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Abstract The influence of rust layers on the corrosion behavior of ultra-high strength steel 300M subjected to a simulated
coastal atmosphere was investigated by corrosion weight loss, surface analysis techniques, and electrochemical methods.
The results exhibit the presence of a large proportion of y-FeOOH and «-FeOOH and a small amount of Fe;O, in the outer
rust layer. During the wet—dry cyclic process, the bonding performance and the density of outer rust layer deteriorate with
the thickness of outer rust. The inner rust layer plays a main role on protectiveness, which can be attributed to the formation
of an ultra-dense and adherent rust film with major constituent of «-FeOOH and «-Fe,O3 on the steel.
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1 Introduction

It has been widely accepted that typical atmospheric cor-
rosion acts as an alternate wet—dry corrosion process [1, 2].
Some mechanism models for atmospheric corrosion have
been developed [2-6]. Costal and marine atmospheric
environments with abundant air-borne chloride are very
important service sites for structural steels. Corrosion
behavior of steels in chloride-rich atmospheric environ-
ments has attracted wide attention.

In the past decades, most work for atmospheric corro-
sion focused on outdoor exposure corrosion [7-12]. Long-
term outdoor exposure tests could provide reliable and
abundant information for atmospheric corrosion. However,
the results obtained have a large scatter in different loca-
tions. Moreover, it normally takes several years or even
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several decades. Laboratory-accelerated corrosion test is an
appropriate method for rapid, comprehensive, and exact
evaluation, which could be operated with identical envi-
ronmental factors in different locations [13—-16].

Zhao et al. [15] reported that the microstructure of steels
affected corrosion resistance in wet—dry cyclic corrosion
environment. Hao et al. [16] noticed that the composition
and electrochemical properties of rust affected corrosion rate
of weathering steels in simulated coastal environment. Ni-
shimura et al. [17] pointed out that in cyclic wet—dry cor-
rosion environment with chloride, nano-scale iron oxide in
inner rust layer on weathering steel increased corrosion
resistance. Sun et al. [18] investigated corrosion behavior of
ultra-high strength steel 300M by salt spraying corrosion test
and found that the porous outer rust with main composition
y-FeOOH could accelerate corrosion rate. However,
research on rusting mechanism of low alloy martensitic steel
in wet—dry cyclic environments has rarely been reported.

300M is recognized as a most successful low alloy ultra-
high strength steel in the application of aircraft landing
gears. In the past decades, it has been widely applied in
aerospace and also other industries. During long-term ser-
vice of the steel in costal and marine atmosphere, it is
imperative to explore the alternate wet—dry corrosion
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Fig. 1 Corrosion weight loss of 300M with different CCT cycles in
the wet—dry cyclic environment

Fig. 3 OM cross-sectional morphology of rust layers on 300M
exposed for 144 cyc CCT

behavior of the steel from the consideration of minimum
maintenance and service safety.

In the present work, an alternate wet—dry accelerated
corrosion test was employed to investigate the corrosion
behavior of an ultra-high strength steel 300M in the costal
atmosphere with moderate aggressivity at 27 °C and 45%
RH (relative humidity). In particular, the work focused on
the formation and the protectiveness of rust layers on the
steel in the environment.

2 Experimental
2.1 Materials

The main chemical composition of ultra-high strength steel
300M is shown as follows (wt%): 0.40 C, 1.90 Ni, 0.71 Cr,
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Fig. 2 Corrosion rate of 300M with different CCT cycles in the wet—
dry cyclic environment

1.66 Si, 0.64 Mn, 0.37 Mo, 0.088 V, and balance of Fe. The
microstructure of the steel mainly contained lath/plate mar-
tensite with M-Cs, e-carbides in the substrate and along
boundaries, and retained austenite at prior austenite grain
boundaries [19-22]. In order to ensure the reliability of
experimental data, three samples (60 mm x 30 mm X
3 mm) were used for the measurement of corrosion weight
loss, leaving an exposure area of 50 mm x 25 mm with other
area sealed by styrene-butadiene rubber. The exposure surface
was mechanically ground with SiC emery paper up to grade
10004#. All the samples were cleaned in acetone by ultrasonic
sound, dried by cold air flow, and stored in a desiccator.

2.2 Wet-Dry Cyclic Corrosion Test (CCT)

Referred to ASTM G 44-99 [23], one CCT cycle involves
two stages: (1) the samples were immersed in 3.5 wt%
NaCl solution at (27 & 1) °C for 10 min and (2) the
samples were subsequently dried for 50 min at (45 £ 2)%
RH and (27 £ 1) °C. The experimental solution was
refreshed for 48 h.

The rust on the steel was completely removed by dip-
ping in a mixed solution with 500 mL HCI, 500 mL H,O,
and 3.5 g C¢H|,N4. After that, the samples were weighed
before CCT and after rust removal to determine the cor-
rosion weight loss.

2.3 Electrochemical Measurements

The electrochemical measurements were performed on an
electrochemical working station (VersaSTAT MC-4,
Ametek , USA) in neutral 3.5 wt% NaCl solution at room
temperature [25 £ 2 °C], using a traditional three-elec-
trode electrolytic cell with a Pt plate as counter electrode, a
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Fig. 4 The surface morphology of outer rust after different CCT cycles: a 144 cyc; b 240 cyc; ¢ 480 cyc; d 720 cyc

KCI saturated calomel electrode (SCE) as reference elec-
trode and the rusted steel as a working eletrode. Open
circuit potential (E,.) was measured for at least 1 h before
potential stabilization. Electrochemical impedance spec-
troscopy (EIS) was applied in 10 mV sinusoidal voltage
and a frequency range from 100 kHz to 10 mHz. The po-
tentiodynamic polarization measurement was performed
from —250 mV (vs. Ey) to 200 mV (vs. E.f) at a sweep
rate of 0.5 mV/s.

2.4 Structural and Compositional Characterization

Surface morphology of outer and inner rust layers was
observed by field emission scanning electron microscope
(FE-SEM, Apollo300, SanCam, UK). The section mor-
phology of the rusted steel was observed by an optical
microscope (OM, LeiCa DM4000M, Germany) with a dark
field mode. The outer rust was ground into fine powders

and detected by X-ray Diffraction (XRD, D/max-2200,
Rigaku, Japan) using Cu as the target with an electric
current of 200 mA and a voltage of 40 kV at a scanning
rate of 3°/min. Laser Raman spectroscopy (Lab RAM
HR800, Horiba JR, France) was used to characterize the
composition of the inner and outer rust layers on the steel,
which was operated with argon ion laser as an excitation
source (4 = 614 nm).

3 Results

3.1 Corrosion Kinetics

Figure 1 shows a curve of corrosion weight loss results
with respect to CCT cycles. The curve follows the well-
known bi-logarithmic formula, as shown in Eq. (1). The

corrosion rate (vs. CCT cycles) is calculated according to
Eq. (2), as shown in Fig. 2.
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Fig. 5 The surface morphology of inner rust after different CCT cycles: a 144 cyc; b 240 cyc; ¢ 480 cyc; d 720 cyc
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Fig. 6 XRD pattern of outer rust on steel 300M exposed for 480 CCT
cycles
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Wy — W,

o = A X1 =322080E — 4 O73364 (1)

v :ATW x 1000, (2)

where Aw is the corrosion weight loss, v denotes corrosion
rate of the steel (vs. CCT cycles), W, is the corrosion
weight before corrosion test, W, is the corrosion weight
after rust removal, S is the exposure area on the sample,
A and n denotes constants and 7 denotes the number of CCT
cycles. The value n means the protective effectiveness;
when 0 < n<l1, it means that the rust on the steel is pro-
tective against corrosion.

In Fig. 2, corrosion rate decreases when CCT cycle
increases from 0 to 720 cyc. A high corrosion rate is
observed within 0-144 cyc. An apparent decline of corro-
sion rate is noted within the range of 144 to 240 cyc. The
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corrosion rate was kept at low value with 240 to 720 cyc.
Based on the value n = 0.73 in formula (1), it is predicted
that the rust has inhibition effect against corrosion.

3.2 Rust Morphologies
Figure 3 shows optical microscopic cross-sectional mor-

phology of rust layer for 144 CCT cycles. The rust layer
could be identified as outer and inner rust layers. The outer

begins to agglomerate into particles without regular size.
The amplificatory image in Fig. 4a shows acicular sphere
particles. Corrosion product grows into small regular
spheres after 240 cyc (Fig. 4b). According to an enlarged
image of Fig. 4b), the small acicular sphere connects with
each other. Up to 480 cyc, the spherical particles grow
larger and congregate into a compact rust layer. The am-
plificatory image of Fig. 4c shows that acicular morphol-
ogy of the spheres becomes brushy. After 720 cyc,
spherical particles are integrated into a more compact and
even film, as shown in Fig. 4d. The enlarged image of
Fig. 4d shows denser acicular morphology on the spherical
particles. The magnified images in Fig. 4a—d show the
same acicular morphology, which means that the surficial
rust is composed of the identical constituent.
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Fig. 9 EIS diagrams of rusted steel 300M exposed for different CCT cycles: a Nyquist plots; b Bode plots of loglZl versus logf; ¢ Bode plots of -

Phase angle versus logf
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Fig. 10 Equivalent circuit diagram for EIS diagrams of rusted steel
300M exposed for different CCT cycles

Figure 5(a-d) show the surface morphology of inner rust
on the steel formed after 144, 240, 480, and 720 cyc of
CCT, respectively. The surface of the inner rust after 144
cyc shows brushy appearance, many cracks are observed
(Fig. 5a). Quite fewer cracks are observed on the surface of
inner rust after 240 cyc. Region I in Fig. 5b shows that
flake corrosion product has been formed in the inner rust.
Up to 480 cyc, the surface of inner rust appears smooth and
denser. The surface of inner rust after 720 cyc is much
denser, with much fewer cracks. Regions II and III in
Fig. 5c and d show that the dense inner rust contains par-
ticle corrosion product. With the increase of CCT cycles,
the inner rust surface becomes smooth. The boundary
between the inner and the outer rust becomes more and
more apparent.

3.3 Rust Composition

The outer rust exposed for 480 cyc of CCT was analyzed
by XRD, as shown in Fig. 6. It is observed that the outer
rust is mainly composed of y-FeOOH, «-FeOOH, and
Fe;0,. The intensity of y-FeOOH is stronger than that of o-
FeOOH, implying a larger content of y-FeOOH than o-
FeOOH in the outer rust.

Raman spectra of the inner and outer rust on the samples
after 480 cyc of CCT are shown in Fig. 7. The peaks at 299
and 397 cm™! are identified as a-FeOOH [24-26]; the
peaks at 225 and 295 cm ™! are confirmed as o-Fe,O5 [24—
28]. Peaks at 252, 380, 528, 654, 1,054, and 1,307 cm™'
are characteristic ones of y-FeOOH [24-28]. It indicates

Table 1 Simulated results of EIS diagrams for different corrosion times

that y-FeOOH and o-Fe,Oj3 distribute in the surficial layer
of the outer rust and «-FeOOH is the main composition of
the inner rust, with a small proportion of o-Fe,O; and
FC304.

In all, the inner rust is composed mainly of a-FeOOH,
with some «-Fe,03 and Fe;0,4. The outer rust consists of a
large amount of y-FeOOH and a small amount of «-FeOOH
and Fe30,4. The surficial rust is believed to be y-FeOOH.

3.4 Electrochemical Measurements

Figure 8 shows OCP curves of the rusted steel exposed for
different CCT cycles. The naked steel before CCT shows
low OCP value at —600 mVgcg. With CCT proceeding,
OCP gradually shifts to noble values and remains
unchanged at —440 mVgcg after 360 cyc.

Figure 9 shows Nyquist and Bode plots of EIS diagrams
of the rusted steel during 144-720 cyc. The equivalent
circuit corresponding to the EIS diagrams is shown in
Fig. 10, where symbols R, and R;, denote the impedance
of the outer and the inner rust, respectively; Co, and Cj,
denote the capacitance of the outer and the inner rust,
respectively; R, is charge transfer resistance; W is diffu-
sion impedance; Q4 is double-layer capacitance, and con-
stant phase element (CPE) substitutes Q4 during the actual
simulation, which includes Y and »; Y is model value of Qy;
and n is dispersion coefficient, 0 < n<1. The values R,
Rin, R, and W are suggested to be the most useful indi-
cators to estimate the protectiveness of the rust layer [29].
The simulated results for all parameters are listed in
Table 1.

The curves of four symbols Ry, R, Re, and W as a
function of CCT cycles are shown in Fig. 11, respectively.
Routs Rins Ret, and W increase from 144 to 720 CCT cycles,
with the exception of R, for 480 CCT cycles in Fig. 11a.
It indicates that with CCT proceeding, corrosion resistance
of the outer and the inner rust layer increases remarkably.
The abnormal value of R, for 480 CCT cycles is related to
the peeling off of the outer rust layer.

Figure 12 shows potentiodynamic polarization curves
exposed for different CCT cycles. When rust covered the
whole surface of the sample, the reduction of corrosion

CCT cycle  Cou (107%F/em®)  Roy (em®  Cj, 107°F/em?)  Ry(Q/em®  Q (Flem®)  n Ro(Qecm?®)  W(Q/em?)
144 4.26242 54.10191 15.121 5.75541 0.00511 0.76089  15.83439 0.01855
240 1.13682 61.47771 9.52994 7.56178 0.00345 0.76994  17.41401 0.01857
360 1.25452 81.74522 2.44586 13.1465 0.0016 0.75643  20.33121 0.01832
480 271592 53.73248 1.93631 14.44586 0.0013 0.74344  22.63694 0.01806
600 1.0679 84.36943 1.96051 15.7707 0.00141 0.74917  23.09554 0.01833
720 1.04611 88.12739 1.61274 18.15287 0.00205 0.66255  33.69427 0.02242
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Fig. 12 Potentiodynamic polarization curves of rusted steel 300M
exposed for different CCT cycles

product became dominant in the cathodic process. The
slope of cathodic polarization branch nearly unchanged in
144-720 cyc. It indicates that the amount of y-FeOOH
stabilizes in 144-720 cyc. The corrosion potential E_.
increases when the corrosion time increases from 144 to
720 cyc. The slope of anodic polarization curve increases
with corrosion time in 144-240 cyc and then remains
almost unchanged in 360-720 cyc. The anodic current
density decreases when CCT cycles increase from 144 to
720 cyc. As the rust thickness reached a certain value,
anodic current in anodic region of potentiodynamic

polarization curves was kept at a certain value in a certain
potential range. It indicates that as rust overlays the steel
surface, it mostly affected the anodic polarization process
with CCT increasing.

4 Discussion

In the wet—dry cyclic environment, the outer rust layer was
composed of main constituents of y-FeOOH and «-FeOOH
and a small amount of Fe;0,4, which were commonly found
to be the main composition of outer rust in outdoor costal
atmosphere [7, 8]. The outer rust layer exhibited porous
and poor adherence with inner rust after certain CCT
cycles. That is to say that the density and bonding of outer
rust layer were affected by the thickness of rust and drying
process. Before 240 cyc, thin rust layer on the steel was
dried totally. The rust layer showed excellent bonding and
high density. Thick rust prolonged the evaporation time of
the water in outer rust layer. After 480 cyc, the drying stage
was insufficient for the drying up of the outer rust layer;
rust beneath the surface was still wetted. Inhomogeneous
wetness in the outer rust introduced defects beneath the
surface, such as cavities and holes, which deteriorated the
bonding and the density of the outer rust. Newly formed
yellow-orange rust (y-FeOOH) covered the surface of the
outer rust with a quantity of defects. As a result, the rust in
the top of the outer rust layer showed a layer-by-layer
structure. Subsequently, the surficial rust heaved and even
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broke off. Moreover, the yellow-orange rust would gener-
ate or flow in the defects, and then the defects could be
self-repaired [30].

The inner rust layer showed an integrated dense film
with main constituents of «-FeOOH and «-Fe,Os, which
showed excellent bonding force with the steel. On the
surface of inner rust, corrosion product in nano particles
from the outer rust layer was accumulated and integrated
into ultra-high dense rust film. The dense inner rust layer
acted as a physical barrier for water, oxygen, chloride, etc.

Before 360 CCT cycles, the resistance R, increased
with the thickness of the outer rust layer. After 480 CCT
cycles, R, decreased due to the deterioration of the outer
rust layer. By contrast, R;, increased with the increase of
CCT cycles. The potentiodynamic polarization curves
confirmed that the rust on the steel restrained the dissolu-
tion of iron. Corrosion rate obtained from the weight loss
results decreased with CCT cycles very remarkably and
remained stable at a small value. The electrochemical
measurements were found to be consistent with corrosion
weight loss results, which confirmed that the rust appar-
ently decreased the corrosion rate of the steel.

Therefore, in the initial CCT period, the outer rust layer
played main protectiveness on the steel; after the outer rust
layer became porous and loose, the protectiveness degra-
ded. Meanwhile, the dense inner rust layer adherent to the
steel inhibited corrosion. In addition, the inner rust layer
played an important role on corrosion resistance of the
rusted steel during the whole CCT process.

5 Conclusions

In the wet—dry cyclic environment with chloride and low
humidity, the corrosion behavior of ultra-high strength
steel 300M is summarized as follows:

(1) The outer rust consists of a large amount of y-FeOOH
and «-FeOOH and a small amount of Fe;0,4. With the
increase of thickness of the outer rust, the outer rust
shows porous and poor bonding force with the inner
rust, which is mainly attributed to the insufficient
drying of the thick rust during the CCT process.

(2) The inner rust layer is an ultra-dense film adherent to
the steel with main composition of a-FeOOH and «-
Fe,0s5. The inner rust is transformed from nanostruc-
true corrosion product in the outer rust.

@ Springer

3) During initial CCT period, the outer rust layer plays
main protectiveness on the steel. The inner rust shows
excellent corrosion inhibition and plays an important
role on corrosion resistance during the whole CCT
period.
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