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a b s t r a c t
The corrosion process of the ductile iron pipes with different cement mortar lining coverage (lined 
(100%), unlined (0%), 50%, and 90% lining coverage) in water containing chloride and sulfate were 
investigated. Electrochemical measurements, including the potentiodynamic polarization curves 
and electrochemical impedance spectra methods, were carried out to analyze the corrosion mecha-
nisms. Results indicated that the maximum corrosion potential of ductile iron pipes decreased as the 
increment of ionic strength in a logarithm tendency, while the corrosion current density increased 
linearly with ionic strength. Additionally, the cement mortar lining coverage affects the inner ductile 
iron corrosion significantly. The corrosion rate of unlined ductile iron was about 2–5 times higher than 
that of lined ductile iron pipes. Different from the corrosion rate of lined ductile iron pipes, that of 
ductile iron pipes with minor defects (90% lining) was higher in the first 10 d, followed by a lower one. 
The cement mortar lining coverage with significant defects (50% of lining) showed poor protection 
ability on the iron surface. Moreover, a roughly linear correlation between average corrosion rate 
(mm a–1) and the relative proportion of bare ductile iron area was fitted.
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1. Introduction

Ductile iron pipes lined with cement mortar are the ideal 
pipes for tap water transportation according to the research 
of the American Water Engineering Association [1]. These 
pipes have been widely used in water distribution systems 
worldwide because of their high strength, large diameter, 
and excellent durability, which was reported accounted for 
more than 80% of the total water supply pipe materials for 
water mains in China [2]. However, in many investigations 
of the actual operating water distribution system, the cement 
mortar lining degradation caused by erosion of transporting 
water, damage of external forces often occurred frequently 
[3,4]. This degradation could induce the internal metal pipe 
corrosion, pipes service life reduction, and water quality 

deterioration in water distribution systems [5]. Therefore, 
tracking the complex corrosion process of ductile iron 
pipes involving the cement mortar lining degradation was 
necessary and might be important for the water supply safety 
of the water companies worldwide.

The aggressive anions, especially the chloride and sulfate 
ions were reported as the primary cause of cement mortar 
film breakdown [6]. These ions could penetrate through the 
cement mortar/metal surface and change the inner metal 
corrosion mechanisms [7]. However, as far as we know, 
the related research was mainly focused on the steel bars 
embedded in the concrete. The corrosion damage mech-
anisms of steel bars induced by the chlorides have been 
extensively studied in the last few years, mainly involving 
the critical chloride content (Ccrit) or chloride threshold value 
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(Clth) in the concrete pore solution [8,9]. Ccrit and Clth were 
considered the threshold for initiating the de-passivation or 
corrosion of the reinforcement. Research also showed that 
the open circuit potential (OCP) of reinforcement decreased 
and corrosion current density (icorr) increased with the 
increase of the [Cl–]/[OH–] ratio in simulated concrete pore 
solution [8]. Additionally, some research also depicted the 
relationship between different electrochemical parameters 
(OCP, polarization resistance (Rp) and icorr) as a function of 
[Cl–]/[OH–] for the concrete pore solution [10].

Sulfate (SO4
2–) was another critical factor concerning 

the corrosion behavior of reinforcing steel in concrete. 
The sulfate ions could accelerate the active dissolution 
of iron by forming soluble complexes with either Fe2+ or 
Fe3+ and cause uniform corrosion [11,12]. The high SO4

2– 
concentration (0.05 mol L–1) could induce the decrement of 
corrosion potential and acceleration of corrosion process 
for reinforcing steel [13]. Additionally, sulfate ions could 
attack various hydration products of cement, resulting in 
the formation of different compounds [14]. In a typical tap 
water distribution system, both chloride and sulfate ions 
are present. When iron pipes are subjected to both chlo-
ride-induced reinforcement corrosion and sulfate attack, 
the deterioration mechanism may become even more com-
plicated because of the ingress these two types of ions [15]. 
Some different phenomena were observed when the two 
ions coexist. The sulfate ions could decrease the corrosion 
rate of the steel in chloride-induced corrosion process [12]. 
Furthermore, sulfate ions may mitigate the chance of pit-
ting corrosion of steel reinforcement caused by chloride in 
the concrete mixes containing both ions [16].

Electrochemical tests provided us with valuable infor-
mation for the corrosion initiation and passivity, but they 
could not create a complicated condition that present in the 
concrete/metal interface, such as the inhomogeneity, oxygen 
diffusion, etc. Research found that the corrosion reaction 
occurred predominantly at the breaks or at the imperfec-
tions of the partially protective film [17]. Horne et al. [18] 
confirmed that the gaps between the steel surface and con-
crete experienced more corrosion than the other areas. Ming 
et al. [19] research indicated that the Clth values were signifi-
cantly lower in defective areas on the steel surface than that 
with a passive layer formation on the surface. Alonso et al. 
[20] reported a higher susceptibility to corrosion for ribbed 
steel bars in comparison to that of smoothed bars. Hence, 
understanding the corrosion behaviors under different lin-
ing/metal interface is of great importance for engineering 
applications [21]. However, most of the research focuses 
on the steels embedded in the concrete, but not the corro-
sion behavior of ductile iron with different defective cement 
mortar lining interface.

Thus, ductile iron pipes with different cement mortar 
lining coverage were designed and produced to carry out 
the corrosion damage experiments in water with low, inter-
mediate, and high concentrations of anions. Electrochemical 
measurements, such as polarization curves and electrochem-
ical impedance spectra (EIS), were conducted to analyze 
the corrosion process. The objectives of this study include 
(1) to analyze the effect of ionic strength on the corrosion 
potential and corrosion current density, (2) to investigate the 
effect of different cement lining coverage on the corrosion 

process of inner ductile iron pipes, (3) to illustrate the 
electrochemical corrosion mechanism for ductile iron pipes 
with different cement mortar lining coverage in water with 
a high concentration of anions.

2. Materials and methods

2.1. Ductile iron electrodes preparation

The chemical composition of the ductile iron pipes are 
as follows: C 19.08%, Si 2.06%, O 6.09%, P 0.65%, Ca 0.58%, 
S 1.60%, Cu 1.98%, Mn 0.92%, Zn 2.04%, and Fe for balances. 
The iron coupon was cut into a cylinder with an exposed 
area of 0.5 cm2, and then this cylinder was mounted with 
epoxy resin and connected with the testing equipment 
through the copper wires. The ductile iron surface was 
washed with acetone and absolute ethyl alcohol, and then 
were prepared for the cement mortar injecting. The cement 
used in the presented study was the Portland cement (42.5) 
with the chemical composition shown in Table 1.

The cement mortar was firstly prepared according to 
the mixture proportion (mass ration of water, cement, and 
sand is 1:0.5:1.5), and was then injected into the ductile iron 
electrodes to a thickness of 10 mm, according to the coating 
standard [4]. Afterwards, the prepared samples were put 
into the drying room for natural curing for 24 h and into 
the humidity chamber (humidity 99% RH, temperature 
20°C ± 2°C) for steam curing for 7 d consecutively. The area 
of working electrode was 0.5 cm2, with an inner diameter 
of 7 cm and an outer diameter of 10 cm, a 10 mm-thick 
cement mortar lining layer and a 10 mm-thick ductile iron 
layer. Fig. 1 shows the section and layout diagrams of the 
ductile iron with different cement mortar lining coverage 
after curing (a) lined ductile iron (100% lining), (b) ductile 
iron with 90% lining, (c) ductile iron with 50% lining, and 
(d) unlined ductile iron (0%).

2.2. Solution preparation and experimental design

The corrosion process of ductile iron pipes with dif-
ferent lining coverage in deionized water was used as 
a reference. The water quality of deionized water was as 
follows: dissolved oxygen (DO): 7.04 mg L–1, pH: 5.4, con-
ductivity: 3.55 μs cm–1, oxidation–reduction potential 
(ORP): 258.8 mV, alkalinity-CaCO3: 0.0 mg L–1, hardness: 
0.0 mg L–1. Then sodium chloride reagent with a density 
of 3.297 g L–1 at room temperature was used to prepare a 

Table 1
Composition of the ordinary Portland cement (%)

Composition Content

SiO2 20.6
Al2O3 5.01
SO3 2.68
CaO 63.9
Fe2O3 3.25
K2O 0.65
Na2O 0.3
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specific concentration of chloride solution with deion-
ized water (Tianjin Guangfu Technology Development 
Co., Ltd., Tianjin, China). Similarly, sodium sulfate regent 
with a density of 2.957 g L–1 was used to prepare the sul-
fate solution with deionized water (Tianjin Guangfu 
Technology Development Co., Ltd., Tianjin, China). The 
prepared ductile iron electrodes with different cement mor-
tar lining coverage were immersed into the low (40 mg L–1 
Cl– + 80 mg L–1 SO4

2–), intermediate (120 mg L–1 Cl– + 80 mg L–1 
SO4

2–) and high (120 mg L–1 Cl– + 240 mg L–1 SO4
2–) concen-

tration solution respectively for a 50 d experiment. The 
experimental design and the serial number of immersion 
tests are shown in Table 2. The contrastive analysis of 
(1, 2, 3), (4, 5, 6), (7, 8, 9), and (10, 11,12) can give an anal-
ysis of ionic strength on the corrosion process of ductile 
iron with different lining coverage; the comparison of serial 
numbers (1, 4, 7, 10), (2, 5, 8, 11), and (3, 6, 9, 12) can give 
a full analysis of the effect of lined surface coverage on the 
inner ductile iron corrosion process.

2.3. Electrochemical measurements

The corrosion damage mechanisms of ionic strength 
on the ductile iron with different lining coverage were 
analyzed by electrochemical methods, in a three-electrode 
configuration. In addition to the prepared working elec-
trode, an Ag/AgCl (saturated KCl) functioned as the refer-
ence electrode, and a high purity platinum sheet (1.0 cm2) 
was used as the counter electrode. All the electrochemical 
measurements were carried out using an electrochemical 
working station (Wuhan Corrtest Instruments Corp., Ltd., 
Wuhan City, China) equipped with 16 channel expanders. 
The electrochemical test and signal collecting system are 
shown in Fig. 2.

The corrosion potential (Ecorr) was measured after the 
system was stable. The non-destructive linear polarization 
resistance was used to calculate the corrosion current density 
(Icorr) and corrosion rate (mm a–1). The applied voltage of the 
polarization sweep was ±100 mV to Ecorr, and the scan rate 
was 10 mV s–1. EIS was employed to acquire the lining cover-
age information on the ductile iron surface. The impedance 
system had an amplitude of 10 mV and a frequency of 10–2 
to 105 Hz, in which 10 points were measured at each stage. 

The obtained Nyquist and Bode plots were simulated by 
the corresponding equivalent electrical circuit through the 
ZsimpView software.

2.4. Corrosion scales collection

After 50 d exposure, the working electrodes were 
extracted, which were inspected by JSM-7001F field emis-
sion scanning electron microscopy (SEM) (JEOL, Tokyo 
City, Japan) for the corrosion morphology and by the energy 
dispersive spectrometer (EDS) for the elemental composition 
analysis. Before observation, the specimens were also placed 
in a freeze dryer (FDU-1100) (Tokyo Rikakikai Co., Ltd., 
Tokyo City, Japan) for 24 h to dehydrate.

3. Results and discussion

3.1. Impact of cement mortar lining coverage on corrosion 
potential

The corrosion potential (Ecorr) is an important factor to 
reflect the surface corrosion tendency [22,23]. Fig. 3 depicts 
the time-dependent Ecorr values of ductile iron pipes with 
different proportion of cement mortar lining in water with 
40 mg L–1 Cl– and 80 mg L–1 SO4

2–.
The Ecorr of unlined ductile iron exposed to this solu-

tion was more negative (–0.678 to –0.725 V) throughout 
the whole experiments, suggesting the severe corrosion 
risk according to research results of Song (<–0.406 V) 
[24]). This process might be caused by the strong attack of 
chloride and sulfate ions on the bare ductile iron surface. 
However, compared with that of unlined ductile iron, Ecorr 
of ductile iron with other proportion of cement mortar 
lining shifted in a more noble direction, indicating the 
obvious protection effect of lining itself.

The Ecorr of ductile iron with 50% cement mortar lining 
showed a slightly increasing trend with the exposure time, 
but all values were always in the region of severe corrosion 
risk (<–0.406 V). While, the different phenomenon can be 
seen in the case of ductile iron with 90% lining: the poten-
tial moved basically in a positive direction during the expo-
sure time, with Ecorr parameters transforming from –0.526 
to –0.187 V, experiencing the stages of severe corrosion risk 

Fig. 1. Section and layout diagram of ductile iron with different proportions of lining.
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stage (<–0.406 V), high corrosion risk stage (<–0.256 V), 
and intermediate corrosion risk stage (–0.256 to –0.106 V), 
revealing the great evolution on the iron surface. This pro-
cess is most likely related to the hydrolytic and corrosion 
reaction on the lining/iron interface. The Ecorr of lined ductile 
iron were in the low corrosion risk region (>–0.106 V) ini-
tially. Subsequently, they decreased gradually and reached 
the intermediate corrosion region (–0.106 to –0.256 V), 
suggesting the broken effect of chloride and sulfate anions 
on the cement mortar lining.

3.2. Impact of ionic strength on corrosion potential

Fig. 4 illustrates the maximum corrosion potential 
(Ecorr-max) of ductile iron with different lining coverage under 
low (40 mg L–1 Cl– + 80 mg L–1 SO4

2–), intermediate (120 mg L–1 
Cl– + 80 mg L–1 SO4

2–), and high (120 mg L–1 Cl– + 240 mg L–1 
SO4

2–) ionic strength.
Ecorr-max is one of the most generally used corrosion 

indices to evaluate the corrosion reaction on the metal sur-
face. The maximum corrosion potential decreased as the 

increment of ionic strength, revealing that anions in water 
promoted the corrosion tendency of iron. Ecorr-max of ductile 
iron with different lining in high ionic strength (120 mg L–1 
Cl– + 240 mg L–1 SO4

2–) was basically lower than that in 
intermediate (120 mg L–1 Cl– + 80 mg L–1 SO4

2–) experiment, 
illustrating that the increase of sulfate concentration also 
caused the decrease of corrosion potential.

The relationship between the Ecorr-max and the molar 
concentration of anions was determined according to the 
following relation as Eq. (1) [25,26] and the fitting param-
eters can be seen in Table 3. A logarithmic relationship 
between the maximum corrosion potential and the con-
centration of anions was obvious for the unlined, 50% lin-
ing and lined ductile iron (0.999, 0.910, and 0.979), which 
was consistent with the current understanding on the 
relationship between the corrosion potential and anions 
concentration for the bare metals [27]. However, this cor-
relation was relatively weaker in the ductile iron with 90% 
lining (0.673), which might be related to the hydrolytic 
and corrosion reaction on the heterogeneous lining/iron  
interface.

E V A Bcorr-max c Cl SO( ) ln= +( ) +− −
4
2  (1)

Table 2
Experimental design and the serial number of immersion test

Category Chloride, sulfate ions concentration (mg L–1)

40, 80 120, 80 120, 240

Lined ductile iron 1 2 3
Ductile iron with 90% lining coverage 4 5 6
Ductile iron with 50% lining coverage 7 8 9
Unlined ductile iron 10 11 12

Fig. 2. Electrochemical test and signal collecting system.

Fig. 3. Corrosion potential evolution of ductile iron pipes with 
different proportion of cement mortar lining in water with 
40 mg L–1 Cl– and 80 mg L–1 SO4

2– as exposure of time.
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3.3. Impacts of ionic strength on corrosion current density

The corrosion process of ductile iron with different lin-
ing coverage in deionized water was used as a reference. 
The Icorr were obtained from the fitted results of the polar-
ization curves. The ΔIcorr was defined as the variation of Icorr 
in different ionic strength experiments compared with that 
in reference experiments (deionized water). Fig. 5 shows 
the fitted results for the relationship between ΔIcorr and 
ionic strength (mmol L–1) for a ductile iron electrode with 
different lining coverage.

The values of ΔIcorr were all directly proportional to 
the ionic strength in the solutions and the linear correla-
tion coefficients (R2) were all higher than 0.950, showing 
the corrosion promoting effect of chloride and sulfate ions 
on the ductile iron corrosion process. This phenomenon 
can be explained by the strong, aggressive performance 
of chloride and sulfate anions on the iron surface [28].

Additionally, both the slope of fitted lines and the val-
ues of ΔIcorr increased as the decrease of lining coverage on 
the ductile iron electrode surface, indicating the blocking 
effect of cement mortar lining for the anions penetrating 
on the iron surface. Moreover, no noticeable difference for 
ΔIcorr values was spotted for ductile iron electrodes with 
90% and 100% cement mortar lining coverage, verifying that 
the small defects of cement mortar lining might not affect 
the corrosion process significantly.

3.4. Ductile iron surface morphology

The surface morphology of ductile iron with different 
cement mortar lining coverage is shown in Fig. 6. The ele-
ment composition for the selected area of the SEM can be 
seen in Table 4.

Some holes and pockmarks were observed on the sur-
face of lined ductile iron after 50 d exposure. From SEM 
results, some products with needle-like structure and hex-
agonal-shape plates structure were found. According to 
the previous research [29], the products were deemed as 
calcium carbonate and calcium hydroxide respectively. The 
EDS results also confirmed the presence of large amounts of 
calcium on the surface. It was speculated that the chloride 
and sulfate anions might react with the hydrolysis prod-
ucts of cement mortar lining and form CaCl2 or CaSO4, thus 
causing the damage of cement mortar lining. This reaction 
could change the smooth cement lining surface into a rough 
one with holes and pockmarks. Additionally, the internal 
structure of cement mortar lining became loose and reduced 
the corrosion resistance. In serious cases, the protection 
effect of cement mortar lining might fail.

In addition to the calcium oxides, some corrosion 
products were found for ductile iron with 90% lining. The 
EDS results also revealed the deposition of iron corrosion 
products, which were found well-incorporated with cal-
cium carbonate fiber crystal from SEM. The presence of 

Fig. 4. Maximum corrosion potential of ductile iron with dif-
ferent lining coverage under low, intermediate, and high ionic 
strength. Fig. 5. Relationship between ΔIcorr and ionic strength (mmol L–1) 

for ductile iron electrodes with different lining coverage.

Table 3
Fitting parameters of maximum Ecorr and molar concentration of chloride and sulfate ions

Parameters Unlined ductile iron 50% of lining 90% of lining Lined ductile iron

A –0.035 –0.153 –0.076 –0.190
B –0.695 –0.392 –0.4472 –0.167
R2 0.999 0.910 0.673 0.979
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this well-incorporated iron oxides and calcium hydroly-
sate might protect the iron surface. Previous research also 
reported that the products composed of iron oxides, iron 
hydroxides, and calcium oxides on the metal surface could 
act as a passivation layer [10].

Examination of the ductile iron surface with 50% lin-
ing coverage showed that the porous corrosion rust layer 
with some flake-like lepidocrocite (γ-FeOOH). The unlined 
ductile iron surface can be seen in Fig. 6d, in which the 
loose corrosion products with a morphology and chem-
ical composition were different from the case with lined 
ductile iron pipes. The high content of Fe in this sample 
also suggested the accumulation of corrosion products.

3.5. Electrochemical impedance spectra analysis

3.5.1. Lined ductile iron pipes

Fig. 7 shows the Nyquist plots of lined ductile iron 
electrodes in water with high ionic strength (120 mg L–1 
Cl– + 240 mg L–1 SO4

2–). The electrical circuit model (ECM) in 
Fig. 7 was used to stimulate the Nyquist plots, in which, Rs 
is the solution resistance, Rf is the film resistance, Rct is the 
iron/solution charge transfer resistance, Qf is the film capac-
itance, and Qct is the double-layer capacitance. Additionally, 
considering the dispersion effect of the double layer at the 
iron/solution interface, n is a fit parameter ranging from 0 
to 1. When n is at 0 and 1, the iron electrode act respectively 
as a pure resistor and a pure capacitance. The fitted results 
can be seen in Table 5.

The Nyquist plots in low frequency at 5 d presented a 
Warburg diffusion phenomenon, showing the good protec-
tion ability of cement mortar lining. Therefore, these plots 
were fitted with the ECM containing Warburg diffusion 
resistance. After 5 d, the curves in the high-frequency region 
and low-frequency region all presented a capacitive behavior 
with the plots decreasing gradually, revealing the damaging 
effect of chloride and sulfate on the lining.

It was speculated that the chloride and sulfate anions 
might react with the hydrolysis products of cement mortar 
lining and form CaCl2 or CaSO4, thus causing the damage of 

(a)  

(b)  

(c)  

(a)  
Fig. 6. Morphology of ductile iron pipes with different cement 
mortar lining coverage (a) lined ductile iron, (b) ductile iron with 
90% lining, (c) ductile iron with 50% lining, and (d) unlined duc-
tile iron.

Table 4
Element composition of ductile iron electrodes with different cement mortar lining coverage

Element 
 (Wt.%)

Lined ductile  
iron pipe

Ductile iron with 90%  
of lining coverage

Ductile iron with 50%  
of lining coverage

Unlined ductile  
iron pipes

C 0.00 22.71 25.86 21.42
O 0.00 50.29 52.27 10.60
Si 0.00 22.50 0.77 0.59
S 0.96 0.22 0.27 0.10
Cl 0.03 0.00 0.10 0.02
Ca 94.46 3.31 17.99 0.00
Fe 0.00 0.29 1.43 67.27
Zr 0.00 0.00 1.31 0.00
Al 4.55 0.68 0.00 0.00
Mg 0.00 0.00 0.00 0.00
Total 100 100 100 100



243H. Zhang et al. / Desalination and Water Treatment 197 (2020) 237–248

cement mortar lining. This reaction also promoted the dis-
solution of calcium hydroxide, increased the lining porosity, 
and reduced the lining resistance [30]. This would be con-
sistent with the de-passivation theory of film formed on the 
cement mortar lining/ductile iron interface when the chlo-
ride concentration was higher than 10.5 mg L–1 [31]. Gerengi 
et al. [32] also proved the decrement of concrete electrical 
resistance after 60 d exposure to sulfate attack solution.

Moreover, the fitted Qdl were all between 100 and 
1,000 μF cm–2, the range for the corrosion initiation stage 
[33]. Thus, the obtained electrochemical results confirmed 
that the durability of cement mortar lining cannot sustain 
in water with high chloride and sulfate ions strength.

3.5.2. Unlined ductile iron pipes

The Nyquist plots of unlined ductile iron pipes in water 
with high ionic strength (120 mg L–1 Cl– + 240 mg L–1 SO4

2–) are 
shown in Fig. 8.

The ECM containing two-time constants in Fig. 8 was 
used to simulate the Nyquist plots. The fitted results are 
shown in Table 6.

The resistance of Rf maintained relatively lower values 
and varied slightly between 337.0 to 411.37 Ω cm2, suggest-
ing the low resistance of the corrosion scale. Meanwhile, 
the Rct decreased from 821.9 Ω cm2 at 5 d to 429.4 Ω cm2 at 
50 d. This Rct was lower than that reported for the severe 

corrosion (14,000 Ω cm2) [31], showing the rapid corro-
sion reaction on the iron surface. This reaction might be 
attributed to the direct attack of chloride and sulfate anions 
on the iron surface by forming potentially active dissolu-
tion sites. In this process, a proportion of ferrous ion at the 
anode might react with H2O and form FeOH+ [Eqs. (2)–(4)] 
and another proportion would be incorporated with the Cl– 
and SO4

2– to form ferrous salts in solution [Eqs. (5) and (6)].

O H O e OH2 22 4 4+ + →− −  (2)

Fe Fe e+→ + −2 2  (3)

Fe H O FeOH H+ +2
2

+ + → +  (4)

Fe + Cl + H O FeCl H O+2
2 2 22 4 4− → ⋅  (5)

Fe SO FeSO2
4
2

4
+ −+ →  (6)

The formed FeOH+ could be oxidized rapidly and formed 
γ-FeOOH. γ-FeOOH often appeared as the corrosion prod-
ucts in early stage, which have anions selectivity and could 
absorb Cl– more quickly, further enhancing the dissolution 

Fig. 7. Nyquist plots of lined ductile iron pipes in water 
with high ionic strength (120 mg L–1 Cl– + 240 mg L–1 SO4

2–). Fig. 8. Nyquist plots of unlined ductile iron pipes in water with 
high ionic strength.

Table 5
Fitted results of Nyquist plots for lined ductile iron pipes

Times Rs (Ω cm2) Rf (Ω cm2) Qf (mF cm–2) nf Rct (Ω cm2) Qdl (mF cm–2) ndl

5 d 121.5 6,828 0.0023 1.000 33,283 528.70 0.511
10 d 127.3 5,541 0.0025 1.000 6,525 486.91 0.523
20 d 134.0 5,856 0.0024 0.999 7,473 352.90 0.626
30 d 159.1 5,940 0.0050 0.998 7,056 249.48 0.690
50 d 138.1 6,798 0.0052 0.993 8,018 505.73 0.545
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of iron [34]. Moreover, the obtained results of an associated 
double layer (Qdl) varied from 2,241.2 to 11,772 μF cm–2, 
higher than 1,000 μF cm–2, further confirming the severe cor-
rosion occurrence of ductile iron as a consequence of chlo-
ride and sulfate attack [33]. Therefore, the unlined ductile 
iron pipes were always in a state of severe corrosion during 
the 50 d experiments in water with high ionic strength.

3.5.3. Ductile iron pipes with 50% of cement mortar 
lining coverage

Fig. 9 shows the Nyquist plots of ductile iron pipes with 
50% of cement mortar lining coverage. The ECM containing 
two-time constants in Fig. 9 was used to fit this impedance 
spectra. The fitted results are shown in Table 7.

The fitted Rct all maintained at 514.7–824.7 Ω cm2 
throughout the experiments, lower than the values reported 
for the severe corrosion occurrence, illustrating the rapid 
corrosion reaction on the ductile iron surface [31]. The Rf 
and Rct values decreased from the beginning of the exper-
iments, showing the continuous corrosion reaction. This 
process might be attributed to localized corrosion existed 
in the incomplete interface between corrosion products and 
cement mortar lining coverage. The rough and inhomoge-
neous interface could not block the attack of chloride and 
sulfate on the inner iron surface and consequently induced 
the decreasing of Rct values in the low frequency (10–2–102 Hz) 

region. These results were consistent with the current under-
standing that corrosion reaction predominantly occurred at 
the imperfection’s layers [17].

Additionally, the Rct values in the case of ductile iron 
with 50% of lining were almost the same with that for 
unlined ductile iron, showing the poor protection ability 
to linings with significant defects. The fitted capacitance 
values showed a non-ideal behavior in the low-frequency 
region, with the ndl variation from 0.123 to 0.438, reveal-
ing the existence of a heterogeneous lining/iron inter-
face. The Qdl values were much larger than 1,000 μF cm–2, 
showing that the inner ductile iron was always in the 
severe corrosion period [33].

3.5.4. Ductile iron pipes with 90% of cement mortar 
lining coverage

Fig. 10 shows the Nyquist plots of ductile iron pipes 
with 90% of cement mortar lining coverage. The impedance 
spectra here showed a different phenomenon from the duc-
tile iron with other proportions of cement mortar lining, 
illustrating the difference in the corrosion mechanisms.

The radius of impedance spectra in low-frequency 
region (10–2–102 Hz) was minimal in the first 10 d, reveal-
ing the low corrosion resistance and rapid corrosion reac-
tion on the ductile iron surface initially. It might be due to 

Table 6
Fitted results of Nyquist plots for unlined ductile iron pipes

Times Rs (Ω cm2) Rf (Ω cm2) Qf (mF cm–2) nf Rct (Ω cm2) Qdl (mF cm–2) ndl

5 d 20.13 338.9 0.0064 0.967 821.9 2,241.2 0.719
10 d 18.49 411.7 0.0066 0.980 615.4 3,718.7 0.505
20 d 18.50 369.6 0.0063 0.954 468.6 4,954.6 0.594
30 d 20.14 374.1 0.0067 0.952 425.5 5,574.3 0.557
50 d 23.02 337.0 0.00746 0.948 429.4 11,772 0.548

Fig. 9. Nyquist plots of ductile iron pipes with 50% of cement 
mortar lining coverage in water with high ionic strength.

Fig. 10. Nyquist plots of ductile iron pipes with 90% of cement 
mortar lining coverage.
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the fact that chloride and sulfate anions could penetrate 
easily through the small hole and promoted the corrosion 
process efficiently.

After 10 d, the radius of impedance spectra in the high- 
frequency region and low-frequency region all increased 
with the exposure time. Moreover, the impedance spectra 
analyzed in the low-frequency region (10–2–102 Hz) pre-
sented a large Warburg diffusion impedance, suggesting 
that the mass transfer process rather than the charge trans-
fer resistance became the controlling factor for corrosion 
reaction. The preformed iron corrosion products might be 
combined with the hydrolysis products and hindered the 
dissolution of Fe2+ to some extent [10]. The presence of well- 
incorporated iron oxides and calcium hydrolysate, as shown 
in Fig. 6b also confirmed this phenomenon. The impedance 
spectra after 10 d were fitted with the ECM containing a 
Warburg diffusion resistance in Fig. 10. All the fitted results 
are shown in Table 8.

The fitted Rf and Rct values were small in the first 10 d, 
demonstrating that the chloride and sulfate ions could pen-
etrate through the small hole and accelerate the corrosion 
damage process for ductile iron. Subsequently, the fitted 
diffusion resistance tended to increase from 33,431 Ω cm2 
at 10 d to 51,171 Ω cm2 at 50 d, indicating the increment 
of corrosion reaction resistance. It was speculated that the 
produced iron oxides might be deposited on the lining/iron 
interface, hence causing the increase of corrosion reaction 
resistance. Morris’s research confirmed that the reinforce-
ment would be passivated when the resistance was higher 
than 10,000 Ω cm2 [35]. Thus, combing with SEM results, it 
can be concluded that the preformed iron corrosion prod-
ucts connected with the calcium hydrolysis products depos-
ited on the iron/lining interface and passivated the iron 
surface after 10 d [36–38]. The associated Qdl values also 
decreased from 245.3 mF cm–2 at 5 d to 132.53 mF cm–2 at 
50 d, suggesting that the lining/iron double layer became 
denser. The associated diffusion coefficient (Wp) of the 

double-layer capacitance increased from 0.215 at 5 d to 
0.848 at 50 d, indicating the increase of homogeneity of the 
lining/iron double layer.

3.6. Comparison of corrosion process for ductile iron pipes 
with different cement mortar lining coverage

The corrosion rates for ductile iron pipes with different 
cement mortar lining coverage placed in water with a high 
concentration of chloride and sulfate anions (120 mg L–1 
Cl– + 240 mg L–1 SO4

2–) can be seen in Fig. 11.
The corrosion rate of lined ductile iron pipes was rela-

tively lower initially (first 10 d), suggesting the protective 
effect of this lining on the inner iron surface, then followed 
by a gradual increase (after 10 d). It was speculated that the 
chloride and sulfate anions might react with the hydrolysis 
products of cement mortar lining (Ca(OH)2) and form CaCl2 
or CaSO4, thus causing the damage of cement mortar lining.

Compared with the corrosion rate of lined ductile 
iron, that of ductile iron with 90% of cement mortar lining 
showed a higher corrosion rate in the first 10 d, followed 
by a rapid decline in corrosion rate. The early rapid corro-
sion was thought to be caused by the quicker penetration 
of chloride and sulfate anions into the iron surface through 
the small blank holes initially (about 10% of the lining).

3.6.1. Interesting observation

The corrosion rate of the ductile iron pipes with 90% 
lining is higher than that of ductile iron with 50% lining or 
of bare iron. It was speculated that the ductile iron pipes 
with 90% ling (small hole) might be deemed as galvanic 
corrosion (a small anode and a large cathode) and resulted 
in more significant corrosion current density over a small 
anode area [39].

Consequently, more corrosion products were produced 
simultaneously for the ductile iron with 90% lining, thereby 

Table 7
Fitted results of Nyquist plots for ductile iron pipes with 50% of cement mortar lining coverage

Times Rs (Ω cm2) Rf (Ω cm2) Qf (mF cm–2) nf Rct (Ω cm2) Qdl (mF cm–2) ndl

5 d 54.22 2,323 0.0023 0.996 757.9 4,468.5 0.438
10 d 42.00 2,005 0.0040 0.920 514.7 2,983.6 0.123
20 d 22.34 1,361 0.0033 0.868 620.8 6,401.1 0.356
30 d 21.80 1,345 0.0043 0.754 738.8 2,246.90 0.286
50 d 13.70 1,246 0.0039 0.623 824.7 11,392 0.360

Table 8
Fitted results of Nyquist plots for ductile iron pipes with 90% of cement mortar lining coverage

Times Rs (Ω cm2) Rf (Ω cm2) Qf (mF cm–2) nf W0 (Ω cm–2) WT (mF cm–2) Wp

5 d 102.7 3,167 0.0020 1.000 3,792 21.61 0.215
10 d 114.1 4,495 0.0021 1.000 9,002 166.23 0.758
20 d 125.0 10,401 0.0019 1.000 33,431 140.24 0.823
30 d 147.1 10,922 0.0021 1.000 43,534 133.84 0.841
50 d 142.8 11,966 0.0019 1.000 51,171 132.53 0.848
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inducing a rapid decline in corrosion rate after 10 d. This 
decline could be possibly denoted to the superposition 
process involving the deposition of corrosion products 
and hydrolysis products of cement mortar lining. The cor-
rosion rate of ductile iron with 90% lining was even lower 
than that of lined ductile iron, revealing that the inter-
facial zone rich in CaCO3 and iron oxides could block the 
anions diffusion more effectively than the cement mortar 
lining itself.

During the enlargement of defects in cement mortar 
lining (the ratio of these defects was 50%), the corrosion 
situation changed significantly. The corrosion rate in this 
situation was always higher than that for ductile iron with 
100% or 90% lining for the long term (after 10 d). In con-
trast to the ductile iron with small defects (90% lining), the 
corrosion products accumulation was not enough to cover 
the bare metal surface with significant defects, but caused 
the increment of surface roughness and promoted the cor-
rosion process continuously. This result demonstrated that 
the chloride and sulfate anions could cause adverse corro-
sion damage for ductile iron pipe with significant lining 
defects, which is consistent with the current understand-
ing that the corrosion process often occurred at the big 
breaks of the protective film or lining [17].

Additionally, unlined ductile iron showed a significantly 
higher corrosion rate than the other three. To be specific, the 
corrosion rate of unlined ductile iron was about 2–5 times 
higher than that with lined ductile iron pipes. Moreover, 
according to the level 3 standard of the uniform corrosion 
division [27], the corrosion of lined ductile iron in the first 
10 d (<0.1 mm a–1) was in the stage of almost unavailable 
corrosion (level 1). While the corrosion rate increased grad-
ually due to the damage of chloride and sulfate, it came to 
the stage of available corrosion levels (level 2: 0.1–1.0 mm) 
after 10 d. Except for the lined ductile iron, the corrosion 
for ductile iron with 0%, 50% lining coverage all belonged 

to level 2, indicating the corrosion resistance evaluation 
as “available levels.”

Interestingly, the corrosion rate of ductile iron with 90% 
lining became lower than that of lined ductile iron after 
20 d. Thus, it can be believed that the well-incorporated iron 
oxides and calcium hydrolysate can hinder the anions dif-
fusion more effectively than the cement mortar lining itself. 
Otherwise, the large defects (50% lining or unlined) could 
increase the corrosion risk of inner iron pipes under a high 
concentration of anions solution significantly.

The relationship between the average corrosion rate 
and the relative proportion of the bare ductile iron area can 
be seen in Fig. 12.

A roughly linear correlation between vcorr (mm a–1) and 
relative proportion of bare ductile area with a slope of 0.1849 
was fitted, implying a linearly increased promoting effect 
of iron area on the corrosion rate. The fitted results were 
much better for a uniform surface, which is the unlined and 
lined ductile iron. However, the deviation of vcorr and linear 
fitted results was significant for the ductile iron with 90% 
lining. According to the EIS results, the ductile iron with 
90% lining was in the status of the small anode and large 
cathode that induced the galvanic corrosion and promoted 
the corrosion process [39]. However, the rapid corrosion 
process caused more corrosion products accumulation, 
which could be combined with the hydrolysis products of 
cement mortar lining and blocked the corrosion process. 
Thus, the inhomogeneous lining/iron interface composed of 
hydrolytic products and iron corrosion products might be 
responsible for this deviation [10].

4. Conclusions

The key finding of this study is that ionic strength 
could significantly affect the corrosion potential and cor-
rosion current density by influencing the electron transfer 
resistance and mass transfer resistance, thereby influencing 

Fig. 11. Corrosion rate of ductile iron pipes with different cement 
mortar lining coverage placed in water with a high concentration 
of anions.

Fig. 12. Relationship between the corrosion rate and relative pro-
portion of bare ductile iron area and the regression equation cor-
responding to the experimental data.
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the corrosion damage mechanisms. Results showed that 
the maximum corrosion potential of ductile iron pipes 
with different cement mortar lining coverage decreased as 
the increment of anions strength in a logarithm tendency, 
while the corrosion current density increases linearly with 
ionic strength. Moreover, the different cement lining cover-
age also affects the ductile iron corrosion process obviously. 
Results showed that (1) corrosion rate of unlined ductile iron 
was about 2–5 times higher than that of lined ductile iron, (2) 
the minor defects on the iron surface (90% of lining) expe-
rienced a severe corrosion period in the first 10 d; this pro-
cess created a region rich in calcium oxides and iron oxides 
and limited the anions diffusion effectively afterward, (3) 
the cement mortar lining with large defects (50% of lining) 
showed poor protection ability on iron surface, (4) a rough 
linear correlation between average corrosion rate (mm a–1) 
and relative proportion of bare ductile iron area was  
fitted.

The relatively higher ionic strength affected the cor-
rosion process of ductile iron significantly in the present 
study, especially for the unlined iron pipes or lined iron 
pipes with large defects. While in the actual drinking water 
distribution systems, this erosion effect might be reduced 
due to the lower concentration of chloride and sulfate.
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