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Abstract: A series of corrosion experiments of cement paste-steel bar specimens with different contents of 
slag and fly ash were performed to investigate the influence of slag/fly ash on the corrosion behavior of steel 
bars in concrete under seawater. In this investigation, the corrosion behavior of specimen was 
electrochemically monitored by open-circuit potential (OCP), Tafel polarization (TP) and electrochemical 
impedance spectra (EIS). Meanwhile, SEM/EDS and XRD were applied to microscopically analyze the 
microstructure deterioration of materials. Results showed that, replacing cement with slag/fly ash caused a 
decrease in Ca(OH)2 as well as an increase in C-S-H gel and Friedel's salt in concrete, which can improve the 
chloride-solidification ability and slow down the chloride diffusion in concrete by both physical adsorption 
and chemical binding, and thereafter promoting the corrosion resistance of steel bars in concrete in marine 
environment. Compared to slag, the equal replacing content of fly ash can contribute to a better improving 
effect on the corrosion resistance of reinforced concrete in marine environment. In this study, a replacement 
of cement by 20% slag+20% fly ash led to an optimum improving effect on its corrosion resistance. In addition, 
the results also indicate that the corrosion of reinforced concrete caused by seawater attack does not occur at 
a uniform rate, but it can firstly maintain a long-term uncorroded state, and then develops rapidly after pitting 
corrosion occurs. 
 
Keywords: Cement paste; Slag/Fly ash; Steel bar Corrosion; Chloride attack; Electrochemical; SEM/XRD. 

1. Introduction 

Chloride attack has been considering as one of 
the major causes for the corrosion of steel bar in 
concrete and the durability deterioration of 
structures in marine environment [1,2]. It is well 
known that steel bar in concrete is normally in 
passive state due to the high alkaline environment 
induced by cement hydration [3,4]. However, the 
steel bar will depassivate and corrode when 
chloride ions in seawater penetrate through the 
concrete cover to the surface of steel and reach a 
certain critical level, namely chloride threshold 

value (CTV) [5–7]. Furthermore, the volume 
expansion caused by continuous steel corrosion 
can result in the cracking of concrete in the cover, 
which will accelerate the penetration of chloride 
ions and finally deteriorate the performance of 
reinforced concrete, thereafter reducing the bearing 
capacity and shortening the service life of concrete 
structures in marine environment [8–10]. Thus, in 
order to improve the durability of concrete 
structures in marine environment, the research on 
the corrosion behavior and anti-corrosion methods 
of steel bar in reinforced concrete is significant. 

As reported, several methods have been 
investigated to improve the durability of reinforced 
concrete subjected to the attack of seawater, 
including increasing concrete cover, coated rebar, 
cathodic protection, corrosion inhibitors, utilizing 
stainless steel, adding mineral admixtures, etc. 
[11,12]. Among them, the application of mineral 
admixtures, for example, the replacement of OPC 
with slag and fly ash has gained more and more 
attentions over the past decade [13,14]. This is 
partly because the production of Ordinary Portland 
Cement (OPC) was reported to contribute about 6-
8% of the total global carbon dioxide (CO2) 
emission [15]. Under the green and sustainable 
development background, alternative materials like 
slag and fly ash are preferred to replace OPC to 
release the pollution pressure of the construction 
industry. 
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On the other hand, incorporating slag/fly ash 
into reinforced concrete has been proved to be low 
production cost and good anti-corrosion 
performance [16,17]. The research by Sun et 
al.[18] pointed out that the pozzolanic reaction of 
slag and fly ash can change the microstructure and 
phase composition of concrete, which exhibited 
significant benefits in improving the corrosion 
resistance of reinforced concrete in marine 
environments. Similar result was also reported by 
Jau et al. [19] with the investigation on the 
mechanical properties and durability of slag-
cement concrete immersed into sea water. And the 
optimum corrosion resistance was found to be a 
substitution of 20–30% cement by slag. The 
research of Boga et al. [20] indicated that 
corrosion-resistant concrete can be prepared by 
using slag mineral admixture at the ratio of 25%. 
However, Mangat et al. [21] stated that the 
replacement of cement by up to 40% slag has no 
significant influence on rebar corrosion. 
Meanwhile, in the work of Lekatou et al. [22], the 
concrete electrolyte with fly ash content of 20% by 
weight led to the highest corrosion resistance. 
Nevertheless, the optimum replacing content of fly 
ash to cement when considering the improvement 
of corrosion resistance in reinforced concrete was 
shown to be in a range of 10-60% by weight in 
other investigations [23,24]. 

From the literature review, it can be found that 
the alternative dosage of slag/fly ash to cement 
were discrete when considering the optimum 
improving effect on the corrosion resistance of 
reinforced concrete in marine environment. This 
can be explained by the fact that various 
accelerating and simulating methods were usually 
used in the durability experiment because of its 
long period feature and difficulty in direct 
detection and quantitative judgment on the 
corrosion degree of steel bar in concrete. As 
reported, the electrochemical measurement, 
combined with microscopic analysis by 
SEM/EDS/XRD, was an effective approach for 
dynamically and accurately monitoring the 
corrosion behavior of steel bars in concrete [25,26]. 
Goyal et al. [27] has used the potentials obtained 
by Tafel polarization (TP) to predict the corrosion 
rate of steel bars in cathodically protected concrete. 

In Subramaniam’s research [28], the TP response 
was utilized to evaluate the corrosion rate of steel 
bars in cracked concrete. Additionally, the 
electrochemical impedance spectrum (EIS) has 
also been applied by Ribeiro [29] to monitor the 
corrosion behavior of reinforced concrete. Thus, by 
using electrochemical measurements and utilizing 
the seawater of the East China Sea, not only the 
corrosion of steel bars can be dynamically and 
accurately monitored, but the penetration of 
chloride ions in seawater from the concrete cover 
to the steel surface can also be simulated. In this 
way, a relatively more accurate method is provided 
to research the influence of slag and fly ash on the 
corrosion behavior of reinforced concrete in 
marine environment. 

In this study, the cement paste-steel (CPR) 
specimens with different contents of slag and fly 
ash were firstly prepared, and then, the prepared 
specimens were immersed in the seawater of the 
East China Sea to simulate the natural penetration 
of chloride ions in marine environment. 
Electrochemical measurements, such as open-
circuit potential (OCP), TP and EIS, were selected 
to dynamically monitor the specimens’ corrosion 
behavior. Meanwhile, microscopic analysis, such 
as scanning electron microscopy (SEM) together 
with Energy Dispersive X-ray Spectroscopy (EDS) 
and X-ray diffraction (XRD) were used to 
investigate the specimens’ microstructure and 
phase. The simultaneous studies on the electro- and 
micro- properties of the CPR specimens would be 
helpful for revealing the effect of slag/fly ash on 
corrosion behavior of reinforced concrete in 
marine environment. 

2. Experiments 

2.1 Materials 

In this study, 52.5-grade OPC, grade blast 
furnace slag powder, and Class F fly ash were 
selected as cementitious materials. Their density 
and specific surface area are respectively 3100 
kg/m3, 2900 kg/m3, and 2240 kg/m3 as well as 350 
m2/kg, 435m2/kg, and 454m2/kg. The chemical 
compositions of cement, slag and fly ash are 
presented in Table 1.  

Table 1 – Chemical composition of cement and slag (Mass content, %) 

Material SiO2
 

Al2O3
 

CaO MgO SO3
 

Fe2O3
 

K2O
 

Na2O
 

TiO2
 

Cement 21.1 5.56 62.48 1.76 3.59 3.98 0.94 0.20 0.14 

Slag 33.4 12.21 42.70 6.70 0.30 0.43 0.56 1.27 1.07 

Fly ash 57.6 21.90 3.87 1.68 0.41 2.70 1.62 0.55 1.25 
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The steel bar with a tensile strength of 235 MPa and 

elastic modulus of 210 GPa was selected because of 

its smooth surface which is easy to form passive 

film. Also, its element composition is listed in Table 

2.

Table 2 – Element composition of steel bar (Mass content, %) 

Elements C S P Mn Si Fe 

Contents(mass) 0.20 0.039 0.021 1.42 0.56 97.76 

2.2 Specimens and chloride solution 

Firstly, a batch of steel bars with length of 30 
mm and diameter of 10 mm were prepared and 
successively cleaned up with the diluted 
hydrochloride acid, acetone, and pure water. And 
then, copper wire with length of 200 mm was 
welded into the steel bar’s end. Secondly, two ends 
of the cylindrical steel bar were coated with epoxy 
resin and centered in PVC pipe with inner diameter 
of 6 mm. Mixed cement paste with different 
contents of slag and fly ash was injected into the 
space between PVC pipe and steel bar. After 
natural curing for 24 hours, the PVC pipe was 
removed, and the specimens were transported to 
the standard concrete curing box with temperature 
of 20 ± 2 °C and humidity of 95 ± 5% for further 
curing. Finally, two ends of the specimen were 
covered with epoxy resin after curing for 27 days, 
leaving its cylindrical surface with area of 9.42 cm2 
used as the corrosion surface. The prepared 
electrochemical specimen is shown in Fig. 2 and 
the related parameters are listed in Table 3. In the 
Table, CPR, SCPR2, SCPR4, FCPR1, FCPR2, 
FSCPR1, and FSCPR2 represent the specimens 

with 100% cement, 20% slag, 40% slag, 10% fly 
ash, 20% fly ash, 10% slag + 10% fly ash, 20% slay 
+ 20% fly ash, respectively. Each group of the 
specimens was immersed in one container, and the 
ratio in volume between specimen and corrosion 
solution is 1: 50. A continuous immersion method 
of the specimens in seawater from East China Sea 
was carried out to simulate the natural penetration 
of chloride ion in marine environment. 

 

Fig. 1 – Schematic diagram of the electrochemical 

specimen

Table 3 – Mix ratio of electrochemical specimen and its soaking solution. (Mass content, %) 

Specimen 
number 

Protective layer 
thickness 

(mm) 

Water-binder 
ratio 

 Mass fraction/% 
Corrosion 
solution Cement Slag 

Fly 
ash 

Water 

CPR 6 

0.45 

100 0 0 

45 Seawater 

SCPR2 6 80 20 0 
SCPR4 6 60 40 0 
FCPR1 6 90 0 10 
FCPR2 6 80 0 20 

FSCPR1 6 80 10 10 
FSCPR2 6 60 20 20 

*Notes: Triplicate specimens were prepared for each case to ensure the reproducibility of results. 

2.3 Test methods 

2.3.1 Electrochemical tests 

The electrochemical tests were performed at 
room temperature (25±2℃) in a conventional three-
electrode system using PARSTAT 2273 
electrochemical workstation [30]. The 
electrochemical specimen in Fig. 1, commercial 

saturated calomel electrode (SCE) and platinum 
electrode were used as working electrode, reference 
electrode and counter electrode, respectively. Fig. 2 
shows the schematic diagram of the measurement 
setup. Using this electrochemical testing system, the 
EIS and TP were measured and recorded every 15 
days. EIS measurement was performed at stable OCP 
by supplying sinusoidal voltage of ±10mV with its 
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frequency in a range of 10-2~106 Hz. Five data were 
recorded at every frequency order of magnitude. The 
TP measurement was performed by applying a 
potential ranged from -100 mV to +150 mV based on 
the corrosion potential (Ecorr) with a scan rate of 0.1 
mV/s. Moreover, the Tafel curve extrapolation 
method was utilized to obtain the corrosion current 
density (icorr) which can describe the stability of 
passive film and judge the corrosion state of steel in 
concrete [31]. 

 

Fig. 2 – Schematic diagram of electrochemical 

measurements 

SEM/EDS 
After initial corrosion has been confirmed by 

the electrochemical measurements, specimens were 
broken to examine their microstructure morphology 
and chemical composition by the SEM with the EDS 
(FEI Quanta 250 FEG). The samples for microscopic 
analysis were prepared from the electrochemically 
corroded specimen, including steel bar sample and 
cement paste sample, as shown in Fig. 3. 

 
Fig. 3 – (a) Electrochemical specimen; (b) Steel 

sample; (c) Cement paste sample 

XRD 
The powdered sample from the cement paste 

layer was firstly dried in the vacuum box with a 
temperature of 105°C, and then its phase 
composition was analyzed by using the Brucker X-
ray diffractometer with the LynxEye array detector 
[32]. Its working voltage and current were 40 kV and 
40 mA, respectively, with a scanning rate of 0.15 
second per step and a step size of 0.02° ranging from 
10° to 80° (2θ). 

3. Results and discussion 

3.1 Open-circuit potential (OCP) 

Fig. 4 presents the time-varying OCP of 
specimens with different slag and fly ash contents. It 
can be seen from the figure that, the initial OCPs of 
CPR, SCPR2, SCPR4, FCPR1, FSCPR1, FCPR2 
and FSCPR2 were -182.2, -169.1, -172.3, -148.6, -
235.3, -223.0 and -207.8 mV vs. SCE, respectively. 
Based on the ASTM C876 criterion [33], the 
judgment standard of OCP for the initial corrosion 
state is less than -350 mV vs. SCE, indicating that no 
corrosion happened on these specimens during the 
initial stage of immersion [34]. Subsequently, the 
specimens’ OCPs exhibited different changes with 
immersion time. As for CPR, its OCPs remained 
stable during the first 120 days of immersion, and 
then, negatively shifted from -331.1 mV vs. SCE on 
the 135th day to -593.7 mV vs. SCE on the 150th day, 
and finally stabilized again. But for SCPR2, SCPR4, 
FCPR1, FSCPR1, FCPR2 and FSCPR2, their OCPs 
have always been fluctuating around the initial 
values until the 300th, 360th, 390th, 450th, 510th and 
600th day, and then shifted to around -600 mV vs. 
SCE on the 360th, 420th, 450th, 510th, 600th and 690th 
day, respectively. These indicate that the CPR 
corroded on the 150th day, while the SCPR2, SCPR4, 
FCPR1, FSCPR1, FCPR2 and FSCPR2 reached the 
corrosion state after immersion in the seawater for 
360, 420, 450, 510, 600 and 690 days, respectively. 
Thus, the equivalent replacement of cement with 
slag and fly ash can effectively improve the 
corrosion resistance of reinforced concrete in marine 
environment. Moreover, compared to slag, the equal 
replacing content of fly ash contributes to a better 
improving effect on the corrosion resistance. 
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Fig. 4 – Time-varying OCP of CPR, SCPR2 and 

SCPR4 under seawater 

3.2 Tafel polarization (TP) 

Fig. 5 shows the time-varying TP and corrosion 

(a) (b)              (c) 
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current density (icorr) curves of CPR, SCPR2, 
SCPR4, FCPR1, FCPR2, FSCPR1 and FSCPR2. It 
can be found from the figure that different specimens 
showed similar changes in their TP and icorr curves 
during the immersion. More specifically, the 
corrosion potential (Ecorr) in TP curves of these 
specimens firstly stabilized in the range of -0.15 ~ -
0.25 V, and eventually moved negatively to the range 
of -0.55 ~ -0.65 V. Generally, a higher Ecorr and a 
lower icorr represent a better corrosion resistance on 
the surface of steel bars [35]. Thus, the change of 
these specimens’ Ecorr indicates their gradually 
corrosion process in the seawater. 

In order to further analyze the corrosion 
behavior of these specimens under marine 
environment, the icorr of each specimen was obtained 
by extrapolation method of TP curves. It can be 
observed from Fig. 6(h) that, the icorr of CPR, 
SCPR2, SCPR4, FCPR1, FSCPR1, FCPR2 and 
FSCPR2 kept stable at a low level (around 0.1 

μA.cm-2) during their immersion days of 120, 300, 
360, 390, 450, 540 and 630 days, respectively. And 
then, their icorr increased to a high level (much higher 
than 0.2 μA.cm-2) on the 150th, 360th, 420th, 450th, 
510th, 600th and 690th day, respectively. According to 
Clear criterion [36], the critical corrosion current 
density for the corrosion of steel bars in concrete is 
0.2 μA.cm-2. So, the steel bar in CPR was in a 
corrosion state after immersion for 150 days in 
seawater, while the steel bar in SCPR2, SCPR4, 
FCPR1, FCPR2 FSCPR1, and FSCPR2 took 360, 
420, 450, 510, 600 and 690 days to reach the 
corrosion state, respectively. The results indicated 
that the equivalent replacement of cement with slag 
and fly ash can significantly improve the corrosion 
resistance of reinforced concrete, and the equal 
replacement of fly ash had better improving effect 
than that of slag. 
 

  
(a) CPR                                (b) SCPR2 
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(c) SCPR4                             (d) FCPR1 
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                (e) FCPR2                                   (f) FSCPR1 
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                     (g) FSCPR2                     (h) corrosion current density 

Fig. 5 – Tafel polarization and corrosion current density curves of specimens 

3.3 Electrochemical impedance spectra (EIS) 

In addition to TP, EIS is also an effective 
method which can be used to evaluate the corrosion 
behavior of steel bars in concrete under marine 
environment. As shown in Fig. 6-Fig. 8, in which the 
Nyquist and Bode curves of the mentioned 
specimens immersed in seawater are presented. In 
these Figures, the capacitive arc and phase angle in 
low-frequency of Nyquist and Bode curves can 
reflect the corrosion resistance and stability of 
passive film on the surface of steel bars [37]. Larger 
capacitive arc diameter and phase angle in low-
frequency indicate higher stability of the passive 
film, namely a better corrosion resistance on the 
surface of steel bars [38]. 

It can be observed from Fig. 6 that, there was a 
large capacitive arc and high phase angle in low-
frequency of Nyquist and Bode curves of CPR, and 
they had basically no changes during the first 90 days 
of immersion, indicating that the steel bar in CPR 
was in a passive state. During the immersion days 
from 90 to 120 of CPR, there occurred an obvious 
shrink of capacitive arc and decrease in phase angle 
from around 60° to 40°. Finally, the capacitive arc 
remarkably shrunk to very small and the phase angle 
decreased to about 20° on the 150th day, 
demonstrating the corrosion of steel bars in CPR 
[39]. Similarly, it also can be found from Figs. 7 and 
8 that, the diameters of capacitive arcs in the Nyquist 
curves’ low-frequency of SCPR2, SCPR4, FCPR1, 
FCPR2 FSCPR1, and FSCPR2 maintained large 
during the immersion days of 240, 300, 330, 390, 
450, and 540, respectively. But their diameters 
decreased to be very small on the immersion days of 
360, 420, 450, 510, 600 and 690, respectively. 
Correspondingly, on their Bode curves, the phase 

angles in low-frequency changed from about 60° to 
30° at the same period of immersion. The results 
indicate that the steel bar’s surface of these 
specimens has been keeping passive state and 
respectively produced corrosion until immersion in 
the seawater for 360, 420, 450, 510, 600 and 690 
days. Thus, the testing results about the corrosion-
resistant improving effect of slag/fly ash on steel bar 
in reinforced concrete observed from EIS is 
consistent with TP. 

 
(a) Nyquist 

 
(b) Bode 

Fig. 6 – EIS curves of specimen CPR 
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(a) SCPR2 

 
(b) SCPR4 

 
(c) FCPR1 

 
(d) FSCPR1 

 
(e) FCPR2 

 
(f) FSCPR2 

Fig. 7 – Nyquist curves of specimens 
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Fig. 8 – Bode curves of specimens 
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3.4 EIS data analysis 

Based on the structure of the prepared 
electrochemical specimens and their impedance 
spectra curves, two equivalent circuits with two-time 
constants were utilized to fit the EIS data before and 
after corrosion by ZSimpWin software [40], as 
demonstrated in Fig. 9. In this figure, Rs, Rc, and Rct 
represents the resistance of solution, cement paste, 
and passive film on the steel surface, respectively. Cc 
and Qdl are the capacitance of double-layer 
capacitors associated with the solution-cement paste 
interface and cement paste-steel interface, 
respectively, meanwhile, W refers to the Warburg 
impedance caused by diffusion. Both Rct and Qdl can 
be used to characterize the corrosion behavior of 
steel surface. It is reported that higher Rct and lower 
Qdl indicate better corrosion resistance of the steel 
surface [41]. The fitting results of the 
electrochemical parameters were shown in Fig. 10 
and Fig. 11. 

It can be found from Fig. 10 that, the initial Rct 
of CPR, SCPR2, SCPR4, FCPR1, FCPR2 FSCPR1, 
and FSCPR2 was respectively 521.4, 611.8, 689.1, 
565.4, 647.8, 587.8, and 583.0 kΩ·cm2. Also, their 
Rct basically had no change during the initial state of 
immersion. However, after a period of immersion, 
their Rct obviously decreased to very small within 
short time, such as 14.6, 13.4, and 21.0 kΩ·cm2 for 
specimens of CPR, SCPR2, and SCPR4, respectively. 
This process indicated that the passive film on the 
steel surface was generally weakened and finally 
destroyed by the seawater environment. The 
difference was that specimens with different contents 
of slag and fly ash showed a different corrosion time, 
which demonstrated that the equivalent replacement 
of cement with slag can slow down the depassivation 
of steel bar in concrete, and improve the corrosion 
resistance of reinforced concrete in chloride 
environment. 

 

Fig. 9 – Equivalent circuits of working electrode 

In addition, the double-layer capacitor, Qdl, can 

also characterize the corrosion degree of steel 
surface [42]. It was reported that a higher corrosion 
degree produced more deviation of the Qdl from the 
ideal capacitor, indicating a higher surface roughness 
of steel surfaces [43]. According to Vedalakshmi’s 
[38] point of view, the surface of steel is in a passive 
state when the Qdl is less than 100 μF·cm-2, otherwise 
it is in depassivated state. As displayed in Fig. 11, the 
Qdl of CPR, SCPR2, SCPR4, FCPR1, FCPR2 
FSCPR1, and FSCPR2 all increased to more than 
100 μF·cm-2 after immersion in the seawater for a 
period of time. The results were consistent with the 
testing result of Rct, proving the gradually corrosion 
of steel and the positively improving effect of slag 
and fly ash on corrosion resistance of steel in 
concrete. Besides, the non-uniform changes of the 
mentioned time-varying OCP, TP, and EIS curves 
indicate that the corrosion of reinforced concrete in 
the marine environment does not occur at a uniform 
rate, but first maintains a long-term uncorroded state, 
and develops rapidly after pitting corrosion occurred. 

 

Fig. 10 – Time-varying curves of Rct 

 

Fig. 11 – Time-varying curves of Qdl 

3.5 Micromorphology 

In order to clarify the corrosion of steel bars in 
cement paste under seawater environment, 
specimens of CPR, SCPR2 and SCPR4 were broken 
to prepare the SEM/EDS samples after 
electrochemical tests. These samples were utilized to 
observe the morphology and composition of the 
cement paste-steel interface, as shown in Figs. 
12~17. It can be observed from the surface 
morphology on steel bar of CPR, SCPR2 and SCPR4 

(b) After corrosion

(a) Before corrosion

1 2 3 4

Rs
Cc

Rc Rct

Cdl

Rs
Cc

Rc

Qdl

Rct W

① Corrosion solution   ② Slag-cement layer

③ Passive film        ④ Steel bar

0 30 60 90 120150180 240 360 480 600 720 840

0

100

200

300

400

500

600

700

R
ct
 (

kΩ
·c

m
2 )

Time (days)

 

 

 CPR

 SCPR2

 SCPR4

 FCPR1

 FSCPR1

 FCPR2

 FSCPR2  

0 30 60 90 120150180 240 360 480 600 720 840
0

30

60

90

120

150

Q
dl
 (

μF
·c

m
-2
)

Time (days)

 

 

 CPR

 SCPR2

 SCPR4

 FCPR1

 FSCPR1

 FCPR2

 FSCPR2  



Journal of Asian Concrete Federation, Vol. 7, No. 2, Dec. 2021   41 

in Fig. 12 that, there were rusty spot at the zone of 
A1, smooth surface at the zone of A2, and 
demarcation line between them, indicating that an 
obvious corrosion has occurred on the surface of 
steel bar. Additionally, the zones of A1 and A2 were 
further enlarged to analyze their microstructure and 
elemental composition. As shown in Fig. 13, the 
loose and pit-shaped corrosion products can be 
observed at the zone of A1, and the elemental 
compositions at its spot S1 tested by EDS were 
mainly iron and oxygen with little amounts of carbon 

and calcium. Comparatively, it can be found from 
Fig. 14 that, there were some scratches with no 
corrosion products at the zone of A2, and the 
elemental compositions at its spot S2 is 93.15% iron 
and 0.61% carbon, which is like the elemental 
composition of unoxidized steel [44]. The decrease 
in iron content and increase in oxygen content 
indicate the formation of rust on the surface of steel 
[45,46], thus demonstrating the corrosion of steel 
bars in CPR, SCPR2 and SCPR4. 

 

Fig. 12 – Surface morphology of steel: (a) CPR, (b) SCPR2 and (c) SCPR4 

 

Fig. 13 – Microstructure morphology and elemental composition at area A1 

 

Fig. 14 – Microstructure morphology and elemental composition at area A2 

Fig. 15 presents the surface morphology of 
inner cement paste of CPR, SCPR2 and SCPR4 after 
the electrochemical tests. Two different zones, 
corroded zone and uncorroded zone, can be clearly 
observed in this figure of the three cement paste 
samples. Furthermore, the demarcation line in Fig. 
15 (a) was enlarged to analyze its microstructure and 
elemental composition, as shown in Figs. 16 and 17. 
In Fig. 16, the loose and flocculent C-S-H gel, flake-
structure rust with cracks, and demarcation line of 

them can be observed. Meanwhile, the elemental 
compositions of spots S3, S4 and, S5 were found to 
be different. The elements at spot S3 in Fig. 17(a) 
were mainly iron and oxygen, indicating that the 
formed rust was attached to the surface of cement 
paste. The elements at spot S5 in Fig. 17(c) were 
mainly oxygen and calcium, which is consistent with 
the elemental compositions of cement hydration 
products [47,48]. But for elemental composition at 
spot S4 in Fig. 17(b), iron, oxygen, and calcium all 
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became primary element with content over 20%, 
indicating the exist of demarcation line which 
contained both rusts and cement hydration products. 

These results further demonstrate the corrosion on 
the steel bar surface of CPR, SCPR2 and SCPR4. 

 

Fig. 15 – Surface morphology of cement paste layers: (a) CPR, (b) SCPR2, (c) SCPR4 

 
Fig. 16 – Microstructure morphology of 

demarcation area 

 
Fig. 17 – Elemental composition of demarcation 

area: (a) S3, (b) S4, (c) S5 

3.6 Phase composition 

In order to investigate the effect of slag and fly 
ash on the corrosion behavior of steel bars in cement 
paste under chloride environment, the phase 
compositions of the cement paste powder samples of 
CPR, SCPR2, SCPR4, FCPR1, FCPR2, FSCPR1, 
and FSCPR2 were analyzed by XRD, as illustrated 
in Fig. 18. It can be observed from this figure that, 
the primary phase compositions of sample CPR were 
Ca(OH)2, Ca1.5SiO3.5·xH2O and Ca5Si6O16(OH)2. In 

contrast, the phase compositions of samples added 
with slag and fly ash contained not only Ca(OH)2 and 
C-S-H gels but also Friedel's salt and 
CaAl2Si2O8·4H2O. Furthermore, by comparing the 
diffraction peaks which can reflect the relative 
content of the phase in Fig. 18., it can be found that 
the contents of C-S-H gels, Friedel's salt and 
CaAl2Si2O8·4H2O increased with the contents of slag 
and fly ash, while the content of Ca(OH)2 appeared 
to be a decrease. One one hand, this is because the 
pozzolanic reaction of slag and fly ash consumed 
Ca(OH)2 to produce C-S-H gels [49]. On the other 
hand, the content of active Al2O3 in slag and fly ash 
is more than that in cement, thereafter increasing the 
content of Friedel’s salt which is produced by the 
hydration of C3A [50]. It was reported that C-S-H 
gels played a role in physical adsorption of chloride 
ion, while C3A can react with chloride ion to form 
Friedel's salt which chemically combined chloride 
ion [51,52]. Thus, replacing cement with slag and fly 
ash can promote the physical adsorption and 
chemical binding capacity of concrete to free 
chloride ions, thereafter slowing down the chloride 
diffusion in concrete and improving the corrosion 
resistance of reinforced concrete in chloride 
environment. 

 

Fig. 18 – XRD patterns of CPR, SCPR2, SCPR4, 

FCPR1, FCPR2, FSCPR1, and FSCPR2 

4. Conclusions 
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corrosion behavior of steel bars in concrete under 
marine environment was investigated by performing 
a series corrosion experiments of cement paste 
specimens with different contents of slay and fly ash 
under seawater. In the investigation, the corrosion 
behavior of specimens was electrochemically 
monitored by open-circuit potential (OCP), Tafel 
polarization (TP) and electrochemical impedance 
spectra (EIS), meanwhile, SEM/EDS and XRD were 
applied to microscopically analyze the specimen’s 
microstructure evolution. The following conclusions 
can be drawn according to the test results and 
analysis: 
(1) The steel bar of specimens with 100% cement, 

20% slag, 40% slag, 10% fly ash, 20% fly ash, 
10% slag + 10% fly ash, and 20% slay + 20% fly 
ash corroded under seawater on the 150th, 360th, 
420th, 450th, 510th, 600th and 690th day, 
respectively, indicating that the replacement of 
cement with slag and fly ash can delay the initial 
corrosion time and improve the corrosion 
resistance of reinforced concrete in marine 
environment. 

(2) Compared to slag, the equal replacing content of 
fly ash can contribute to a better improving 
effect on the corrosion resistance of reinforced 
concrete in marine environment. In this study, 
content of 20% slag + 20% fly ash replacement 
of cement led to the best improving effect of 
corrosion resistance. 

(3) The corrosion of reinforced bars in concrete 
under marine environment does not occur at a 
uniform rate, but first maintains a long-term 
uncorroded state, and develops rapidly after 
pitting corrosion occurs. 

(4) Adding slag and fly ash caused a decrease of 
Ca(OH)2 as well as an increase of C-S-H gel and 
Friedel's salt in the phase composition of 
concrete, which can improve the chloride-
solidification ability and slow down the chloride 
diffusion in concrete by physical adsorption and 
chemical binding, and thereafter promote the 
corrosion resistance of reinforced concrete in the 
marine environment. 
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