavior of Ultra-high Strength Steel 300M 
in Different Simulated Marine Environments
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Abstract: Corrosion behavior of 300M in neutral corrosion environments containing NaCl simulated 
by total immersion (TI), salt spraying (SS) and periodic immersion (PI), was investigated by surface analysis 
techniques, corrosion weight-loss method, and electrochemical measurements. In total immersion environment, 
rust on the steel consisted of a porous outer rust layer with main constituent of γ-FeOOH, and an inner rust layer 
of dense Fe3O4 film with network broad cracks. In salt spraying environment, outer rust with main composition 
of γ-FeOOH/α-FeOOH/Fe3O4 was compact, and inner rust showed dense Fe3O4 film. Rust formed by periodic 
immersion exhibited a compact outer rust layer with constituent of α-FeOOH/γ-FeOOH/Fe3O4 and an inner 
rust layer with composition of α-FeOOH/α-Fe2O3; inner rust showed a ultra-dense film adherent to the steel. 
The corrosion rate showed a rule of vss(salt spraying)>vti(total immersion)>>vpi(periodic immersion) in 0-240 
h, and vss≈vti»vpi in 240-720 h. The rust formed by periodic immersion was dense and compact, with stable 
electrochemical properties, and had excellent protection on the steel. Humidity and oxygen concentration in all 
the environments played major roles in rust formation.
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1  Introduction

In recent decades, corrosion problems for military 
equipments and civil transportation have been paid 
great attention. Corrosion problems cost the USA 
military about $20 billion per year, and the USA 
national cost for corrosion took about 3.1% of GDP[1]. 
A large proportion of aircraft crashes were caused 
by corrosion problems, particularly in aggressive 
atmospheric environments, such as coastal and marine 
atmospheric environments, which contained abundant 
air-borne salinity. Considering the service safety, 
aircraft structural materials have been paid extra 
attention to especially ultra-high strength steel, which 
is a kind of important structural material widely used in 
aviation industry and other fields.

300M is a kind of medium carbon low alloy ultra-
high strength steel, with some addition of Mo and Si 
on the basis of AISI 4340[2-4]. Compared with AISI 
4340, the mechanical and anti-SCC properties have 
been remarkably improved. So far, 300M has been a 
kind of the most successful UHSS, which is widely 
applied in landing gears of aircraft. Nowadays, 300M 
is also applied in other industries, such as weapon, 
petrochemical and automobile industries, etc[5,6].

It has been widely accepted that atmospheric 
co r ros ion  o f  s t ee l s  i s  a ff ec t ed  by  d i f f e ren t 
environmental factors, such as humidity, wetting 
time, temperature and electrolyte thickness, etc. Total 
immersion test is a kind of simple and practical method 
usually used for evaluation of material reliability and 
weatherability. Salt spraying test is commonly used to 
simulate marine atmospheric corrosion environment. 
García[7] and Pérez[8-10] estimated the service life of 
weathering and carbon steels in simulated marine 
atmospheric environment by total immersion corrosion 
method, and found that porous rust on the steels in 
Cl-containing solution included γ-FeOOH, the most 
abundant, and α-FeOOH, Fe3O4, and adherent rust 
on CS and WS was Fe3O4, and γ-Fe2O3, respectively. 
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Sun[11,12] and Yu[13-15] investigated corrosion behavior of 
300M and AF1410 in simulated marine atmospheric 
environment by salt spraying test, and found that 
the outer rust on the steels was mainly composed of 
γ-FeOOH. Above-mentioned work was all operated 
under the continuous condition. The atmospheric 
corrosion is widely accepted as an alternate wet-dry 
process. Periodic immersion corrosion test is usually 
used to simulate wet-dry alternate corrosion process. 
Wang[16] performed simulated marine atmospheric 
corrosion on steels with periodic immersion corrosion 
test, and found that rust showed fine particles and dense 
structure. Nishimura[17] demonstrated that ultra-fine 
iron oxide in rust formed during periodic immersion 
corrosion process, which increased rust impedance, 
and decreased the corrosion rate. It was shown that the 
continuous or discontinuous state remarkably affected 
the rust formation and corrosion process of steels.

In the present work, total immersion, salt spraying 
and periodic immersion corrosion methods, which 
simulated continuous or discontinuous corrosion 
environments, were performed in comparison to 
study the effect on corrosion behaviors of 300M in 
Cl-containing environment with different corrosion 
states, such as in solution, under thin solution film, 
and gradually thinning solution film. SEM was used 
to observe the surface morphology of rust on the steel; 
rust composition was analyzed by XRD and Raman 
spectroscopy. Corrosion behaviors were investigated 
by corrosion weight-loss and electrochemical 
measurements. 

2  Experimental

2.1  Materials
The main chemical composition of 300M is 

shown in Table 1. The heat treatment system and 
microstructure of the steel were mentioned in previous 
work[18]. The specimen size for corrosion weight-loss 
tests was about 65 mm×35 mm×2.5 mm with exposed 
area of 1800 mm2. And the exposed area of specimens 
for electrochemical measurements was about 78.5 mm2. 
All specimens in the work were ground by emery paper 
up to grade 2000#, cleaned with acetone and anhydrous 
alcohol by ultrasonic sound, respectively.

2.2  Corrosion methods
 The total immersion test referred to ASTM G31-

04. The solution was 3.5wt% NaCl solution at 35±1 
℃ with pH≈6.9. The specimens were laid parallel to 
the horizontal level in the solution. The solution was 
refreshed in 7 d. 

 Neutral salt spraying test was conducted 
according to ASTM B117-97. The solution was 3.5wt% 
NaCl solution with pH≈6.9 at 35±1 ℃. The angle 
between specimens and horizontal level was about 30°. 

Periodic immersion corrosion test referred to 
ASTM G44-99.  Periodic immersion test took two 
stages: total immersion time for 10 min in 3.5wt% 
NaCl solution and exposure time of 50 min in the 
environmental chamber at 35±1 ℃ and relative 
humidity 45%±2% under exposure to far-infrared light. 
The solution was 3.5wt% NaCl solution with pH≈6.9 at 
35±1 ℃, which was refreshed in 7 d.

Rust on the steel was removed by immersion 
in the mixture solution with 500 mL HCl/500 mL 
H2O/3.5 g C6H12N4 for 10 min. The specimen weight 
was determined before corrosion tests and after rust 
removal. The corrosion rate was calculated according 
to formula (1): 

 (1)

where, v denotes the corrosion rate of the steel, 
mg·cm-2·h-1; Wb is the specimen weight before 
corrosion test, g; Wa is the specimen weight after rust 
removal, g; t is the corrosion time, h; S denotes the 
exposure area on the specimens for corrosion test, cm2.
2.3  Characterization and measurements 

Field emission scanning electron microscopy 
(FE-SEM, Apolloo300, CamScan, UK) was used to 
observe the surface morphology of inner and outer rust 
on the steel. Outer rust was ground into fine powders, 
and analyzed by XRD (D/max-2200, Rigaku, Japan) 
under operating conditions using Cu target with 
electric current 40 mA and electric voltage 40 kV at a 
scanning rate 6 °/min. Raman spectroscopy (Lab RAM 
HR800, Horiba JR, France) was employed to detect 
the inner rust. The electrochemical measurements 
were carried out on the rusted steel by electrochemical 
working station (VersaSTAT MC-4, Ametek, USA), in 
a traditional 3-cell electrochemical system with KCl 
saturated calomel electrode (SCE) as the reference 
electrode, a grand square platinum plate (20 mm× 20 
mm) as the counter electrode and the rusted steel as 
the working electrode. Electrochemical impedance 
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spectroscopy (EIS) was operated in a frequency range 
from 100 kHz to 10 MHz and a sinusoidal voltage 
of 10 mV. Potentiodynamic polarization curves were 
performed from -250 mV (vs Eoc) to 0 mV (vs Eref) 
with a sweep rate of 0.5 mV/s.

3  Results

3.1  Corrosion weight-loss test
Fig.1 shows the corrosion rate of the steel in 

different simulated corrosion environments with respect 
to corrosion time. In the three corrosion environments, 
corrosion rate decreases with increasing corrosion time. 
In 0-240 h, the corrosion rate of salt spraying (vss) is 
the most rapid in the three corrosion environments, and 
the corrosion rate of total immersion (vtl) is lower than 
that of salt spraying (vss); the corrosion rate in periodic 
immersion environment is the slowest in all simulated 
environments. However, the corrosion rates of salt 
spraying and total immersion approach to each other 
in 240-720 h. In 240-720 h, the corrosion rates in all 
environments kept stable. 

The three  corros ion  envi ronments  show 
features with similar NaCl concentrations, with the 
same temperature, different humilities and oxygen 
concentrations on the surface of the steel. It is indicated 
that humidity and oxygen concentration results in 
different corrosion rates. The stable corrosion rate in 
the corrosion environments in 240-720 h reflects that 
rust has remarkable effect on corrosion behavior after 
rust covered the whole surface of the steel.
3.2 Surface morphology 

Fig.2 shows the macroscopical images of inner 
and outer rust on the steel formed in the three corrosion 
environments. Outer rust after total immersion 
corrosion is porous and loose, and inner rust is a 
dense film, as shown in Figs.2 (a, b). In salt spraying 
environment, outer rust on 300M was distributed in 
lath along the current flow, with good bonding with 

dense inner rust, as shown in Figs.2 (c, d). In Figs.2 (e, 
f), outer rust formed by periodic immersion corrosion 
is homogenous and compact, and inner rust is brown 
dense film, with excellent bonding with outer layer. 

Fig .3  shows  t he  mic roscop i ca l  su r f ace 
morphology of outer rust on 300M exposed in different 
corrosion environments. Figs.3(a-b) present the 
surface morphology of outer rust after total immersion 
corrosion. Outer rust after total immersion corrosion is 
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porous, and is mainly composed of ultra-fine acicular 
corrosion product, which represents γ-FeOOH[19,20]. 
Figs.3(c-f) show that outer rust formed by salt spraying 
is porous, and heterogeneous in microscopical 
morphology. Outer rust shows flakes and flocculus-like 
particles located in different regions, which are typical 
morphologies of α-FeOOH[19,20] and γ-FeOOH[20], 
respectively. Outer rust layer after periodic immersion 
corrosion exhibits compact and consists of acicular 
sphere particles.

Fig.4 shows inner rust on the steel formed in 
different environments. Compared with outer rust, 
inner rust shows a much denser film. Inner rust for total 
immersion is dense with network broad cracks. Most 
inner rust formed by salt spraying is dense without 
cracks, but some parts of inner rust contain network 
narrow cracks. The inner rust formed by periodic 

immersion is much denser with few narrow cracks. 
3.3 Rust composition analysis  

Fig.5 (a) shows the XRD results of outer rust on 
300M exposed in different corrosion environments. 
According to the intensity of the composition in XRD, 
outer rust for total immersion is mainly composed of 
most abundant γ-FeOOH and the other Fe3O4. Outer 
rust for salt spraying contains mainly γ-FeOOH/
α-FeOOH/Fe3O4. γ-FeOOH is the most abundant 
composition in the outer rust; the content of α-FeOOH 
is less than γ-FeOOH. The composition of outer 
rust contains α-FeOOH/γ-FeOOH/Fe3O4, in which 
α-FeOOH is the most abundant, with γ-FeOOH next to 
α-FeOOH.

Fig.5 (b) shows the Raman spectra of inner rust 
on 300M exposed in the different environments. In the 
Raman spectra, the characteristic peak at 680 cm-1 is 
assigned to Fe3O4. The characteristic peaks of γ-FeOOH 
are 255, 380, 528, 654, 1 054, and 1 307 cm-1[21,22]. 
Peaks at 225 cm-1, 295 cm-1 confirm existence of 
α-Fe2O3

[21,22]. Characteristic peaks at 299 cm-1 and 397 
cm-1 belong to α-FeOOH[21,22].The Raman reflection of 
γ-FeOOH mainly attributes to the residual of outer rust. 
Inner rust on 300M formed by total immersion and salt 
spraying is Fe3O4; and inner rust formed by periodic 
immersion is mainly composed of α-FeOOH/α-Fe2O3.
3.4  Electrochemical measurements 

Figs.6 (a-c) show Nyquist plots of the rusted steels 
exposed for 240 h and 480 h in different environments. 
A well-defined loop is shown in Nyquist plots of rusted 
steel exposed for 240 h and 480 h, respectively. In 
the total immersion and salt spraying environments, 
compared with Nyquist plots at 240 h, the radius of the 
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loop at 480 h decreased. It is indicated that corrosion 
resistance of rust decreased with corrosion time. The 
Nyquist plots of periodic immersion show two loops 
at low and high frequency, respectively; the radiuses 
of the loops at low frequency increased from 240 h 
to 480 h. It is indicated that in periodic immersion 
environment, the rust corrosion resistance increased 
with corrosion time.

Figs.7 (a-c) present potentiodynamic polarization 
curves of the rusted steels exposed for 240 h and 480h 
in different corrosion environments. In the salt spraying 
and periodic immersion, the same cathodic slope is 
shown at 240 h and 480 h, respectively. The cathodic 
slope for total immersion decreased from 240 h to 
480 h. It is indicated that the rust effect on corrosion 
behavior increased from 240 h to 480 h in total 
immersion environment, but unchanged in salt spraying 
and periodic immersion environments. 

For total immersion, the corrosion potential at 480 
h decreased and corrosion current density increased 
according to that at 240 h. But the corrosion potential 
increased with corrosion time increasing from 240 h 
to 480 h in environments of salt spraying and periodic 
immersion, and corrosion current density decreased 
in periodic immersion environment, but increased for 
total immersion and salt spraying. It is indicated that 
rust on 300M for periodic immersion has excellent 
anti-corrosion properties and rust inhibited corrosion. 

However, rust for total immersion and salt spraying 
environments increased corrosion rate. 

4  Discussion

4.1  Composition and formation of rust 
The outer rust on the steel formed in total 

immersion environment was very porous and loose; the 
inner rust had broad cracks in network. The outer rust 
formed by salt spraying was compact, and had good 
bonding with inner rust. The inner rust was dense and 
homogenous, partly with narrow grid-like cracks. The 
outer rust on 300 M in total immersion environment 
was composed of γ-FeOOH/Fe3O4; inner layer was 
dense Fe3O4 film. The composition and morphology 
of outer rust on 300M formed by salt spraying were 
inhomogeneous, with main flocculus-like γ-FeOOH and 
flake α-FeOOH, also some Fe3O4; inner rust was dense 
Fe3O4 film. Outer rust formed by periodic immersion 
was composed of α-FeOOH/γ-FeOOH/Fe3O4, in which 
α-FeOOH was the main composition. The inner rust 
formed by periodic immersion was α-FeOOH/α-Fe2O3 
dense film. There was good bonding force between 
inner and outer rust. 

Corrosion process in total immersion and salt 
spraying environments was in continuous state. The 
morphology and composition of outer rust formed in 
the two environments were different, and inner rust 
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contained the same composition. The specimens of 
total immersion corrosion test were totally immersed 
in the solution. Oxygen was homogenously distributed 
on the steel. The morphology of outer rust had little 
difference. But solution film on the steel was different 
in thickness by effect of solution current in the salt 
spraying, and rust formed in lath along the solution 
current. Due to the difference in thickness of solution 
film and oxygen concentration, outer rust formed with 
different morphologies and compositions.

In the total  immersion environment,  rust 
formation process is shown as formula (2). Iron 
was dissolved into Fe2+, and Fe(OH)2, Fe(OCl).
H2O was transformed into γ-FeOOH. Subsequently, 
γ-FeOOH was reduced into Fe3O4. In the salt spraying 
environment, Cl- ion facilitates the transformation of 
γ-FeOOH into α-FeOOH[23] as shown in formula (3). 
Periodic immersion corrosion process proceeded in 
discontinuous state. The electrochemical reactions in 
wet stage were the same with total immersion corrosion 
test. In the dry corrosion stage, corrosion would not 
occur in the environment with the humidity about 45%; 
γ-FeOOH agglomerated into particles, and γ-FeOOH 
transformed into α-FeOOH under surficial rust. The 
rust formed from the bottom to upside, and became a 
homogenous and dense layer gradually. 

Anodic reaction:        
Cathodic reaction:    
Total reactions:

  (2)

   (3)

4.2  Rust effect on corrosion behavior
The corrosion weight- loss  tes t  indicates 

that in the initial period, the corrosion rate in salt 
spraying environment was the most rapid in the three 
environments; total immersion corrosion environment 
took the second place. Due to thin solution film on 
steel 300M in salt spraying environment, O2 diffusion 
exhibited very fast; and rust was washed down by the 
descending solution current under the action of gravity, 
and corrosion area expanded faster than the others. As 
results, in the initial period the corrosion rate under 
salt spraying was the most rapid. Low corrosion rate in 
periodic immersion was due to dense and homogenous 

rust with excellent electrochemical stability. With rust 
covering the whole surface of the steel, the corrosion 
rate decreased gradually and became stable. 

The results of electrochemical measurements 
indicate that the rust formed in total immersion 
environment had effect on corrosion process. Outer 
rust formed by total immersion was porous, with poor 
adherence with inner rust, which exhibited no diffusion 
barrier effect on corrosive ions. The composition 
of rust formed by salt spaying was not distributed 
homogenously. Outer rust layer consisted of γ-FeOOH/
α-FeOOH/Fe3O4, in which γ-FeOOH was the most 
abundant, and inner rust was composed of Fe3O4. 
Fe3O4 film had excellent electron conductivity. The 
EIS and polarization curves of total immersion and salt 
spraying showed contradiction with corrosion weight 
loss test, mainly due to cathodic reduction of abundant 
γ-FeOOH in outer rust and poor resistance of Fe3O4 
in inner rust during electrochemical measurement. 
In fact, with increasing corrosion time, the inner and 
outer rust increased in thickness, and the density of 
outer rust increased, which could inhibit the oxygen 
diffusion and decreased the corrosion rate. On the 
contrary, the inner and outer rust formed by periodic 
immersion was mainly composed of α-FeOOH, which 
had excellent electrochemical stability. Therefore, the 
EIS and polarization curves showed better corrosion 
resistance with increasing corrosion time, which agreed 
with corrosion weight loss test. Moreover, the dense 
structure increased the anti-corrosion properties.

5  Conclusions

a) In total immersion, salt spraying, and periodic 
immersion corrosion environments, the corrosion rate 
of 300M in salt spraying environment (vss) was the 
most rapid, and followed by total immersion test (vtl) in 
0-240 h. Corrosion rate vss and vtl approached to each 
other in 240-720 h. In 0-720 h, the corrosion rate of 
periodic immersion vpi was much lower than that of salt 
spraying and total immersion test.

b) In total immersion environment, outer rust 
was porous and composed of ultra-fine γ-FeOOH/
Fe3O4 particles, and inner rust showed a dense Fe3O4 

film with network broad cracks. In salt spraying 
corrosion environment, outer rust was compact with 
main composition of γ-FeOOH/α-FeOOH/Fe3O4, and 
inner rust was dense Fe3O4 film. Outer rust formed by 
periodic immersion corrosion was dense α-FeOOH/
γ-FeOOH/Fe3O4 layer, and inner rust was α-FeOOH/
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α-Fe2O3 dense film. In all the environments, humidity 
and oxygen concentration were main factors which 
affected rust formation.

c) The rust on the steel formed by total immersion 
and salt spraying showed poor corrosion resistance. By 
contrast, the rust formed by periodic immersion had 
remarkable retarding effect on corrosion behavior.
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