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1.  Introduction

P is a representative alloying element in steel,1,2) and its 
presence affects the mechanical properties such as fracture 
toughness3,4) and weldability.5,6) In addition to the mechani-
cal properties, P is known to affect the corrosion properties 
of steels. In particular, P is thought to have significant effects 
on the properties of rust layer formed when steel is used for 
long periods of time in atmospheric corrosive environments. 
For example, it has been reported that for weathering steel 
containing P, Cr, and Cu, the protective ability of rust layer 
was enhanced as the contents of these elements increased, 
resulting in the improvement of corrosion resistance.7–9) 
According to the studies conducted by Okada et al.7) and 
Misawa et al.,8,9) the addition of these elements changes the 
rust layer to denser, which contributes to the improvement 
of protective ability. However, the above studies focused on 
steels containing not only P but also Cr and Cu; the effects 
of P alone on the rust structure and corrosion resistance of 
steels are still unclear.
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In addition to the characteristics of rust layer, P may also 
affect the corrosion behavior of as-polished steel surface 
without rust in the initial stage of use. P has a proven ten-
dency to segregate at grain boundaries of steels.10) Many 
previous studies have reported that such segregation of 
alloying elements is responsible for the initiation of local-
ized corrosion.11–13) Manning et al. analyzed the corrosion 
behavior of type 304L duplex stainless steel in acidic solu-
tions and revealed that the segregation of alloying elements 
at the microstructural interfaces acted as initiation sites for 
localized corrosion.13) Küpper et al. analyzed the corro-
sion resistance of Fe–P alloys containing 0.003–2.5 wt% 
P in hot nitrate solutions and revealed that the corrosion 
resistance of the alloys decreased owing to the presence of 
P segregation.11) However, these studies focused on the cor-
rosion behavior in acidic pH environments, and almost no 
research has been conducted in Cl-containing near-neutral 
pH environments, which is similar to atmospheric corrosive 
environment where actual steels are widely used.

As mentioned above, although P is a representative alloy-
ing element in steels, no studies have comprehensively ana-
lyzed the effect of P on corrosion resistance in atmospheric 
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environments from the initial stage of use to the long-term 
behavior after extended exposure periods. Therefore, the 
objective of this study was to comprehensively clarify the 
effect of P on the corrosion behavior of steels from the initial 
to extended stages of use. Because the addition of a large 
amount of P degrades mechanical properties, the P content 
of actual steels is generally low (less than 0.1 mass%).14,15) 
On the other hand, in this study, to show the effect of P more 
distinctly, three types of steels with larger amounts of P were 
prepared (Fe-0.5 mass% P, Fe-1.0 mass% P, and Fe-1.5 
mass% P), and the corrosion behavior was investigated. First, 
electrochemical measurements and surface analysis of the 
as-polished surface without rust were performed to access 
the effect of P on the initial corrosion resistance. Close atten-
tion was paid to the relationship between P segregation and 
localized corrosion initiation behavior. Additionally, a long-
term atmospheric exposure test was conducted to analyze the 
corrosion resistance with the formation of a rust layer over 
extended periods of long-term use. SEM/EPMA observation 
of cross-sections of the rust layers was conducted to analyze 
the effect of P on rust formation.

2.  Experimental

2.1.  Specimens
Three types of Fe–P alloys with varying P contents 

(Fe-0.5 mass% P, Fe-1.0 mass% P, and Fe-1.5 mass% P) 
were used as specimens. The chemical compositions of 
the specimens are listed in Table 1. The specimens were 
heated at 1 200°C for 1 h, then hot-rolled at 925±25°C 
and air-cooled. After the heat-treatment, the specimen 
surfaces intended for use in polarization measurements 
were mechanically ground using SiC paper up to 1 500 
grit and were finished by polishing with a 1 μm diamond 
paste. The specimens intended for use in microstructural 
observation and immersion tests underwent Ar ion milling 
after the diamond paste polishing. The specimens for use 
in the atmospheric exposure tests were cut to dimensions 
of 150 mm × 50 mm× 6 mm.

2.2.  Surface Observation and Analysis
To investigate the microstructural characteristics and 

corrosion morphology of the specimens, scanning electron 
microscopes (SEM) equipped with energy-dispersive X-ray 
spectroscopy (EDS) systems were used. The composition of 
non-metallic inclusions, existence of microscopic segrega-
tion of P at grain boundaries, and corrosion morphology 
after polarization and immersion tests were analyzed using 
Hitachi High-Tech SU5000 and Octane Elite. The accelerat-
ing voltage was 15.0 kV. Macroscopic segregation of P was 
observed using Carl Zeiss AurigaLaser. The accelerating 
voltage of SEM observation and EDS analysis were 5.0 kV 

and 15.0 kV, respectively.

2.3.  Electrolytes
Polarization measurements and immersion tests were 

performed in boric-borate buffer solution containing 10 mM 
NaCl (pH 8.0). The buffer solution was prepared by mixing 
10 mM NaCl-containing 0.35 M H3BO3 and 10 mM NaCl-
containing 0.075 M Na2B4O7.

2.4.  Potentiodynamic Anodic Polarization
Potentiodynamic anodic polarization was conducted in 

boric-borate buffer solution with 10 mM NaCl (pH 8.0) 
under naturally aerated conditions at 298 K. The electrode 
area was 1.5 cm × 1.5 cm. The counter electrode was a Pt 
plate and the reference electrode was Ag/AgCl (3.33 M 
KCl). All potentials cited in this paper are expressed in terms 
of the Ag/AgCl (3.33 M KCl) electrode. An electrochemical 
measurement system, HZ-7000 (MEIDEN HOKUTO), was 
used. Before measurements were taken, cathodic treatment 
(−1.0 V, 10 min) was conducted to remove any surface oxide 
film from the specimens. A potential scan began at −1.0 V 
immediately afterwards. The scan rate was 20 mV min−1.

2.5.  Potentiostatic Polarization
To investigate the initiation sites of the localized corrosion 

on the Fe-1.5 mass% P specimen, potentiostatic polarization 
was conducted at 0.2 V for 80 s in a boric-borate buffer solu-
tion with 10 mM NaCl (pH 8.0), and the surface corrosion 
morphology was observed by SEM/EDS. The polarization 
conditions, such as the electrode size, counter electrode, 
and reference electrode, were the same as those used for the 
potentiodynamic polarization, as explained earlier.

2.6.  Immersion Test
To analyze the effect of P on the initiation of localized 

corrosion, immersion tests of the Fe-0.5 mass% P, Fe-1.0 
mass% P, and Fe-1.5 mass% P specimens were conducted 
in a boric-borate buffer solution with 10 mM NaCl (pH 8.0). 
Rectangular regions of 200 μm×300 μm were selected as 
observation areas, and the number of localized corrosion 
sites was counted by comparing the optical microscopy 
images before and after immersion for 3 h.

2.7.  Atmospheric Exposure Test
To investigate the effect of P content on long-term 

corrosion resistance, atmospheric exposure tests of the 
Fe-0.5 mass% P, Fe-1.0 mass% P, and Fe-1.5 mass% P 
specimens were conducted at Japan Weathering Test Center, 
Miyakojima (24°−44’N, 125°−19’E) for a period of 5 
years.16) The specimens, 150 mm ×  50 mm×  6 mm in size, 
were placed facing south at a 45° angle and directly exposed 
to the atmospheric environment. After 5 years, the weight 
loss due to corrosion was measured.

2.8.  EPMA after Atmospheric Exposure Test
After the atmospheric exposure tests, cross-sections of 

the specimens were observed using an electron probe micro 
analyzer (EPMA, JEOL JXA-8500F). To reduce charging 
effects, a thin conductive coating of Au was deposited on 
the specimens before observation. The accelerating voltage 
and probe current for the EPMA were 15.0 kV and 100 nA, 

Table 1.  Chemical compositions of the specimens (mass%).

Specimen C Si Mn P S Cu Ni

Fe-0.5 mass% P <0.01 <0.01 0.01 0.50 <0.01 <0.01 <0.01

Fe-1.0 mass% P <0.01 <0.01 0.03 0.99 <0.01 0.02 <0.01

Fe-1.5 mass% P <0.01 <0.01 0.05 1.48 <0.01 0.02 <0.01
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respectively.

3.  Results and Discussion

3.1.  Microstructure Characterization
To confirm the presence of P in the microstructure, 

SEM observation and EDS analysis were performed on 
the surfaces of the specimens after ion-milling. Figure 1 
shows SEM images of the Fe-0.5 mass%, Fe-1.0 mass%, 
and Fe-1.5 mass% P specimens. For all specimens, grain 
size was approximately 100 μm. Figure 2 shows the EDS 
maps of P for the same areas as those shown in Fig. 1. For 
the Fe-0.5 mass% P specimen shown in Fig. 2(a), no P 
distribution/concentration can be observed along the micro-
structure. On the other hand, for the Fe-1.0 mass% P and 1.5 
mass% P specimens shown in Figs. 2(b) and 2(c), band-like 
high P-concentration areas (macroscopic segregation) were 
observed in the horizontal direction, indicated in the figures 
by arrows. Such macroscopic segregation of P is considered 
to occur during the steel solidification process.17)

In addition to the macroscopic segregation mentioned 
above, P can microscopically exist as the segregation along 
grain boundaries.10) To confirm the existence of grain 
boundary segregation, further SEM/EDS observations were 
conducted at a higher magnification than those shown in 
Fig. 2, and the results are shown in Fig. 3. In Figs. 3(a), 
3(c), and 3(e), the regions including the grain boundaries 
were selected for observation. In Figs. 3(b) and 3(d), there 

is no grain boundary segregation of P on the Fe-0.5 mass% 
P and Fe-1.0 mass% P specimens. On the other hand, as 
indicated by the arrow in Fig. 3(f), P segregation along the 
grain boundary was observed for the Fe-1.5 mass% P speci-
men. These results indicate that the segregation of P along 
the grain boundary increased with increasing P content in 
the steels, and are in agreement with results reported by Suto 
and Takezawa18) and Abe et al.19) Hereafter, the band-like 
P segregation observed in the macroscopic regions in Figs. 
2(b) and 2(c) is referred to as “macroscopic segregation”, 
and the segregation along the grain boundary in Fig. 3(f) 
is referred to as “microscopic segregation”. In addition to 
macro- and microscopic segregation, P can also exist as 
P compounds in steel. However, no P compounds were 
detected in the specimens used in this study.

3.2.  Non-metallic Inclusion
The chemical compositions and morphologies of the non-

metallic inclusions were examined using SEM/EDS. For all 
specimens, the non-metallic inclusions were approximately 
2–4 μm in size. Figures 4 to 6 show the SEM images 
and EDS maps of the inclusions observed on the Fe-0.5 
mass% P, Fe-1.0 mass% P, and Fe-1.5 mass% P specimens, 
respectively. According to the EDS maps, O, Mn, and Si 
were detected in the inclusions of all the specimens. These 
inclusions appeared to be complex oxides of Mn and Si. 
Size, number, and morphology of the inclusions were highly 
similar across all specimens. P was not detected in the inclu-

Fig. 1.	 SEM images of (a) Fe-0.5 mass% P, (b) Fe-1.0 mass% P, 
and (c) Fe-1.5 mass% P.

Fig. 2.	 EDS maps of P on (a) Fe-0.5 mass% P, (b) Fe-1.0 mass% P, 
and (c) Fe-1.5 mass% P. The same areas were observed as 
Fig. 1. (Online version in color.)
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Fig. 4.	 SEM image and EDS maps of the inclusion on Fe-0.5 
mass% P.

Fig. 3.	 (a, c, e) SEM images and (b, d, f) EDS maps of P at higher magnification on (a, b) Fe-0.5 mass% P, (c, d) Fe-1.0 
mass% P, and (e, f) Fe-1.5 mass% P.

Fig. 5.	 SEM image and EDS maps of the inclusion on Fe-1.0 
mass% P.
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sions, as can be seen from the EDS maps.
To summarize the above results, the specimens included 

two types of P segregation: band-like macroscopic P seg-
regation which was observed on the Fe-1.0 mass% P and 
Fe-1.5 mass% P specimens, and microscopic P segregation 
which was observed along the grain boundaries of the Fe-1.5 
mass% P specimen only. No P precipitate was observed for 
any of the specimens, and there was a negligible difference 
between the characteristics of the non-metallic inclusions. 
Therefore, by comparing the corrosion behavior of the 
specimens, the effects of macro- and microscopic P segrega-
tion on corrosion resistance can be analyzed.

3.3.  Potentiodynamic Anodic Polarization Behavior
To compare the corrosion behavior of the three specimens 

in NaCl-containing near-neutral pH environments, poten-
tiodynamic anodic polarization was conducted. Figure 7 
shows the polarization curves in a 10 mM NaCl-containing 
boric-borate buffer solution at pH 8.0. For all specimens, 
cathodic current was initially measured from −1.0 to −0.65 
V, and a subsequent increase in the anodic current due to 
active dissolution was observed from −0.65 to −0.5 V. 
Thereafter, cathodic current was temporarily observed from 
approximately −0.4 to −0.25 V, and then only anodic cur-
rent was measured in the potential range above −0.25 V. 
From −0.25 to −0.05 V, anodic current was almost constant 
and no large increase was detected, suggesting that the spec-
imen surfaces were well passivated at this potential region. 
There was almost no difference between the polarization 
curves of all the specimens from the start of polarization 
to 0.05 V.

In the potential range above 0.05 V, a large increase in 
the anodic current due to the initiation of localized corrosion 
was observed. For the Fe-1.5 mass% P specimen, which had 
the highest P content, an increase in the anodic current was 
observed at a lower potential than those of the other speci-
mens. This indicates that the localized corrosion resistance 
of the Fe-1.5 mass% P specimen was lower than those of the 
other specimens. On the other hand, there was almost no dif-
ference in the localized corrosion initiation potential between 
the Fe-0.5 mass% P and Fe-1.0 mass% P specimens.

3.4.  Initiation Sites of Localized Corrosion
As shown in Fig. 7, the corrosion resistance of the Fe-1.5 

mass% P specimen was lower than those of the other speci-
mens. To clarify the initiation site of localized corrosion 
on the Fe-1.5 mass% P specimen, potentiostatic polariza-
tion was conducted. The specimen was polarized to 0.2 V, 
which was higher than the initiation potential of localized 
corrosion in the potentiodynamic polarization curve shown 
in Fig. 7. Figure 8 shows the change in the anodic cur-
rent density with time during potentiostatic polarization. 
Approximately 10 s after the start of the measurement, 
a large increase in the anodic current owing to corrosion 
initiation was observed. Then, 72 s after the increase in 
the anodic current, polarization was stopped immediately, 
and the surface corrosion morphology was observed using 
SEM/EDS.

Figures 9 and 10 show the observation results for the 
corroded regions. As shown in Fig. 9, after the potentiostatic 

Fig. 7.	 Potentiodynamic anodic polarization curves in 10 mM 
NaCl-containing boric-borate buffer solution at pH8.0. 

Fig. 6.	 SEM image and EDS maps of the inclusion on Fe-1.5 
mass% P. (Online version in color.)

Fig. 8.	 Change in the anodic current density with time during the 
potentiostatic polarization at 0.2 V of Fe-1.5 mass% P in 10 
mM NaCl-containing boric-borate buffer solution at pH8.0.
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polarization, some localized corroded regions 2–5 μm in 
size were observed on the specimen surface, as indicated 
by arrows. The EDS maps revealed high concentrations of 
both Si and Mn within the corroded regions. Considering 
that the specimens used in this study contained Mn and 

Si complex oxide inclusions (see Figs. 4–6), the initiation 
site of the localized corrosion in Fig. 9 appeared to be such 
inclusion. It is well known that sulfide inclusions typically 
act the initiation sites for localized corrosion on steels.20) In 
addition to the sulfide inclusions, the results shown in Fig. 
9 indicate that Mn and Si complex oxide inclusions can 
also act as initiation sites for localized corrosion in NaCl-
containing near neutral pH environments.

In addition to the localized corrosion initiated at the Mn 
and Si complex oxide inclusions, another type of localized 
corrosion occurred on the Fe-1.5 mass% P specimen after 
potentiostatic polarization, as shown in Fig. 10. This local-
ized corrosion region is elongated and narrow. Unlike the 
corroded areas in Fig. 9, where Mn and Si was detected, the 
absence of these elements in Fig. 10 suggests that the cor-
rosion initiation site in this case cannot be attributed to Mn 
and Si complex oxide inclusions. Considering that micro-
scopic P segregation along the grain boundaries existed on 
the Fe-1.5 mass% P specimen (see Fig. 3), it is estimated 
that the initiation of localized corrosion in Fig. 10 is likely 
attributed to such microscopic P segregation.

3.5.  Relationship between P Content and Localized 
Corrosion at Grain Boundary

The results in the previous section indicate that in addi-
tion to Mn and Si complex oxide inclusions, microscopic 
P segregation along grain boundaries appeared to act as 
the initiation site of localized corrosion. To demonstrate 
the localized corrosion initiation behavior at P segregation 
more clearly, immersion tests of the Fe-1.5 mass% P, Fe-1.0 
mass% P, and Fe-0.5 mass% P specimens were conducted. 
For the immersion tests, 200 μm×300 μm regions of the 
specimens were selected as the observation areas. The 
specimens were immersed in a 10 mM NaCl-containing 
boric-borate buffer solution for 3 h, then, the number of 
localized corrosion sites was counted by comparing the opti-
cal microscopy images before and after immersion.

Figures 11(a)–11(c) show optical microscopy images 
after immersion. For the Fe-0.5 mass% P and Fe-1.0 mass% 
P specimens shown in Figs. 11(a) and 11(b), respectively, 
no localized corrosion can be observed along the grain 
boundaries. By contrast, for the Fe-1.5 mass% P specimen 
shown in Fig. 11(c), distinct localized corrosion can be 

Fig. 10.	 SEM image and EDS maps of the localized corrosion 
area without inclusions on Fe-1.5 mass% P after the mea-
surement shown in Fig. 8. (Online version in color.)

Fig. 11.	 (a–c) Optical microscope images of (a) Fe-0.5 mass% P, 
(b) Fe-1.0 mass% P, (c) Fe-1.5 mass% P after the immer-
sion tests in 10 mM NaCl-containing boric-borate buffer 
solution at pH8.0. (d) is SEM image of intergranular cor-
rosion on Fe-1.5 mass% P.

Fig. 9.	 SEM image and EDS maps of the localized corrosion area 
with inclusions on Fe-1.5 mass% P after the measurement 
shown in Fig. 8. (Online version in color.)
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observed at some grain boundaries. In particular, the deeply 
corroded grain boundaries are indicated by circles in Fig. 
11(c), and the result of the SEM observation of such cor-
roded grain boundary was shown in Fig. 11(d). Localized 
corrosion proceeded linearly, forming a deeper trench.

Based on the results in Fig. 11, the percentage of grain 
boundaries that initiated localized corrosion out of all grain 
boundaries within a 200 μm×300 μm observation area was 
calculated. For the Fe-0.5 mass% P and Fe-1.0 mass% P 
specimens, because no localized corrosion existed along the 
grain boundaries, the percentage was 0%. For the Fe-1.5 
mass% P specimen, the percentage of grain boundaries that 
initiated localized corrosion was 9.5%. This clearly indi-
cates that the corrosion resistance at the grain boundaries 
of the Fe-1.5 mass% P specimen was lower than that of the 
other specimens.

For Fig. 3, only the Fe-1.5 mass% P specimen contained 
microscopic P segregation along grain boundaries, and for the 
potentiostatic polarization (Figs. 8 and 9) and immersion tests 
(Figs. 10 and 11), localized corrosion along grain boundaries 
was initiated on only the Fe-1.5 mass% P specimen. Based on 
these results, the microscopic P segregation can be concluded 
to have acted as the initiation sites for localized corrosion 
along grain boundaries for the Fe-1.5 mass% P specimen, as 
shown in Figs. 10(c) and 11(c). This decreased the corrosion 
resistance of the Fe-1.5 mass% P specimen compared to the 
other specimens, as shown by the potentiodynamic polariza-
tion in Fig. 7. Notably, according to the EDS analysis shown 
in Fig. 10, the localized corrosion region did not contain 
a higher concentration of P. Therefore, the segregated P 
appeared to dissolve in solution. In this study, the experi-
ments were conducted in a near-neutral pH solution. In such 
environments, P dissolves as phosphoric ions (such as HPO4

2− 
or PO4

3−) via a hydrolysis reaction.21) The formation of H+ 
through this reaction contributes to the local acidification of 
the surrounding area, which may be a factor that causes local-
ized corrosion initiation at P segregation sites.

3.6.  Change in the Initial Corrosion Resistance Depend-
ing on P Content

Based on the above results, microscopic P segregation 
along grain boundaries on the Fe-1.5 mass% P specimen 
acted as the initiation site of localized corrosion; this 
appears to be one reason for the lower corrosion resistance. 
On the other hand, in addition to the microscopic P segrega-
tion, the Fe-1.0 mass% P and Fe-1.5 mass% P specimens 
contained band-like macroscopic segregation (Fig. 2). In 
previous studies, the macroscopic segregation of alloying 
elements was reported to act as the initiator for corrosion in 
acidic pH environments.12) However, under the experimental 
conditions of this study, because there was almost no differ-
ence between the localized corrosion initiation potentials of 
the Fe-1.0 mass% P and Fe-0.5 mass% P specimens (Fig. 7), 
macroscopic P segregation seems to have had little effect on 
corrosion resistance compared to microscopic segregation. 
One possible reason between the contributions of macro- 
and microscopic segregation to localized corrosion is the 
effect of structural factors at grain boundaries. Accord-
ing to a previous study, some structural features of grain 
boundaries, such as steps and broken bonds, contribute to 
an increase in the dissolution rate.22) As such, the dissolution 

rate at microscopic segregation was likely higher than that at 
macroscopic segregation, resulting in the initiation of local-
ized corrosion occurring readily at microscopic segregation.

In summary, the initial corrosion resistance of the as-
polished steel surfaces of the specimens decreased with 
increasing P content. Higher P content increased the existence 
of microscopic P segregation along the grain boundaries, 
which appeared to act as initiation sites of localized corrosion.

3.7.  Long-term Corrosion Resistance Analyzed by 
Atmospheric Exposure Test

Thus far, the analysis has focused on examining the cor-
rosion behavior at the as-polished specimen’s surfaces in 
order to evaluate the effect of P content on the initial corro-
sion resistance. However, in practical application environ-
ments, steels are used for long periods (several decades) 
with rust formation on their surfaces. Therefore, to clarify 
the effect of P on corrosion behavior during long-term use, 
atmospheric exposure tests were conducted for a period of 5 
years. Figure 12 shows the weight loss due to corrosion after 
this 5-year exposure. The same exposure tests were conducted 
twice for each specimen, and the average weight loss values 
are shown in Fig. 12. The weight loss of the Fe-1.5 mass% 
P specimen was the smallest, and the weight loss across all 
specimens decreased with increasing P content. This sug-
gests that long-term corrosion resistance was improved with 
increasing P content. In other words, the relationship between 
the P content and long-term corrosion resistance is the inverse 
of that between the P content and the initial corrosion resis-
tance of the as-polished specimens, as previously explained.

3.8.  Effect of P on the Formation of Rust Layer
As mentioned above, the long-term corrosion resistance 

showed the inverse trend to the initial corrosion resistance. 
The most significant difference between the atmospherically 
exposed and as-polished specimens was the existence of rust 
layers on the specimen surfaces. To investigate why speci-
mens with a higher P content showed better long-term cor-
rosion resistance, SEM/EPMA observations were conducted 
on the cross-sections of the rust layers after the atmospheric 
exposure tests. The results are shown in Fig. 13. The Fe-0.5 
mass% P and Fe-1.5 mass% P specimens were used. In 
Figs. 13(a) and 13(e), the bright area at the bottom of this 
figure is the steel substrate, and the upper dark area with a 
thickness of 50 μm–150 μm is the rust layer. The upper area 
of the rust layer is the resin used to fix the specimen. For 
the Fe-0.5 mass% P specimen in Fig. 13(b), although some 

Fig. 12.	 Weight loss of samples after the atmospheric exposure 
test at Miyakojima for 5 years.
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P-concentration areas can be observed in the rust layer, P 
was not enriched in most areas of the rust layer. Addition-
ally, as indicated by the yellow arrow in Fig. 13(d), Cl 
penetrated the rust layer and reached the steel substrate. This 
suggests that although a rust layer was formed on the Fe-0.5 
mass% P specimen during 5-year exposure, its protective 
ability was functionally low.

On the other hand, for the Fe-1.5 mass% P specimen, 
P-enriched areas were observed throughout the rust layer, 
as shown in Fig. 13(f). In addition, as indicated by the yel-
low arrow in Fig. 13(h), Cl was detected only at the top of 
the rust layer, and almost no penetration of Cl into the rust 
layer was observed. This suggests that the incorporation of 
P into the rust layer improved the protective ability of the 
rust layer, resulting in the improvement in the long-term 
corrosion resistance. It is possible that this improvement of 
long-term corrosion resistance due to P may be attributed to 
the change in ion-selective ability. In this study, the experi-
ments were conducted in a near-neutral pH solution. In such 
environments, P is considered to exist as phosphoric ions 
in the rust layer.21,23) According to Miyuki et al., the ion-

selective ability of the rust layer is changed by the presence 
of phosphoric ions, inhibiting the penetration of Cl.23) In the 
case of the specimens in this study, the similar change in 
the ion-selective ability of the rust layer due to phosphoric 
ions is likely to have contributed to the improvement in the 
long-term corrosion resistance as shown in Figs. 12 and 13. 
Further investigation is required to determine the detailed 
mechanism by which P changes the properties of rust layers.

Based on previous studies, the result that the protec-
tive ability of rust layer was improved with increasing P 
content is reasonable. Okada et al. analyzed the relation-
ship between alloying elements and corrosion behavior of 
weathering steels and reported that the enrichment of P, 
Cr, and Cu promoted the protective ability of rust layer.7) 
Wang et al. reported that the incorporation of Cu and P into 
steel changes the structural characteristics of the rust layer, 
resulting in the improvement of corrosion resistance.24) The 
above studies focused on the properties of the rust layer 
when several alloying elements such as Cu, Cr, and P were 
added to the steel together. However, the results of this 
study suggest that the addition of only a large amount of P 

Fig. 13.	 SEM images and EPMA maps of the cross-sections of (a–d) Fe-0.5 mass% P, (e–h) Fe-1.5 mass% P after the 
atmospheric exposure test at Miyakojima for 5 years.
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results in a similar change in the structure and composition 
of the rust layer, which contributes to the improvement in 
long-term corrosion resistance.

3.9.  Comprehensive Effect of P from Initial to Long-
term Corrosion Resistance

Based on the above results, the effect of P on the corro-
sion resistance of steels from the initial to extended stages 
of use is considered as follows: In the initial stage of use, 
the corrosion resistance decreases with increasing P content. 
This is because P segregation along grain boundaries occurs 
in steel with a high P content, and the segregation sites act 
as initiation sites for localized corrosion. The segregated P 
appeared to dissolve in the solution during corrosion. In the 
later stage of use with rust formation, corrosion resistance 
is improved with increasing P content, the inverse trend to 
that for the initial corrosion resistance. This is because P is 
incorporated into the rust layer, forming a protective layer 
and thereby enhancing the corrosion resistance.

In this study, to demonstrate the significant effect of P on 
the corrosion resistance, we used specimens containing larger 
amounts of P compared to actual steels. On the other hand, it 
has been reported that the addition of P affected the corrosion 
resistance of steels even at a P concentration range equiva-
lent to that of actual steels.11,24,25) Furthermore, although 
the corrosion behavior of the specimens was investigated 
in NaCl-containing boric-borate buffer in this study, similar 
phenomena due to P have been reported in more severe corro-
sive environments, such as seawater and NaCl solutions.26–28) 
Additional research is needed, such as the quantification of P 
content-dependent change in corrosion resistance, in order to 
apply these research findings towards enhancing the corrosion 
resistance of steels employed in practical applications.

4.  Conclusions
(1)  Based on SEM/EDS observations of three speci-

mens with different P contents, band-like macroscopic 
P segregation was observed on the Fe-1.0 mass% P and 
Fe-1.5 mass% P specimens, and microscopic segregation of 
P along grain boundaries was observed on only the Fe-1.5 
mass% P specimen.

(2)  Polarization measurements of the as-polished speci-
mens revealed that the initial corrosion resistance of the 
Fe-1.5 mass% P specimen was lower than those of the other 
specimens. In addition, after the immersion tests, localized 
corrosion along grain boundaries was initiated only on the 
Fe-1.5 mass% P specimen. Considering the microscopic 
segregation of P along grain boundaries identified for the 
Fe-1.5 mass% P specimen, such segregation appeared to 
act as the initiation site for localized corrosion, resulting in 
decreased corrosion resistance.

(3)  Considering the weight loss after the atmospheric 
exposure tests, the long-term corrosion resistance of the 
specimens increased with increasing P content, the inverse 
trend to that of the initial corrosion resistance.

(4)  SEM/EPMA observations after atmospheric expo-
sure tests revealed that for steel with a higher P content, P 
was incorporated into the rust layer, inhibiting the penetra-
tion of Cl. In other words, the addition of P improved the 

protective ability of the rust layer against corrosion.
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