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Abstract: The corrosion behavior of 5wt%Cr steel tempered at different temperatures was investigated by immersion testing and electro-
chemical testing in a CO2 aqueous environment. When the tempering temperature exceeded 500°C, the corrosion rate increased. The corro-
sion layers consisted of Cr-rich compounds, which affected the corrosion behaviors of the steels immersed in the corrosive solution. The re-
sults of electrochemical experiments demonstrated that 5wt%Cr steels with different microstructures exhibited pre-passivation characteristics 
that decreased their corrosion rate. Analysis by electron back-scattered diffraction showed that the frequency of high-angle grain boundaries 
(HAGBs) and the corrosion rate were well-correlated in specimens tempered at different temperatures. The corrosion rate increased with in-
creasing HAGB frequency. 
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1. Introduction 

CO2 corrosion is a common and important failure me-
chanism of components in systems for oil and gas produc-
tion as well as those for transportation. The mechanism 
causes not only great economic losses to the oil and gas 
transportation industry [1] but also environmental pollution. 
In the field of oil and gas transportation, knowledge of CO2 
corrosion and protection remains immature despite the serious 
consequences of CO2 corrosion. Therefore, the investigation 
and development of oil-casing steels with good mechanical 
properties and corrosion resistance are important. 

In general, the CO2 corrosion behaviors of carbon steels 
or low-alloy steels depend on both the physicochemical 
factors of the surrounding environment (temperature, partial 
pressure, pH value, solution chemistry, and gas flow rate) 
and metallurgical variables of the steel material (chemical 
composition and microstructure) [1]. Material factors in-
clude the composition and microstructure of the steel. Dif-
ferences in chemical composition and manufacturing 

processes result in steels with different microstructures. The 
composition and microstructure of the material affect both 
the mechanical properties and the corrosion behavior under 
exposure to environmental CO2. 

The mechanism of corrosion resistance in 1wt%–5wt% 
Cr steels has been studied by numerous researchers. A small 
amount of Cr (approximately 0.5wt%–5wt%) can substan-
tially improve the corrosion resistance of low-alloy steel to 
CO2 [1–7]. The CO2 corrosion of 5wt% Cr steel has been 
widely researched because this material is a suitable 
low-alloy steel with high CO2 corrosion resistance, excellent 
mechanical properties, and low cost. For the present study, 
we obtained 5wt%Cr steels with different microstructures 
using different tempering processes to explore the influence 
of microstructure on the corrosion resistance at different 
tempering temperatures.  

Yu et al. [8] found that, with increasing tempering tem-
perature, the frequency of low-angle grain boundaries 
(LAGBs) in Q960 steel decreased gradually. Therefore, the 
introduction of heat treatment caused substructure formation 
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associated with the rearrangement of dislocations, thereby 
changing the frequencies of LAGBs and HAGBs [7–11]. 
Corrosion often occurs preferentially in the higher energy 
areas surrounding defects [1213]. Using electron 
back-scattering diffraction (EBSD), Liang et al. [12] found 
that the dislocation density and low-energy grain boundary 
both contributed to corrosion resistance. The energy of 
LAGBs mainly arises from the dislocation energy, and the 
dislocation density is closely related to orientation differ-
ences among grains. Therefore, the energy of an LAGB is 
also related to the misorientation angle (θ). From the fol-
lowing Eqs. (1) and (2), the LAGB energy (r) increases with 
increasing orientation difference between the grains. How-
ever, the energy of HAGBs is generally stable. 
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where G is the shear modulus; v is Poisson’s ratio; b is the 
Burgers vector; and A is an integral constant that depends on 
the misplaced energy of the center of the dislocation. 

The purpose of the present study was to investigate the 
effect of tempering temperature on the local microstructure 
and to compare these results with the corrosion behavior of 
the tempered material. With this approach, the influence of 
the LAGB/HAGB frequency can be better understood, pro-
viding technical support for the development of new wea-
thering steels. 

2. Experimental 

The experimental materials were made by smelting, forg-
ing, controlled rolling, and controlled cooling, i.e., thermo-
mechanical control processes (TMCP), with the following 
heat treatment: quenching at 930°C, followed by tempering 
at 200, 500, 600, and 700°C. The major elemental composi-
tion of the 5wt%Cr steel was as follows (in wt%): C 0.038, 
Cr 5.06, Si 0.24, Mn 0.17, Ti 0.017, Ni 0.14, Cu 0.28, P 0.009, 
S 0.001, Al 0.041, and Nb 0.005 (the balance being Fe). 

The microstructures of the samples after tempering were 
revealed using an etchant of 4vol% nital solution. The sur-
face morphology was observed using a ZEISS ULTRA55 
field-emission scanning electron microscope (SEM), which 
worked at a high voltage of 20 kV, a working distance of 
10 mm, and secondary electron imaging mode. The corrosion 
products were detected using X-ray diffraction (XRD) with 
Cu Kα radiation and a step size of 0.04°. The crystal phases 
of the corrosion products were identified by matching the 
peak positions automatically using the MDI Jade software. 

Microhardness testing was conducted on a THV-1MD 
digital micro-Vickers hardness tester with a load of 4.9 N 
and a dwell time of 10 s. Room-temperature (25°C) tensile 
properties of the heat-treated samples were obtained using a 
CMT5105 tensile testing machine. Three samples were 
tested for each tempering case. In accordance with the GB/T 
228–2002 standard method, standard round-bar tensile spe-
cimens with standard gauge distances of 25 mm were cut.  

CO2 corrosion tests were performed in a thermostatic 
bath at 50°C. The test solution ionic composition (in mg/L) 
was as follows: 2

4SO   600, 3HCO  1000, Mg2+ 75, Ca2+ 
125, and Na+ 380. The pH value of this solution was 6.18. 
Prior to weight-loss tests, specimens of 30 mm × 20 mm × 
2 mm were polished using successively finer grades of SiC 
papers reaching 800 grit and were then washed with acetone 
and anhydrous ethanol. A hole of 3 mm in diameter was 
machined into each specimen to suspend it in the bath. After 
immersion for 360 h, the corroded specimens were extracted 
from the thermostatic bath and immediately rinsed with ab-
solute ethyl alcohol. A chemical dissolution method was 
used to remove the corrosion layer; the corroded specimen 
was immersed in a vigorously stirred specific diluted HCl 
solution (500 mL HCl + 500 mL distilled water + 3.5 g 
hexamethylenetetramine) for at least 10 min at room tem-
perature [1415]. Afterward, the corrosion products were 
removed, rinsed, dried, and reweighed to obtain the final 
weight of the specimen. The corrosion rate was obtained by 
the following equation: 
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where v is the average corrosion rate (mm/a); M0 and Mt are 
the original and final weights of the specimen (g), respec-
tively; t is the immersion time (h); D is the steel density 
(g/cm3); and S is the exposed surface area (cm2). 

Electrochemical measurements were performed with a 
traditional three-electrode system. Specimens of 10 mm × 
10 mm × 4 mm were ground to 2000 grit and then cleaned 
with distilled water and alcohol. The specimens were used 
as working electrodes (WEs), a Pt sheet was used as the 
counter electrode (CE), and a saturated calomel electrode 
(SCE) was used as the reference electrode (RE). The pH 
value of the test solution was 6.18. The anode polarization 
curves were collected by a potentiodynamic sweep tech-
nique using a VersaSTAT MC electrochemical workstation. 

EBSD was used for the material characterization based 
on the grain size, crystallographic phase fraction and miso-
rientation angles. A Quanta FEG 450 field-emission scan-
ning electron microscope interfaced with a Nordlys EBSD 
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detector from Oxford Instruments, which was controlled 
with the Aztec V2.2 software, was used for data acquisition; 
the step size was 0.2 μm over an area of 579 μm × 434 μm 
and the accelerating voltage was 20 kV. Data post-processing 
was performed using the HKL Channel 5 software. HAGBs 
were defined as having misorientation angles ≥15°, whereas 
LAGBs had misorientation angles in the range of 1° ≤ θ < 15°. 
The EBSD specimens were prepared by being ground, po-
lished, and electrochemically polished at 25°C and 15.0 V in 
a solution of 20vol% HClO4 and 80vol% ethanol. 

3. Results and discussion 

3.1. Microstructural evolution and mechanical properties 

The microstructures of 5wt%Cr steel tempered at differ-

ent temperatures are shown in Fig. 1. The volume fraction of 
bcc crystal structure, as obtained by EBSD, is 100%. Gen-
erally, quenched steel has a martensitic microstructure. The 
microstructure of the tempered 5wt%Cr steel used in this 
study comprises mainly tempered martensite. Several mar-
tensite blocks exist in the initial austenite grains. Each block 
contains a colony of parallel martensite laths. The size of the 
martensite phase does not change significantly for temper-
ing temperatures less than 500°C. When the tempering 
temperature reaches 600°C, the martensite lath is less stable, 
becoming further consolidated and roughened. When the 
tempering temperature reaches 700°C, the characteristics of 
the martensite laths disappear. In general, with increased 
tempering temperature, the martensite lath content decreases 
and the ferrite content increases. 

 

Fig. 1.  Microstructure of the 5wt%Cr steel tempered at different temperatures: (a) 200°C; (b) 500°C; (c) 600°C; (d) 700°C. 

The measured hardness values from the tempered 
5wt%Cr steel are plotted in Fig. 2 as a function of the tem-
pering temperature. Fig. 2 shows that the hardness first in-
creases and then decreases with increasing tempering tem-
perature, reaching the maximum of HV 326.4 at 500°C. 
Fig. 3 shows the same trends in the yield strength with in-
creasing tempering temperature, reaching a maximum of 
842 MPa at 500°C. The tensile strength gradually decreases 
as the tempering temperature is increased further. 

The strength and hardness of martensite are higher than 
those of ferrite because of solution strengthening by super-
saturated C atoms. The martensite structure gradually de-

creases and the ferrite structure gradually increases with in-
creasing tempering temperature. When the tempering tem-
perature is increased to 500°C, the supersaturation of the 
martensite decreases and some carbide precipitation occurs. 
However, the sizes of martensite blocks and laths are not 
substantially changed with the increases in tempering tem-
perature. From these two factors, hardness and yield 
strength gradually increase with increasing tempering tem-
perature. However, for tempering temperatures exceeding 
500°C, the sizes of martensite blocks and martensite laths 
change dramatically and the hardness and yield strength ra-
pidly decrease with increasing temperature. 
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Fig. 2.  Trend of hardness with different tempering temperatures. 

 
Fig. 3.  Trends of yield strength, tensile strength, and elongation 
of the specimens tempered at different temperatures. 

3.2. Corrosion behavior 

The average corrosion rates of the samples were meas-
ured using a weight-loss method. The surface of 5wt%Cr 
steel was covered with a uniform and yellow corrosion 
product. With increasing tempering temperature, the color 
became darker and the corrosion degree increased. The cor-
rosion rates increase as the tempering temperature is in-
creased (Fig. 4). For tempering temperatures below 500°C, 
the corrosion rate is relatively low. However, when the tem-
pering temperature reaches 600°C, the corrosion rate in-
creases to 0.0156 mm/a, which is 1.7 times as large as the 
corrosion rate observed at 200°C. 

The polarization curves shown in Fig. 5 vary considera-
bly with increasing tempering temperature. Generally, the 
curves are shifted to the right without significant changes in 
shape. Therefore, the corrosion mechanism does not change 
as the tempering temperature is increased. 

The 5wt%Cr steel exhibits significant passivation cha-
racteristics. The steels tempered at 200 and 500°C both 
show stable and evident passive corrosion behavior because 

they have larger passive areas for anodic polarization poten-
tials exceeding −143 and −107 mV (vs. SCE), respectively. 
The sample at 200°C has a smaller passivation current den-
sity. However, the steels tempered at 600 and 700°C exhibit 
unstable transient passive corrosion because of their very 
limited ranges of passive areas. 

 
Fig. 4.  Average corrosion rate of the samples with different 
tempering temperatures.  

 
Fig. 5.  Polarization curves of the examined samples with 
different tempering temperatures (the curves were recorded 
with the samples immersed in electrolyte solution). 

The electrochemical parameters of all of the tested speci-
mens were obtained from a Tafel fitting of the potentiody-
namic polarization curves; the results are listed in Table 1. 
These electrochemical parameters include the self-corrosion 
potential Ecorr, corrosion current density Icorr, anodic Tafel 
constant βa, and cathodic Tafel constant βc. The increases in 
tempering temperature cause the decreases in corrosion po-
tential and the increases in corrosion current. The results 
show that, with increasing tempering temperature, the cor-
rosion power and rate both increase. 

According to the aforementioned analysis of the corro-
sion products, the presence of Cr in the steel is necessary to 
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reduce the corrosion rate. The presence of Cr can improve 
the passivation capability of steels, thereby enhancing their 
corrosion resistance. Fe-based alloys containing a minimum 
content of 12wt% Cr are self-passivating, becoming stain-
less steels [16]. Previous studies have shown that, although 
the content of Cr in tested steels remained below 12wt%, 

passivation clearly occurred. 
The Nyquist and Bode plots in Figs. 6 and 7, respectively, 

were obtained experimentally for the samples tempered at 
different temperatures. As evident in the results for all of the 
samples, trends distinguishing the electrochemical corrosion 
behaviors of particular samples are clearly demonstrated. 

Table 1.  Parameters of potentiodynamic polarization curves 

Tempering temperature / °C Ecorr / mV vs. SCE Icorr / (mAcm−2) c / (mVdecade−1) a / (mVdecade−1) 

200 −205.677 1.019 75.4 101.4 

500 −264.001 1.055 82.6 114.5 

600 −501.681 1.313 47.3 40.3 

700 −683.453 3.885 108.5 105.0 
 

 
Fig. 6.  Nyquist plots (a) and the equivalent electrical circuit of the examined samples (b). 

 
Fig. 7.  Bode plots of the examined samples tempered at various temperatures (Z is the modulus of impedance;  is the phase 
angle): (a) modulus of impedance–frequency; (b) phase angle–frequency. 

The Nyquist plots in Fig. 6(a) show significant differenc-
es in the four capacitive semicircles corresponding to the 
samples in CO2 solution at different tempering tempera-
tures. The impedance spectra of the samples with one 

time-constant parameter show very large capacitive loops. 
These loops shrink in the Nyquist plots as the tempering 
temperature is increased. 

At low frequencies between 10−2 and 100 Hz, which 
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represents the polarization resistances of the samples, the 
modulus of impedance decreases with increasing temper-
ing temperature (Fig. 7(a)). At intermediate frequencies 
between 100 and 104 Hz, the minimum phase angles of the 
samples tempered at 200 and 500°C are very similar, as the 
minimum phase angles of the samples tempered at 600 and 
700°C (Fig. 7(b)). Thus, the samples exhibit similar 
double-layer characteristics at 200 and 500°C, or at 600 
and 700°C, but distinct differences between these two 
temperature ranges.  

As shown in Fig. 6(b), an equivalent circuit was selected 
on the basis of the one time-constant parameter characteriz-
ing the Bode plots of all of the samples, and the ZSimpWin 
impedance analysis software was used to determine the im-
pedance parameters. The equivalent circuit was adopted to 
provide a quantitative analysis of the experimental electro-
chemical impedance spectroscopy (EIS) results. The equiv-

alent circuit considers the solution resistance (Rs), the 
charge-transfer resistance (Rct), and the constant-phase ele-
ment (CPE), which expresses the double-layer capacitance. 
Because the Rct relates predominantly to the inner barrier 
layer, this layer apparently provides a barrier to corrosion 
and a resistance to charge transfer at the interface between 
the electrolyte and the fresh steel surface. 

Fig. 8 shows the microscopic morphologies of the cor-
roded samples in various forms. Corrosion obviously be-
comes more serious with increasing tempering temperature. 
Abrading scratches on the specimen surfaces, formed during 
preparation, are clearly observed, indicating that the rust 
layer is very thin. Some microcracks in the rust layers are 
present [17]. These microcracks may be caused by the high 
growth stress resulting from the volume change between the 
formed corrosion product and the consumed Fe during the 
formation of rust layers.  

 
Fig. 8.  Microscopic morphologies of corrosion products of the samples tempered at different temperatures: (a) 200°C; (b) 500°C; 
(c) 600°C; (d) 700°C (the insets present high-magnification images). 

SEM images of the corrosion products in Fig. 8 show 
good agreement with the XRD results in Fig. 9. Previous 
results have shown that in CO2 environments with high O2 
concentrations, Fe2+ is easily oxidized to Fe3+ and the corro-
sion products of N80 steel comprise FeCO3, Fe2O3, and 
Fe3O4 [18]. Fig. 9 presents the XRD patterns of the rust lay-
ers formed on various specimens after immersion. In the 
present study, energy-dispersive X-ray spectroscopy (EDS) 
and XRD were used to identify the corrosion scale as con-

sisting of Fe2O3, CaCO3, goethite (α-FeOOH), and Cr-rich 
compounds. The scale layers are thin because an intense 
diffraction peak from the matrix steel (Fe) appears. The 
CaCO3 and Fe2O3 offer no good protection because they 
are distributed porously on the specimen surfaces [19]. 
However, the inner layer of nano-sized α-FeOOH contains a 
considerable amount of Cr. Thus, Cr-enriched α-FeOOH is 
the preferred constituent for a stable and protective rust 
layer [14]. Some studies [16,20–22] revealed that the main 
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composition of the steel scale was Cr(OH)3 and FeCO3. Af-
ter removal from the corrosion bath, cracks in the corrosion 
products are induced by dehydration [23]. Cr(OH)3 is easily 
dehydrated to produce Cr2O3:  
Cr + 3H2O → Cr(OH)3 + 3H+ + 3e (4) 
2Cr(OH)3 → Cr2O3 + 3H2O (5) 

The content of Cr in the rust layer is attributed to both its 
promotion of the formation of a protective rust layer, which 
acts as a barrier against corrosion processes, and its en-
hancement of passivation capability, which decreases the 
anodic dissolution of the substrate alloys. The chemical 
compositions of the inner rust layer, as determined by EDS, 
are listed in Table 2. The content of Cr in the inner layer 
clearly increases with decreased tempering temperature. 
Thus, with decreasing tempering temperature, the corrosion 
rust layer becomes more stable and the corrosion rate is de-
creased. The following electrochemical corrosion reactions 
occur in the process: 
Anodic reaction: Fe → Fe2+ + 2e (6) 
Cathodic reaction: O2 + 2H2O + 4e → 4OH– (7) 
Total reaction equation: 2Fe + O2 + 2H2O → 2Fe(OH)2 (8) 

The transient product Fe(OH)2 can be further oxidized by 
oxidants and dehydrated to form one or both of the stable 
corrosion products γ-FeOOH and α-FeOOH. 

No obvious FeCO3 crystal is present in the corrosion 
products, and peaks from FeCO3 are absent in the XRD re-
sults. The deposition of FeCO3 is controlled by critical su-
persaturation. The surface of low-Cr steel often exhibits aci-
dification characteristics [23] that decrease the pH value, 
thereby greatly increasing the critical supersaturation of 
FeCO3. Therefore, the amount of deposited FeCO3 decreas-
es [23]. SEM analysis of the corrosion products reveals that 
many factors influence the kinetics of FeCO3 precipitation, 
including the pH value and the Fe2+ concentration. 

 
Fig. 9.  XRD patterns of the corrosion product layers formed 
on the samples tempered at different temperatures. 

Table 2.  Chemical compositions of the inner rust layer samples tempered at different temperatures 

Tempering temperature / °C 
Cr content O content Fe content Ca content Mg content 

wt% at% wt% at% wt% at% wt% at% wt% at% 

200 28.10 16.96 28.35 55.62 37.92 21.31 2.29 1.80 3.34 4.31

500 26.42 15.89 25.80 55.70 39.30 22.00 2.01 1.57 3.77 4.85

600 21.64 10.75 42.56 68.72 28.14 13.02 1.50 0.97 6.16 6.54

700 17.65 9.24 38.36 65.22 36.48 17.77 1.43 0.97 6.08 6.80

 

3.3. Influence of tempering temperature on grain boun-
daries 

Fig. 10 shows the distribution of misorientation angles 
for 5wt%Cr specimens with different tempering tempera-
tures. In these diagrams, blue, green, red, and black 
represent misorientation angles of 1°–5°, 6°–10°, 11°–15°, 
and HAGBs >15°, respectively. 

To better understand the evolution of grain boundaries 
with increasing tempering temperature, we conducted a 
quantitative statistical analysis using the raw misorientation 
data in Fig. 10. The frequency evolution of misorientation 
angles with different tempering temperatures determined in 
this analysis are shown in Fig. 11. The frequencies of grain 

boundaries with different misorientation scales are shown in 
Table 3. The results in Figs. 10 and 11 indicate that the 
grain-boundary misorientation angles are mostly less than 
5°, although the frequency of boundaries in this range de-
creases with increasing tempering temperature. In the range 
from approximately 5° to 10°, the frequency of grain boun-
daries remains nearly constant for tempering temperatures 
less than 500°C and decreases when the tempering temper-
ature is greater than 500°C. These results are consistent with 
the variation of martensite laths. The misorientation angles 
of the martensite lath boundaries are mainly concentrated in 
the range from approximately 5° to 15°. The frequency 
evolution of the misorientation angles is strongly correlated 
with the microstructural evolution. 
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Fig. 10.  Distributions of misorientation angles with frequency for different tempering temperatures (blue, green, red, and black 
represent the misorientation angles of 1°–5°, 6°–10°, 11°–15°, and HAGBs >15°, respectively): (a) 200°C; (b) 500°C; (c) 600°C; (d) 700°C. 

 
Fig. 11.  Frequency evolution with misorientation angles for 
different tempering temperatures. 

Table 3.  Frequency of grain boundaries with different miso-
rientation angles 

Misorientation 
angle / (°) 

Frequency / % 

200°C 500°C 600°C 700°C

≤5 77.8 71.8 67.4 58.8 

6–10 7.6 7.2 5.1 3.5 

11–15 1.6 1.7 1.6 0.9 

>15 13.0 19.3 25.9 36.8 

3.4. Frequency evolution of HAGB and LAGB 

Figs. 12 and 13 indicate that the frequency evolutions of 
LAGBs and HAGBs are correlated with the increases in 
tempering temperature. In general, the proportion of LAGBs 
decreases with increasing tempering temperature. The fre-
quency evolution of HAGBs shows the opposite trend. 

3.5. Correlation mechanism between the distribution of 
HAGBs and corrosion behaviors 

Other authors [12] have noted that the frequency of 
HAGBs in 3wt%Cr steel is lower than that in 1wt%Cr steel; 
others [13] have reported that the frequency of HAGBs in-
creases with decreasing Cr content of the steel. This experi-
ment shows the same trends, which we attribute to two possi-
ble reasons. First, Cr tends to segregate at the boundaries and 
block the connection of HAGBs. Second, solid solutions of Cr 
in Fe show significantly reduced stacking-fault energies rela-
tive to those of non-Cr-containing steels; many LAGBs appear 
during the thermal deformation of Cr-containing steels. 

The frequency of LAGBs or HAGBs and the corrosion rate 
show good regularity; the initial corrosion rate increases with 
increasing frequency of HAGBs. In previous research [1213], 
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Fig. 12.  Distribution evolution of LAGBs (1°–15°, red lines) and HAGBs (>15°, black lines) in samples tempered at different 
temperatures: (a) 200°C; (b) 500°C; (c) 600°C; (d) 700°C. 

 
Fig. 13.  Frequency evolution of LAGBs and HAGBs as a 
function of tempering temperature. 

the corrosion rate has shown the same regularity. Corrosion 
tends to initiate and develop in higher-energy locations. As 
the main defects in the crystal structure, grain boundaries 
have higher energies; thus, the corrosion tendency is greater 
at these locations. HAGBs may promote the development of 
nucleation centers because of their higher energies [10,9]. 
The structure of LAGBs, which can interrupt HAGB net-
work connectivity, is highly ordered, with a small free vo-
lume and a low interfacial energy. LAGBs can effectively 
block the continuous expansion of material corrosion along 
HAGBs. Therefore, the initial corrosion rate increases with 
increasing frequency of HAGBs. 

Previous research [16] has shown that dislocation multip-
lication in the microstructure induced by cold deformation 
can reduce the Volta potential differences between the ferrite 
and the austenite phases. Therefore, reducing the LAGB 
frequency in the microstructure with tempering temperature 
increasing may increase the Volta potential differences 
among different grains. The driving force for micro-galvanic 
interactions between different grains may thereby increase, 
causing the corrosion rate to increase. 

4. Conclusions 

(1) The microstructure of tempered 5wt%Cr steel mainly 
comprises tempered martensite. With the increase of tem-
pering temperature, the martensite lath area decreases and 
the ferrite content increases. The hardness and yield strength 
first increase and then decrease as the tempering tempera-
ture is increased. Tensile strength gradually decreases as the 
tempering temperature is increased. 

(2) The corrosion products show various microstructur-
al forms. Analysis by EDS and XRD indicates that the 
corrosion scale consists of Fe2O3, CaCO3, goethite 
(α-FeOOH), and Cr-rich compounds. The content of Cr in 
the inner layer increases with decreasing tempering tem-
perature; the corrosion rust layer becomes more stable and 
the corrosion rate decreases. 

(3) The frequency evolution of misorientation angles 
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with variations in tempering temperature is strongly corre-
lated with the microstructural evolution of low-alloy steel. 
The frequency of HAGBs first increases slowly when the 
tempering temperature is less than 500°C and then increases 
rapidly with increasing tempering temperature. 

(4) The frequency of LAGB or HAGB is well correlated 
with the initial corrosion rate, and the corrosion rate of the 
steel increases with increasing HAGB frequency. 
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