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luminium injection on corrosion
behaviour and semiconductor properties of carbon
steel in the PHT system of PHWR

Yang Jiao,ab Shenghan Zhang *ab and Yu Tanab

Carbon steel is widely used as the piping of the primary heat transport system (PHT) in pressurized heavy

water reactors (PHWR). Effects of zinc/aluminum treatment and simultaneous injection of zinc and

aluminum on corrosion behavior and semiconductor properties of oxide films formed on carbon steels

were characterized by the gravimetric method, potentiodynamic polarization scan, EIS, Mott–Schottky

test, SEM, EDS mapping, XPS analysis and photocurrent response measurement. The results showed that

all the metal cation ions treatment can improve the corrosion resistance of oxide films in varying

degrees. 20 ppb Zn2+ had the greatest enhancement in corrosion resistance, followed by 20 ppb Zn2+ +

20 ppb Al3+. ZnFe2O4, FeAl2O4 and ZnAl2O4 were detected to be new spinel phases generated in oxide

films. The oxide films on the surface of carbon steel all demonstrated n-type semiconductor properties.

It was worth noting that the total content of manganese and zinc in the oxide film played an important

role in the corrosion resistance of carbon steel.
1 Introduction

CANDU pressurized heavy water reactors (PHT) which use heavy
water (D2O) as the moderator are operated in Canada, Korea,
China, India and many other countries. The primary heat
transport (PHT) system is the core system of the primary circuit
in PHWR. D2O is circulated through this circuit using primary
coolant pumps. Most of the PHT piping and feeder pipes and
related reactor designs are fabricated from carbon steel (CS),
ASTM A106 Gr-B or ASTM A 333 Gr-6.1–6

In nuclear power plants, water chemistry of the coolant is
carefully monitored and controlled for the integrity of the
system structure.7,8 Although CANDU design is signicantly
different from that of light water reactors (LWR), many mate-
rials corrosion and degradation issues are equally important
and directly affect the safety of reactor operation. Carbon steel
pipes corrode during the high temperature (inlet and outlet
temperature being 266 �C to 310 �C) and high pressure in long-
time operation. Therefore, to reduce the corrosion of carbon
steel and prevent local deposition of corrosion products, an
alkaline pH25 �C of 10.2–10.6 is maintained by the addition of
lithium hydroxide (LiOH) in the reactor primary circuit.4,9–11

It has been reported that the composition and grain
boundaries of alloys could be modied to improve their
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corrosion resistance.12 Zinc injection technology has been
widely used in the primary circuit coolant of nuclear power
plants. It is generally considered that the addition of zinc into
the coolant can retard the corrosion rate of metal materials and
reduce the buildup of radiation eld and the occupational
radiation dose.13

Many studies have reported that the compact oxide layer and
high corrosion resistance of carbon steel could be obtained due
to the generation of zinc ferrite (ZnFe2O4) oxide. Sawicki's
research identied the effects of 15–60 ppb soluble zinc on the
surface composition of carbon steel in primary-side coolant by
using conversion and electron and X-ray backscattering
Mössbauer spectroscopy. High electrical resistivity zinc ferrite
was formed on coupons when exposed to zinc added solution. A
layer of zinc ferrite in the oxide lm played an important role in
reducing corrosion products release rates.14 Walker Z. H.
pointed that in the presence of 15 ppb zinc only a slight
reduction was found in corrosion of CS coupons. Moreover, zinc
ferrite showed a signicantly lower thermal conductivity than
without zinc addition and reduced the heat transfer efficiency
in the primary circuit.15

However, 64Zn in natural zinc was easily irradiated by
neutrons to produce high radioactive 65Zn, expensive depleted
zinc was used in nuclear power plants. 27Al is a stable nuclide
and have no radioactive. Aluminium ion is a good corrosion
inhibitor which has been widely applied in industrial cooling
water. Previous studies have addressed the inuence of zinc and
aluminium simultaneous injection on corrosion behaviours of
stainless steels in simulated PWR primary circuit
environments.16–18
RSC Adv., 2022, 12, 1663–1674 | 1663
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The aim of this study was to evaluate the effect of zinc and/or
aluminum added into simulated primary circuit coolant of
heavy water reactors. The oxide lms on carbon steels were
formed in high temperature and high pressure solutions. Aer
oxidation for 168 h, the corrosion behavior and semiconductor
properties of samples were analyzed by potentiodynamic
polarization scan, electrochemical impedance spectroscopy
(EIS), and Mott–Schottky curve. The morphology of carbon steel
surface was measured by scanning electronic microscopy
(SEM). The composition of oxide lms were analyzed by
photocurrent response, energy dispersive spectrometer (EDS)
mapping and X-ray photoelectron spectroscopy (XPS).
2 Experimental methods
2.1 Materials

The carbon steel of ASTM A106-Grade B (20# in Chinese label)
was used in this experiment. Experimental specimens were cut
into small pieces of 12 � 12 � 2 mm and punched a role with
the diameter of 1.5 mm in the upper le corner. Prior to
oxidation experiments, for uniform surface roughness of
materials, every sample was mechanically polished step by step
with 400, 800, 1200, and 1500 grit silicon carbide (SiC) metal-
lurgical papers, rinsed with deionized water and degreased with
ethanol thoroughly. Finally, A106B CS coupons were dried
under a cold airow, weighed (as the value of m0 before oxida-
tion used for gravimetric method in eqn (1)), and stored in
a vacuum glass desiccator for further experiments.
2.2 Oxidation in simulated environment

The carbon steel specimens were arranged in a stainless steel
static autoclave and exposed to high temperature (290 � 1 �C)
and high pressure (7.5 MPa) simulated PHT system conditions
for 168 h. Lithium hydroxide was added into deionized water to
adjust pH25 �C in the range of 10.1–10.2 and was used as blank
solution. The compositions of simulated test solution were
shown in Table 1. Zinc acetate and aluminum acetate were
selected in this experiment to provide Zn2+ and Al3+. Every group
included 10 parallel samples. Aer oxidation, when cooling
down to the room temperature naturally, all coupons were
taken out of autoclave, cleaned with deionized water, dried with
cold wind, weighed (used for the value of m1 aer oxidation in
eqn (1) to calculate the corrosion rate by gravimetric method)
and nally kept in a vacuum desiccator.
Table 1 Composition of simulated test solution

Test solution Li+ (ppm) Zn2+ (ppb) Al3+ (ppb)

T (blank) 1 0 0
T (20Zn) 1 20 0
T (40Zn) 1 40 0
T (30Al) 1 0 30
T (20Zn + 20Al) 1 20 20

1664 | RSC Adv., 2022, 12, 1663–1674
2.3 Electrochemical measurements

A standard three-electrode system in a 450 mL electrochemical
cell was designed for electrochemical measurements. The
surface of 0.2826 cm2 on the specimens exposed to the test
solution was used as working electrode, while a platinum elec-
trode was the auxiliary electrode and a saturated calomel elec-
trode (SCE) for the reference electrode. The electrolyte solution
was 1 ppm LiOH solution. Two holes were set up for the inlet
and outlet gas. Nitrogen gas was bubbled through the solution
for about 30 min before all the tests.

Potentiodynamic polarization scan and electrochemical
impedance spectroscopy (EIS) were carried out with CHI650D
electrochemical workstation of Shanghai Chenhua Ltd at room
temperature. Firstly, the open circuit potential (OCP) which unit
was volts (V) was measured and monitored. The OCP value was
determined in a stable state based on the changes in OCP value
were less 10 mV within one minute. The actual entire immer-
sion time from electrode immersion to stability state did not
exceed 10 minutes. Then, the scanning range of potentiody-
namic polarization were performed from �1.0 V to 0.8 V with
respect to OCP at a scan rate of 0.001 V s�1. EIS was measured at
OCP with a frequency from 106 Hz to 10�2 Hz with the sinu-
soidal voltage of �10 mV on the oxide lms. Finally, the elec-
trical parameters and tting of the spectra were done by an
equivalent electrical circuit using ZSimpwin soware. Mott–
Schottky curve were carried out with PARSTAT2273 potentiostat
of Princeton Ltd in three-electrode cell. The potential range of
test was �1000 mV to +1200 mV with a potential step of 0.01 V.

The photocurrent responses were performed by focusing
a monochromatic modulated light through the quartz window
on to the oxide lms. A xenon lamp (350 W, Crownetch) with
a grating monochromator (1/8 m, CT110, Crowntech) was used
as the light source. The wavelength of lights ranged from
200 nm to 800 nm in steps of 10 nm. Before the experiments, the
light intensity of different wavelength was measured by con-
necting a Si-photodiode to a digital ammeter positioned in the
same place of the coupon. The photocurrent response value of
the oxide lms at different wavelength were mathematically
transformed to attain the data with the change of photo energy.
2.4 Morphology and composition analysis of oxide lms

Aer 168 h oxidation, the surface of oxide lms was character-
ized by SEM and EDS mapping. HITACHI S4800 was used for
the morphology analysis of oxide lms with an accelerating
voltage of 15.0 kV under different magnications. The chemical
states of main elements on the surface were analysis by XPS.
3 Results
3.1 Gravimetric method

The gravimetric method evaluates the degree of metal corrosion
according to the weight change before and aer corrosion. It is
one of the commonly usedmethods in corrosion experiments of
metals, and it can directly reect the corrosion rate.

The corrosion rate of carbon steel in high temperature
solution was calculated by eqn (1):
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra07921b


Fig. 1 Polarization curves of oxide films formed on CS in different
solutions at 290 �C.
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v ¼ Kðm1 �m0Þ
StD

(1)

where v is the corrosion rate (g mm�2 d�1), K is a constant for
unit conversion (in this study K ¼ 2.4 � 106 � D when the unit
of v is mg dm�2 d�1), m1 is the weight of sample aer oxidation
(g), m0 is the weight of sample before oxidation (g), S is the
surface area of sample (mm2), t is experimental time (d), D is
density of metal (g cm�3). Corrosion rates of carbon steel
coupons in different conditions were shown in Table 2 and the
standard deviation of each group calculated by eqn (2) was
listed.

s ¼
ffiffiffiffiffiffiffiffiffiffiffiP

d2

n� 1

r
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP ðmi �mÞ2
n� 1

s
(2)

where s is the standard deviation, mi is the measured value of
each group, �m is the average value of weight, n is the total
number of group (n ¼ 10).

It can be seen from the calculated results that with the
injection of zinc and/or aluminum the corrosion rate of carbon
steel decreased compared to T (blank). Samples in 20 ppb Zn2+

solution showed better corrosion resistance than that in high
concentration of Zn2+. T (20Zn + 20Al) had the slowest corrosion
rate (half of T (blank)) which implied the best corrosion resis-
tance of oxide lm, but the reduction effect of zinc–aluminum
injection was not signicant.
3.2 Potentiodynamic polarization

The potentiodynamic polarization curves of oxide lms formed
on carbon steels with different concentration of zinc and
aluminum were measured in 1 ppm LiOH solution at room
temperature and were shown in Fig. 1. The intersection of
anodic and cathodic Tafel lines determined the corrosion
current density (icorr) and corrosion potential (Ecorr) and the
results were listed in Table 3.

The high corrosion resistance in absence and presence of
Zn2+ and Al3+ is attributed to protective nature of the passive
lm. From the data shown in Table 3, compared with blank
group, the lower icorr values for all the oxide samples were
indicative of the better corrosion resistance. It was obvious that
icorr of T (20Zn) and T (20Zn + 20Al) showed an order of
magnitude lower than other groups, and the open circuit
potential (OCP) shied toward to the noble side (�0.118 V and
�0.348 V vs. SCE) compared carbon steel in blank group
(�0.531 V vs. SCE). However, with sole injection of aluminum,
icorr showed little decrease than T (blank), which result in little
Table 2 Corrosion rates in different conditions

Group
Corrosion rate
(g mm�2 d�1) Standard deviation

T (blank) 1.000 0.33
T (20Zn) 0.5714 0.25
T (40Zn) 0.8333 0.49
T (30Al) 0.8571 0.21
T (20Zn + 20Al) 0.5238 0.24

© 2022 The Author(s). Published by the Royal Society of Chemistry
effect on the improvement of corrosion resistance. Conse-
quently, among the different concentration of solution, 20 ppb
Zn2+ was the most effective for improving the corrosion resis-
tance of carbon steel in heavy water reactor water conditions.
3.3 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS), which also
called AC impedance, is commonly used to investigate the
corrosion behavior of alloys and explain the structure of passive
lms formed on the metal surface.

EIS measurements were carried out for all samples in 1 ppm
LiOH solution at room temperature. The Nyquist, phase angle
and Bode plots of oxide lms formed on carbon steel coupons
in high temperature water with different concentration of zinc
and aluminum were shown in Fig. 2(a), (b) and (c) respectively.
For clearer comparison, Bode plots at low frequencies were
shown in Fig. 2(d).

Two semicircles seen in Fig. 2(a) Nyquist diagram indicated
the presence of two time constants attributed to process
occurring near oxide/solution interface and oxide/metal inter-
face aer carbon steels exposed to high temperature water. The
Bode spectra (Fig. 2(c) and (d)) showed a signicant increase of
impedance modulus at low frequencies aer zinc and zinc +
aluminum injected in the solution, especially for T (20Zn) which
demonstrated the highest value of Z in the lowest frequency.
The Bode plots of T (30Al) were almost coincide with T (blank),
only a little lower than T (blank) when frequency less than
0.25 Hz, which indicated these two groups had similar corro-
sion resistance.
Table 3 Corrosion potential (Ecorr) and corrosion current density (icorr)
of oxide films formed on CS in different solutions at 290 �C

OCP (V) Ecorr (V) icorr (A cm�2)

T (blank) �0.531 �0.540 5.085 � 10�8

T (20Zn) �0.118 �0.121 4.826 � 10�9

T (40Zn) �0.356 �0.357 1.310 � 10�8

T (30Al) �0.674 �0.681 4.948 � 10�8

T (20Zn + 20Al) �0.348 �0.349 7.035 � 10�9

RSC Adv., 2022, 12, 1663–1674 | 1665
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Fig. 2 EIS spectra of oxide films formed on CS in different solutions at
290 �C (dots for measured results in experiments and lines for fitted
data by software) (a) Nyquist plots (b) phase angle plots (c) Bode plots
(d) Bode plots at low frequency.

Fig. 3 Electrochemical equivalent circuit mode.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 1
0/

21
/2

02
5 

5:
09

:3
6 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Several circuit models were attempted to t the above
experimental data. The best agreement between experimental
and tted data (shown in Fig. 2) was obtained with the equiv-
alent circuit model illustrated in Fig. 3. In the equivalent circuit
model, Rs represents the resistance of solution, Rout and Qout are
the resistance and constant phase element (CPE) of outer oxide
1666 | RSC Adv., 2022, 12, 1663–1674
lms with respect to the oxide/solution interface, Rin and Qin are
the resistance and CPE of inner oxide lm the oxide/metal
interface. Each parameter of circuit elements was tted in
Table 4.

It was obvious that all ion injection treatments increased the
resistance of the oxide lms formed on CS showing better
corrosion resistance. This behavior was also conrmed in the
potentiodynamic polarization measurements. The values of Rin

were much larger than Rout in each group and were larger than
those of T (blank), which demonstrated the corrosion process-
ing was mainly controlled by the charge transfer at the interface
of the inner oxide/metal layer. It was worth noting that the inner
resistance increased sharply when Al3+ added into simulated
primary circuit water, at the same time the aluminum ion as
corrosion inhibitor to improve the corrosion resistance of inner
structure of oxide lms were veried.

Because of the dispersion effect of electric double layer
capacitor, for the description of a frequency independent phase
shi between the applied AC potential and its current response,
CPE which has non-integer power dependence on frequency,
was employed and the impedance of CPE was given by the
following equation eqn (3):

Z ¼ ðjuÞ�n
Y0

(3)

where Y0 and n (0 < n< 1) are the parameters of CPE. CPE (Q) was
commonly used to represent the capacitances of oxide layer to
account for the deviation from the ideal capacitive behavior due
to surface inhomogeneity, roughness and adsorption effects.19,20

Based on the results of electrochemical impedance spectros-
copy, a positive trend in the anticorrosive nature of oxide lms
were indicated by simultaneous injection of zinc and aluminum
into high temperature primary circuit water.
3.4 Mott–Schottky analysis

The passive lm as suggested by Chao et al. contains a high
concentration of point defect such as metal vacancies, electrons
and holes.21 Mott–Schottky test is one of the main methods to
investigate the semiconductor properties of oxide lms.22 The
relationship between the space charge capacitance (C) and the
potential (E) of oxide lm in electrolyte solution can be
described by Mott–Schottky equation, for n-type and p-type
semiconductor are eqn (4) and (5) respectively:

1

C2
¼ 2

330eNd

�
E � Efb � KT

e

�
(4)
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Fitting parameters of EIS spectra

Group Rs (U cm�2)

Qout

Rout (U cm�2)Yout (S secn cm�2) nout

T (blank) 4.28 � 10�4 2.677 � 10�8 0.7093 6.632 � 103

T (20Zn) 1.63 � 10�5 1.866 � 10�8 0.7369 6.569 � 103

T (40Zn) 2.39 � 10�5 1.906 � 10�8 0.7355 6.770 � 103

T (30Al) 6.78 � 10�4 3.589 � 10�8 0.6846 6.641 � 103

T (20Zn + 20Al) 1.1 � 10�3 6.32 � 10�8 0.6393 1.209 � 104

Group

Qin

Rin (U cm�2)Yin (S secn cm�2) nin

T (blank) 3.789 � 10�5 0.7531 2.614 � 105

T (20Zn) 8.875 � 10�6 0.7434 1.145 � 106

T (40Zn) 1.677 � 10�5 0.7935 6.420 � 105

T (30Al) 4.654 � 10�5 0.6382 1.206 � 1013

T (20Zn + 20Al) 1.143 � 10�5 0.7798 1.260 � 1017
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1

C2
¼ � 2

330eNa

�
E � Efb � KT

e

�
(5)

where C is the space charge capacitance of oxide lm, 30 is the
vacuum dielectric constant (30 ¼ 8.85 � 10�14 F cm�1), 3 is the
dielectric constant of semiconductor (3 ¼ 12), e is the electron
charge (e ¼ 1.602 � 10�19 C), Nd/Na is the donor/acceptor
density, E is the electrode potential, E is the at band poten-
tial, K is the Boltzmann constant (K ¼ 1.38 � 10�23 J K�1), T is
the temperature. C�2 is linear with the potential E, in conse-
quence, the semiconductor type of oxide lm formed on the
metal can be judged based on the positive (n-type) or negative
(p-type) tangent slope. The donor/acceptor density and at band
potential can be calculated through Mott–Schottky equation.

MS plots of carbon steel samples with oxide lms obtained
in different Zn2+ and Al3+ injection conditions were shown in
Fig. 4. The test potential was in the range of �1000 mV to
+1200 mV and the test solution was 1 ppm LiOH solution at
room temperature. The variation of C�2 with the applied
potential was typical of an n-type semiconductor. The carrier
Fig. 4 Mott–Schottky curves of oxide films formed on CS in different
Zn2+ and Al3+ injection conditions.

© 2022 The Author(s). Published by the Royal Society of Chemistry
concentration (Nd) and at band potential (E) calculated were
listed in Table 5.

The Nd of oxide lm formed in 20 ppb Zn2+ solution (5.37 �
1016 cm�3) was the lowest among all groups, which was
approximately 25.6% of Nd of T (blank) (2.10 � 1017 cm�3). The
reduction of the carrier concentration varied in degrees
compared to T (blank) aer Zn2+ and/or Al3+ injected into high
temperature water. Furthermore, the at band potential (E)
had a negative shiwith all treatment of solution compared to T
(blank) (�0.14 V vs. SCE). It has been reported that Zn2+ in the
spinel structure can reduce the defects which may inhibit the
transportation of ions from the metal to solution and minimize
the corrosion rate. From the results in Mott–Schottky tests, it
can be concluded that the corrosion resistance and the stability
of the passive lm was improved, and the improvement may be
due to the changes in the composition of oxide lms formed on
carbon steel in different conditions. In the next parts, the
composition was analyzed by different methods.
3.5 Morphology analysis (SEM)

Based on the results of all samples in above analysis, carbon
steels in T (20Zn) and T (20Zn + 20Al) had better corrosion
resistance than other groups in general. In this study,
morphology and composition analysis (SEM + EDS mapping) of
oxide lms were carried out and shown in Fig. 5 and 6.
Table 5 The carrier concentration (Nd) and flat band potential (Efb) of
oxide films formed on CS in different Zn2+ and Al3+ injection
conditions

Group Semiconductor type Nd (cm�3) E (V)

T (blank) n 2.10 � 1017 �0.14
T (20Zn) n 5.37 � 1016 �0.43
T (40Zn) n 3.42 � 1017 �0.46
T (30Al) n 1.76 � 1017 �0.79
T (20Zn + 20Al) n 1.73 � 1017 �0.32

RSC Adv., 2022, 12, 1663–1674 | 1667
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Fig. 5 SEM images of oxide films formed on CS in different conditions
(a) T (blank) (b) T (20Zn) (c) T (40Zn) (d) T (30Al) (e) T (20Zn + 20Al).

Fig. 6 EDS mapping images of oxide films formed on CS in different
conditions (a) T (blank) (b) T (20Zn) (c) T (40Zn) (d) T (30Al) (e) T (20Zn +
20Al).
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The loose surface morphology with aky crystals can be
observed on the carbon steel samples corroded in simulated
primary circuit coolant at high temperature without zinc and
1668 | RSC Adv., 2022, 12, 1663–1674
aluminum (as shown in Fig. 5(a)), which mean CS had poor
corrosion resistance in lithium hydroxide solution. The average
size of particles was approximately 3.1 mm.

Aer using zinc and/or aluminum treatment, the surface of
oxide lms formed on carbon steels displayed different
morphologies (as shown in Fig. 5(b)–(f)). The surface became
denser and smoother in varying degrees, and at the same time,
many regular tetrahedral and octahedral crystals were observed.
With the increase of Zn2+ concentration, the surface morphol-
ogies were different and the average size of particles were also
increased, for which about 1.8 mm in T (20Zn) and 2.4–2.5 mm in
T (30Zn) and T (40Zn). Combined with the above electro-
chemical test results, it was implied that smaller size and
denser oxide particles would be useful to improve the corrosion
resistance of carbon steel. The average size of particles in T
(30Al) were 1.5 mm and the surface of oxide lms seems denser
than T (20Zn), however the corrosion resistance was not
signicantly improved due to the results in potentiodynamic
polarization analysis. It may be due to different composition of
oxide lms when Zn2+ or Al3+ injected into solution.

The EDS mapping of Zn and Al were detected in oxide lms
(as showed in Fig. 6(b)–(f)), indicating that Zn2+ and Al3+ in the
solution reacted with carbon steels in high temperature
conditions. Zinc and aluminum appeared simultaneously in the
oxide lms of T (20Zn + 20Al) could be attributed to the
replacement of part of zinc by aluminum so as to participate in
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 6 The atomic ratio of each element in oxide film

Atomic (%)

T (blank) T (20Zn) T (40Zn)
T (20Zn +
20Al)
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the formation of oxide lms. It can be speculated according to
the previous researches,18,22 zinc ferrite (ZnFe2O4), FeAl2O4 and
zinc aluminate (ZnAl2O4) were generated in the treatment of
zinc, aluminum and zinc + aluminum respectively, which
changed the corrosion resistance of carbon steels.
O 49.14 51.54 50.41 40.62
Fe 33.70 26.63 29.37 36.35
Mn 17.16 12.46 12.15 15.9
Zn — 9.37 8.06 4.92
Al — — — 2.2
3.6 XPS analysis

In order to determine the valence state and existence form of
different elements in the oxide lms, XPS analysis was per-
formed for each sample. The XPS spectra of Fe2p, Mn2p, Zn2p,
Al2p and O1s of T (blank), T (20Zn), T (40Zn) and T (20Zn + 20Al)
were shown in Fig. 7. The binding energy of each element was
corrected using the C1s peak from residual carbon (284.8 eV).
The atomic ratio was listed in Table 6.

It has been reported that the peak of Fe 2p3/2 and Fe 2p1/2 for
iron oxides were 710.6–711.2 eV and 723.2–724.8 eV, respec-
tively. The existence of satellite peak located at 719 eV and
733 eV indicated the Fe3+ in oxide lms. In general, the peak
area of iron was the maximum among the metal elements, that
is, iron was the main component in the oxide lm. Considering
the experimental condition and reaction process, it was judged
Fig. 7 XPS spectra of Fe2p, Mn2p, Zn2p, O1s and Al2p (a) Mn2p (b)
Fe2p (c) Zn2p and Al2p (d) O1s.

© 2022 The Author(s). Published by the Royal Society of Chemistry
that iron oxides (FeO, Fe2O3 and Fe3O4) are the main substances
in T (blank). With the addition of Zn2+ and/or Al3+ the ratio of
satellite peak increased, the content of Fe3+ increased, it may be
accompanied by the generation of ZnFe2O4.23,24

The Mn2p spectra consisted of Mn2p3/2 (�641 eV) and
Mn2p1/2 (�652 eV) with an additional satellite peak at approx-
imate 646–647 eV, which conrmed the presence of Mn2+ state
(MnO or MnFe2O4) in the oxide lms.25 According to the XPS
survey scan of each specimen in Table 6, aer Zn2+ added into
solution, the percentage of Mn decreased from 17% to 12%,
which may be due to the replacement of Mn2+ (MnFe2O4) by
Zn2+ (ZnFe2O4).

Fig. 7(c) showed the XPS spectra in the Zn2p region for
samples, zinc species could be detected in the oxide lm in zinc
and zinc–aluminum treatment groups. The Zn2p core level
spectrum for oxide lms showed a doublet, whose peak at the
binding energy of �1022 eV and �1041 eV. The Zn2p3/2 and
Zn2p1/2 binding energy positions revealed the oxidation of Zn
atoms and Zn2+ chemical state, which may be ZnO and some
zinc-containing spinel oxides. The Zn2p1/2 at 1044.8 eV in
spectra was in great agreement of the value of ZnAl2O4 in
database, indicating the generation of ZnAl2O4 in T (20Zn +
20Al).

From the spectra of Al2p, aluminum was detected in the
oxide lm of T (20Zn + 20Al) according to the peak at �74.1 eV,
which proved the form of Al3+ and the substance may be Al2O3

(74.1 eV) and ZnAl2O4 (74.0 eV).26,27 The O1s signal can be tted
with two peaks, respectively due to lattice O2� (529.84 eV) and
surface-adsorbed oxygen ions (532 eV). Moreover, it has been
reported that ZnO has an unusual O1s spectrum with two peaks
possibly indicating either Zn(OH)2 or oxygen vacancies.28
3.7 Photocurrent responses

Photoelectrochemical response technology has been widely
applied to investigate the passive lm on the alloy surface. It can
not only analyze the semiconductor property and electronic
structure of passive lms, but also obtain the composition of
the materials in the oxide lm qualitatively through calculation.

Photocurrent response tests of the oxide lm formed on
carbon steel were measured to further probe the effects of zinc
and aluminum injection on the composition of the oxide lm in
primary circuit water of heavy water reactors. Fig. 8 presented
the photocurrent response spectrums of oxide lms formed in
different conditions. All the spectrums exhibited the property of
RSC Adv., 2022, 12, 1663–1674 | 1669
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Fig. 8 Photocurrent response spectrum of oxide films formed on CS
in different conditions (a) T (20Zn) (b) T (30Al) (c) T (20Zn + 20Al) (d) 0 V
vs. SCE for different conditions.

Fig. 9 The distribution of light intensity at the position of the working
electrode in different wavelength.
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n-type semiconductor according to the positive value of photo-
current, these were in consistent with the results of Mott–
Schottky tests above. The photocurrent in Fig. 8(a)–(c) increased
with the increase of potential and a highest positive peak can be
seen at 410 nm. It was shown obviously in Fig. 8(d) that the
values of photocurrent in T (30Al) and T (20Zn + 20Al) was much
smaller than those of T (20Zn). For implantation of different
1670 | RSC Adv., 2022, 12, 1663–1674
ions, the photocurrent value uctuated with the change of
wavelength and difference between peaks and valleys were
present.

In order to explore the composition of oxide lms formed on
carbon steel samples, the band gap energy (Eg) of different
semiconductor materials was calculated by eqn (6):29–32�

iph$
hn

I0

�1=2

¼ A
�
hn� Eg

�
(6)

where iph is the photocurrent, hn is the energy of the incident
light, I0 is the intensity of the light, Eg is the band gap and A is
a constant. The light intensity (I0) at the position of the working
electrode was measured at different wavelength in 1 ppm LiOH
solution before the experiments. The distribution of light
intensity was shown in Fig. 9. Based on the calculation eqn (6),
the curves of (iph$hv/I0)

1/2 via hn shown in Fig. 10 indicated that
the oxide lm formed in high temperature solution with Zn2+

and/or Al3+ were composed of multiple components. The band
gap values of substances in oxide lms tting were listed in
Table 7, reference values from literatures also can be seen in
Table 7 for comparison.

Combined with the EDS mapping and XPS results shown
in Fig. 6(a), iron oxides were the main corrosion products in T
(blank) and the atomic percentage ratio of Fe/O was close to
0.7, which implied the substance may be the mixture of
magnetite (Fe3O4), hematite (Fe2O3) and FeO. In addition,
due to the presence of manganese in carbon steel matrix,
MnO and MnFe2O4 were also formed in high temperature
environment. With the injection of Zn2+ into LiOH solution,
FeO, Fe2O3, MnO, ZnO and ZnFe2O4 were the main compo-
sition of oxide lms formed on carbon steel samples. It has
been conrmed that ZnFe2O4 has low solubility and Gibbs
free energy and could be preferentially formed in high
temperature water and deposited on the surface of metal
materials.44 Therefore, samples in T (20Zn) showed superior
corrosion resistance. When the solution only had aluminum
ions, FeAl2O4 was generated in oxide lms. Aer Zn2+ and Al3+

simultaneously injected in solution, a new substance of
ZnAl2O4 was formed in the oxide lm, which were considered
to improve the stability and corrosion resistance of carbon
steels.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (iph$hv/I0)
1/2 via photo energy for oxide films formed on CS in

different conditions. (a) T (20Zn) (b) T (30Al) (c) T (20Zn + 20Al) (d) T
(blank).

Table 7 Eg of substances obtained from linear fitting in different
conditions33–43

Substance

Fitting Eg (eV)

Reference
Eg (eV)T (20Zn) T (30Al)

T (20Zn +
20Al) T (blank)

FeO 2.4 2.4 2.4 2.3–2.4 2.3–2.4
Fe2O3 2.2 2.1 2.2 2.1–2.2 2.1–2.2
ZnFe2O4 1.8 — 1.8 — 1.8–1.9
ZnO 3.2–3.6 — 3.2–3.6 — 3.2–3.6
ZnAl2O4 — — 3.85 — 3.8–3.9
FeAl2O4 — 1.78 1.78 — 1.78
MnO 3.9–4.0 4.0 3.6–4.0 3.6–4.0 3.6–4.0
MnFe2O4 1.76 1.76 1.76 1.76 1.76
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4 Discussion

The corrosion rate calculated by gravimetric method showed
the lowest corrosion rate of T (20Zn + 20Al). Although the rate of
T (20Zn) was slightly higher than the lowest value, the difference
between these two groups was not obvious. From the
© 2022 The Author(s). Published by the Royal Society of Chemistry
polarization plots, the corrosion current density (icorr) of T
(20Zn) was lower than that of other treatments. This result was
consistent with that of Mott–Schottky tests. The smallest value
of donor density (Nd) in T (20Zn) indicated the superior corro-
sion resistance of oxide lms formed on carbon steel. Conse-
quently, 20 ppb Zn2+ added into primary circuit coolant of heavy
water reactor can signicantly enhance the corrosion resistance
of A106B carbon steel. For the group T (20Zn + 20Al), although
the inner resistance of oxide lms from EIS results was too high
than other groups, the improvement of corrosion resistance of
zinc–aluminum simultaneous injection was close to sole zinc
treatment.

Morphology analysis (SEM images) of different ions injection
displayed different surface of oxide lms but were more
compact compared with T (blank). According to the EDS
mapping, XPS results and photocurrent response data, it was
assumed that MnFe2O4, ZnFe2O4, FeAl2O4 and ZnAl2O4 were
generated in the oxide lms. Therefore, the corrosion resistance
of oxide lms formed on carbon steels can be improved by
modifying the composition through metal cation ions added
into primary circuit coolant in heavy water reactors.

Based on the equivalent circuit model in Fig. 3, the mathe-
matics expression of the impedance of electrode system could
be written as eqn (7):

Z ¼ RS þ 1

1

Rout

þ YoutðjwÞnout
þ 1

1

Rin

þ YinðjwÞnin
(7)

The values of nout and nin in the range of 0.5–1 were asso-
ciated to the heterogeneity and complexity of electrode
surface.45 The n value was away from 1 which indicated the
presence of a non-homogeneous surface of the oxide lm. Data
from Fig. 2(c) showed the linear slope of was close to �1, which
implied the typical capacitive behavior of passive lms in all
treatments of carbon steels. Oxide lms formed in the presence
of Zn2+ and/or Al3+ showed increased capacitive loop which
could be related to increase in protectiveness of oxide.46 At low
frequencies, the phase angle increased also implied the incre-
ment of capacitance. Moreover, the resistance Rin correspond-
ing to the oxide/metal interface increased to 1.26 � 1017 U cm�2
RSC Adv., 2022, 12, 1663–1674 | 1671
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and nin value of 0.7798 indicated that the thickening of the
oxide lm improved the lm passivity in T (20Zn + 20Al). It was
speculated that the composition of the oxide lm has been
changed aer aluminum ion implantation, but this composi-
tion has little contribution to improving the corrosion resis-
tance of carbon steel in primary circuit water of CANDU.

Zinc ferrite (ZnFe2O4), manganese ferrite (MnFe2O4), her-
cynite (FeAl2O4) and zinc aluminate (ZnAl2O4) are common
spinel with the structure of one-eighth of the tetrahedral and
one-half of the octahedral interstices lled by cations. Without
zinc treatment, magnetite (Fe3O4) and MnFe2O4 formed on the
surface of carbon steels. Aer zinc injected into primary circuit
coolant, along with the Fe3+ and Mn2+ ions at tetrahedral sites
were progressively replaced by Zn2+, spinel-type oxide of
ZnFe2O4 were generated. With only Al3+ in high temperature
solution, spinel-structure FeAl2O4 formed on carbon steels.
When zinc and aluminum were simultaneously injected, Zn2+

replaced Fe2+ of FeAl2O4 and Al3+ replaced Fe3+ of ZnFe2O4 and
preferentially produced ZnAl2O4. The corrosion resistance of
carbon steel was signicantly enhanced because of the gener-
ation of ZnFe2O4 with zinc treatment.

Obviously, although the content of manganese in carbon
steel was not too much compared to iron, the manganese oxide
and manganese ferrite formed in high temperature water
environment also changed with the injection of Zn2+. Cao et al.
point out that the difference in deoxidization degree played an
important role in the corrosion resistance of carbon steel. The
inclusion of potato-like manganese oxide and olive-like sulde
in boiling steel was the reason for its weaker pitting induction
sensitivity and lower pitting corrosion growth rate.47 Moreover,
manganese used in steel have higher affinities for oxygen than
iron. It is clear that even though small amounts of these
elements are present in the steel they still have a higher affinity
for oxygen than iron.48 In this study, the changes in the total
content of manganese and zinc in oxide lms based on XPS
results were analyzed deeply. Fig. 11 showed the relationship
between corrosion current density (icorr) and the content of Mn
+ Zn. In T (20Zn) the total content of Mn and Zn reached the
highest value (21.83%), and at the same time the corrosion
current density behaved the lowest value which indicated the
best corrosion resistance among different ion concentration
treatments. Therefore, for enhance the corrosion resistance and
Fig. 11 The relationship between icorr and total content of Mn and Zn.

1672 | RSC Adv., 2022, 12, 1663–1674
improve the stability of carbon steel, suitable concentration
Zn2+ was worth noting, but not as much as possible.

5 Conclusions

The corrosion behavior and semiconductor property of oxide
lms formed on A106B carbon steel were investigated in this
study. Oxidation was carried out in simulated primary circuit
coolant (LiOH solution) of heavy water reactors. The effect of
zinc/aluminum treatment and zinc–aluminum simultaneous
injection on the corrosion resistance of oxide lms were
analyzed.

Compared with T (blank), all the implantation can reduce
corrosion rate of carbon steels. The oxide lm on the surface of
carbon steel all behaved n-type semiconductor properties. For
different Zn2+ and Al3+ concentration, T (20Zn) and T (20Zn +
20Al) behaved denser surface and better corrosion resistance
than other groups. New spinel phases of ZnFe2O4, FeAl2O4 and
ZnAl2O4 formed in oxide lms enhance the stability and
corrosion resistance of carbon steels. In consequence, the oxide
lm formed with 20 ppb Zn2+ had the highest total content
manganese and zinc, the lowest corrosion current density and
the best corrosion resistance. Compared with T (20Zn), zinc–
aluminum simultaneous injection treatment can also enhance
the corrosion resistance to a greater extent, but the effect was
not much different than that of zinc injection alone.
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