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Abstract: The corrosion behavior of electrodeposited Ni with normal and bimodal grain size distribution was investigated. The 
microstructure of samples was researched by SEM, EBSD, TEM and XRD. The corrosion behavior was studied by potentiodynamic 
tests and electrochemical impedance. Nanocrystalline Ni with (100) and (111) textures was prepared by an electrodeposition method. 
The Ni samples with different grain size distributions and twins were then obtained by heat treatment of nanocrystalline Ni at 
different temperatures. The effect of grain size on corrosion behavior of the sample depends on the ability of the environment to 
passivate. In the case where passive film forms on the sample surface, the corrosion resistance of the sample increases with 
decreasing grain size. Conversely, the corrosion resistance decreases with decreasing grain size when there is no passivation. The 
corrosion behavior of samples with bimodal grain size distribution obeys the rule of mixture. 
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1 Introduction 
 

Electrodeposition method as a typical processing 
route is used to produce nanocrystalline metallic 
materials with unprecedented mechanical strength [1−4]. 
Electrodeposited nanocrystalline Ni has been well 
studied [5−14], especially on the grain growth behavior 
during post heat treatment. Generally speaking, heat 
treatment of nanocrystalline Ni at different temperatures 
can result in samples with a wide range of grain size 
distributions from tens of nanometers to tens of microns. 
Of particular interest is the bimodal grain size 
distribution observed in a sample subjected to a specific 
heat treatment regime, in which very large grains  
(~5−50 µm) form in an otherwise uniform matrix of 
small grain size of ~500 nm. 

The effect of grain size on the corrosion behavior of 
many nanocrystalline metallic materials has been 
extensively studied and reported in literatures [15−17]. 
For example, the corrosion resistance of nanocrystalline 

Zn in NaOH solution was found to be about 60% higher 
than that of the coarse grain Zn [18]. A Hall−Petch type 
relationship between corrosion resistance and grain  
size was reported for Al in NaCl solution [19], Ni in 
NaOH solution [20] and nanocrystalline Fe in NaOH 
solution [21−23]. LUO et al [24] investigated the effect 
of grain size on corrosion of bulk nanocrystalline copper 
in NaOH solution. Results showed that grain size 
variation has little effect on the overall corrosion 
resistance of copper samples because of duplex passive 
films. QIN et al [25] found that depending upon the 
ability of the environment to passivate, materials could 
experience an increased or decreased corrosion 
resistance with grain refinement. 

The influence of uniform grain size on corrosion 
behavior is generally concerned. A bimodal grain size 
microstructure is understood to optimize strength and 
ductility, thus allowing the development of nanocrystalline 
materials for structural applications. However, in 
comparison to the mechanical properties of this kind of 
materials, the corrosion properties are less understood.  
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On the other hand, recent studies [26,27] showed 
that the Ni with a grain size of 50 nm possessed higher 
corrosion resistance than that with a grain size of 10 nm. 
This seemly abnormal behavior may be related to the 
existence of nanoscale twins in the Ni samples and the 
lower concentration of acceptor in the passive films. The 
corrosion resistance of the coating linearly changed with 
the density of twins. It is necessary to research the 
corrosion behavior of Ni with bimodal microstructure 
and twin. 

In this study, nanocrystalline Ni samples were 
prepared by an electrodeposition method and sub- 
sequently the Ni samples with different grain sizes  
(200 nm−40 μm) and annealed twins were obtained via 
post heat treatment at different temperatures. The 
microstructure and grain boundary characteristics of the 
resulted samples were studied in detail. The corrosion 
behavior of these Ni samples was investigated in three 
different solutions (NaOH, NaCl and H2SO4) using 
potentiodynamic polarization and impedance measure- 
ment techniques. 
 
2 Experimental 
 

The nanocrystalline Ni sample with a thickness of 
0.5 mm was prepared by the electrodepositon method in 
an electrolyte containing nickel sulfate (0.91 mol/L), 
nickel chloride (0.19 mol/L), boric acid (0.49 mol/L) and 
saccharin (3 g/L) as described in Ref. [28]. The direct 
current was used and the current density is 10 A/dm2. 
The as-deposited sample is designated as sample A, or A 
for short. The total impurity content amounts are 
319×10−6 S and 38×10−6 C, respectively, as measured by 
the infrared absorption technique. After deposition, the 
samples were annealed at 573, 773 and 973 K for 2 h, 
respectively, and these heat-treated samples were 
designated as samples B, C and D accordingly, or B, C, 
and D for short. The crystalline structure of the samples 
was characterized using a Bruker D8 Focus X-ray 
diffractometer (XRD). The microstructures of the 
as-deposited and heat-treated samples were examined 
using a Leica optical microscope, a FEI Quanta 200F 
field emission scanning electron microscope (SEM) 
equipped with an electron backscattered diffraction 
(EBSD) system, and/or a JEM 2100 transmission 
electron microscope (TEM). For the EBSD measurement, 
mechanical polishing with colloidal silica was carried out 
to remove the residual stress layer for each sample, and 
the grain orientation map was obtained at a mapping  
step of 0.1 μm. To ensure the statistical evaluation, 
approximately 200 grains were analyzed per specimen. 

Electrochemical testing was carried out at 25 °C in 
a classical three-electrode cell using an electrochemistry 
work station (CHI760E, Chenhua Instrument Ltd., 

Shanghai, China). The Ni working electrode was made 
by embedding Ni disk in epoxy resin in a glass tube, 
polished to the final 0.5 µm alumina powder and then 
ultrasonically cleaned. The final prepared Ni electrode 
has an exposed area of 0.785 cm2. The auxiliary and 
reference electrodes were Pt foil and Ag/AgCl electrode 
filled with 6 mol/L KOH solution, respectively. The 
potentiodynamic tests were performed in 10 wt.% NaOH, 
3 wt.% NaCl and 0.5 wt.% H2SO4 aqueous solutions at 
room temperature, respectively. The scanning rates were 
10 mV/s for all potentiodynamic tests. The corrosion 
potential and corrosion current density were then 
calculated from the intersections of the cathodic and 
anodic Tafel curves extrapolated from the anodic and 
cathodic polarization curves. Measurements of 
electrochemical impedance (EIS) were conducted at the 
open circuit potential after immersion of a sample into 
the respective solution for 30 min. The EIS measurement 
was conducted at an applied potential of 10 mV and a 
frequency range from 0.01 Hz to 100 kHz. 
 
3 Results 
 
3.1 Microstructure characterization 

Figure 1 shows the X-ray diffraction (XRD) pattern 
of sample A. It can be seen that all observed peaks can be 
indexed and matched well to the standard diffraction 
peaks of FCC-Ni, confirming the formation of pure 
metallic Ni sample. The as-deposited sample also 
displays a strong (100) texture, which is in good 
agreement with our previous study [29]. Figures 2(a) and 
(b) present the bright field and the dark field images of 
sample A, respectively, revealing the nanocrystalline 
nature of the as-deposited sample. The inset in Fig. 2(a) 
shows the corresponding selected area electron 
diffraction pattern (SADP). The grain size distribution of 
sample A obtained from image analysis of the dark filed 
micrograph is shown in Fig. 2(c). It is shown that greater 
than 60% of nano-grains are in the size range of   
20−40 nm in the as-deposited Ni sample. 
 

 
Fig. 1 XRD pattern of sample A 
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Figure 3(a) shows the SEM image of sample B 
heat-treated at 573 K. Figure 3(b) shows the EBSD 
orientation map of sample B, with the inset showing the 
color coding of orientations. Figure 3(c) shows the grain 
size distribution of sample B calculated from the EBSD 
orientation map. Greater than 60% of grains in the 
sample are of sizes between 200 and 600 nm, in the 
ultrafine grain range. Figure 3(d) shows the band contrast 
image with twin boundaries highlighted in yellow, 
revealing a large population of twins formed in the 
sample after annealing at 573 K. Ni is a FCC metal, and 

annealing twins are easy to form during heat treatment 
because the twin boundary energy is much lower than 
random high-angle boundary energy. The formation of 
annealing twins is a very favorable mechanism for 
reducing the overall grain boundary energy during grain 
growth [30]. Figures 4(a) and (b) show the (100) and 
(111) pole figures, respectively, revealing weak (100) 
and strong (111) textures in sample B. 

Figure 5(a) shows a typical optical micrograph of 
sample C, showing a significant population of very large 
grains of rectangular and triangular profiles. Figure 5(b) 

 

 

Fig. 2 Bright field TEM image with inset showing corresponding SADP (a), dark field TEM image (b), and grain size distribution (c) 

of sample A 

 

 
Fig. 3 SEM image (a), EBSD orientation map (inset is color coding of orientations) (b), grain size distribution (c) and band contrast 

image with twin boundaries highlighted in yellow (d) of sample B 
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Fig. 4 (100) (a) and (111) (b) pole figures of sample B 

 

 
Fig. 5 Optical micrograph (a), EBSD orientation map (b), corresponding band contrast image with twin boundaries highlighted in 

yellow (c) of sample C; and EBSD orientation map (d), corresponding band contrast image with twin boundaries (e) and grain size 

distribution (f) of rectangular area marked in (b) 
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shows the EBSD orientation map of the sample and 
reveals immediately the bimodal grain structure in the 
sample, where very large grains (~5−50 µm) are 
distributed in a matrix of much smaller grains of only 
submicron sizes. The volume fraction of coarse grains is 
about 35%. Similar bimodal morphology was previously 
reported [9]. Figure 5(c) shows the band contrast image 
corresponding to Fig. 5(b) with twin boundaries 
highlighted in yellow. The large planar grains exhibit a 
twin orientation relationship upon eventual contact. 
Figures 5(d−f) show the EBSD orientation map, the 

corresponding band contrast image, and the grain size 
distribution, respectively. Figures 6(a) and (b) show the 
(100) and (111) pole figures of smaller grains in the red 
square area marked in Fig. 5(b). The results again 
demonstrate that small grain region of sample C also 
contains high population of twins, and the grains have 
the strong (111) texture. The grain size distribution of 
smaller grains is mostly populated in the range of 
200−600 nm. 

Similarly, Fig. 7 shows the optical image, EBSD 
orientation map, corresponding band contrast image, and 

 

 

Fig. 6 (100) (a) and (111) (b) pole figures of sample C 

 

 
Fig. 7 Optical micrograph (a), EBSD orientation map (b), corresponding band contrast image with twin boundaries (c) and grain size 

distribution (d) of sample D 
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Fig. 8 (100) (a) and (111) (b) pole figures of sample D 

 

grain size distribution of sample D, respectively.  
Figures 8(a) and (b) show the (100) and (111) pole 
figures of sample D, respectively. It is observed that at 
this high heat treatment temperature, differential grain 
growth has been surpassed and the resulted sample again 
consists of relatively uniform grain sizes in the range of 
5−40 µm. It is again observed that the strong (111) 
texture is observed, and in addition, high populations of 
twins exist in the heat-treated sample. 

Overall, the heat treatment of the as-deposited 
nanocrystalline Ni sample has resulted in the Ni samples 
with different grain size distributions and twins. While 
increased heat treatment temperature results in increased 
grain sizes, the original (100) texture is changed into 
(111) texture in all heat-treated samples and all of them 
also contain large populations of twins. A lot of twins are 
formed in samples after heat treatment at different 
temperatures. Some results [31] suggest that twinning 
has its own kinetics and can take place independently of 
grain growth. Once a certain value of twins is established 
it is not changed by grain growth. We prepared the 
samples with different grain size distributions and twins, 
which can be further used to study the corrosion 
behavior. 
 
3.2 Corrosion behavior of samples in NaOH solution 

Figure 9 shows the potentiodynamic polarization 
curves for as-deposited sample A and heat-treated Ni 
samples B, C and D in 10 wt.% NaOH solution, 
respectively. It is immediately apparent that all samples 
show a typical active−passive−transpassive corrosion 
behavior, which is related to the formation of Ni(OH)2 
passive film according to the previous reports [20,32]. 
The corresponding electrochemical parameters extracted 
from the polarization curves are summarized in Table 1. 
The corrosion potential shifts negatively from −0.35 to 
−0.55 V and the corrosion current density increases from 
0.46 to 3.85 μA/cm2 for samples from A to D. These 

 

Fig. 9 Potentiodynamic polarization curves for samples A, B, C 

and D in 10 wt.% NaOH solution at sweep scan rate of      

10 mV/s 

 

Table 1 Corrosion potential (φcorr), corrosion current density 

(Jcorr), passive current density (Jpass) and passive range (∆φ) of 

samples A, B, C and D measured in 10 wt.% NaOH solution 

Sample Jcorr/(μA·cm−2) φcorr/V Jpass/(A·cm−2) ∆φ/V

A 0.46 −0.35 1.58×10−5 0.70

B 0.63 −0.40 1.07×10−5 0.69

C 1.75 −0.51 2.17×10−5 0.87

D 3.85 −0.55 7.66×10−5 0.69

 

results indicate that the corrosion resistance of the 
sample decreases with increasing grain size, which is 
consistent with reported work [12]. 

However, the passive behavior is slightly different 
with that reported in Ref. [12]. The passivation behavior 
of sample A is similar to that of nanocrystalline grains 
reported in literatures [25]. Samples B with ultrafine 
grains and D with microcrystalline grains show 
obviously passive behavior. No obvious passive behavior 
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occurred for microcrystalline Ni with a grain size of    
3 μm and ultrafine Ni with a grain size of 250 nm in  
Ref. [12]. In our results, the passive current density  
(10.7 μA/cm2) of sample B with ultrafine grain is lower 
than that (15.8 μA/cm2) of sample A with a grain size of 
30 nm. This indicates that sample B has a high density of 
nucleation sites for passive films, which leads to high 
fraction of passive layers, and thus a lower passive 
current density. In addition, there are two passivation 
zones in the potentiodynamic polarization curve of 
sample C, which has the largest passive range (0.87 V). 
This is related to the microstructures of sample C with 
bimodal grain size distribution. 

Figure 10 shows the Nyquist impedance plots of 
samples A, B, C and D in 10 wt.% NaOH solution, 
respectively. At higher frequencies, the Nyquist 
impedance plot exhibits a semicircle for all samples 
studied. A Warburg tail is observed at lower frequencies, 
indicating a diffusion-dominated process. There should 
exist a Warburg diffusion element reasonably describing 
the diffusion effect of ions. In addition, the formation of 
passive film should provide the impedance at the 
electrolyte/passive film interface. The reactions can be 
modeled as a double-layer capacitor in parallel with a 
charge-transfer resistor. The equivalent circuit model 
describing the observed behavior is shown in the inset of 
Fig. 10. In the model, Rs, Rct, CPE and W represent the 
solution resistance, charge-transfer resistance, double- 
layer capacitance and Warburg diffusion impedance, 
respectively. The diameter of the semicircle at higher 
frequencies is reduced sharply with increasing the grain 
size from samples A to D, indicating that the charge- 
transfer resistance is reduced with increasing the grain 
size. The impedance results indicate that the corrosion 
mechanism is controlled not only by the charge transfer 
step but also by the diffusion process of the 
corresponding ions. 
 

 

Fig. 10 Nyquist impedance plots of samples A, B, C and D in 

10 wt.% NaOH solution (Inset showing equivalent circuit 

model for corrosion behavior of samples) 

The calculated equivalent circuit parameters are 
listed in Table 2. Obviously, Rct decreases with increasing 
the grain size. The decrease of CPE indicates the 
smoother and more protective nature of passive film is 
formed on Ni deposits [33]. It is interesting that the CPE 
of sample B is the smallest, which indicates that the 
passive film on sample B is the smoothest and most 
compact. This result is also consistent with that of low 
passivation current density obtained from the potentio- 
dynamic measurement for sample B. 
 

Table 2 Equivalent circuit parameters determined by modeling 

impedance spectra of samples A, B, C and D in 10 wt.% NaOH 

solution 

Sample Rs/(Ω·cm2) CPE/(F·cm−2) Rct/(Ω·cm2) W/(Ω·cm2)

A 3.654 7.65×10−5 32850 83100 

B 3.617 3.61×10−5 18650 15770 

C 3.814 9.95×10−5 7708 8910 

D 3.860 1.13×10−4 1336 978 

 

3.3 Corrosion behavior in NaCl solution 
Figure 11 shows the potentiodynamic polarization 

curves for samples A, B, C and D in 3 wt.% NaCl 
solution, and the corresponding electrochemical 
parameters are listed in Table 3. It is also apparent that 
all samples show a typical active−passive−transpassive 
corrosion behavior. Similar to that observed in NaOH 
solution, the corrosion potential of the samples shifts 
negatively from −0.20 to −0.47 V and the corrosion 
current density increases from 1.01 to 5.61 μA/cm2 with 
increasing the grain size in the sample. The corrosion 
resistance decreases with increasing the grain size. 
 

 

Fig. 11 Potentiodynamic polarization curves for samples A, B, 

C and D in 3 wt.% NaCl solution at sweep scan rate of 10 mV/s 
 

Figure 12 shows the Nyquist impedance plots for 
samples A, B, C and D in 3 wt.% NaCl solution. The 
Nyquist plots of all the Ni samples show only one 
capacitive loop in the same frequency range as those in 
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NaOH solution. The equivalent-circuit model for the 
corrosion behavior of Ni samples in NaCl solution is 
shown in the inset of Fig. 12. The calculated Rs, Rct and 
CPE values are listed in Table 4. Clearly, in NaCl 
solution, Rct increases with decreasing the grain size. In 
other words, the corrosion resistance increases with 
decreasing the grain size of the sample. The lower CPE 
value observed for the sample of smaller grain size 
indicates smoother and more protective nature of the 
passive film formed on surface of samples. The corrosion 
resistance increases with decreasing the grain size in 
NaCl solution. 
 
Table 3 Corrosion potential (φcorr) and corrosion current density 

(Jcorr) of samples A, B, C and D measured in 3 wt.% NaCl 

solution 

Sample Jcorr/(μA·cm−2) φcorr/V 

A 1.01 −0.20 

B 1.60 −0.27 

C 4.34 −0.40 

D 5.61 −0.47 

 

Table 4 Equivalent circuit parameters determined by modeling 

impedance spectra of samples A, B, C and D in 3 wt.% NaCl 

solution 

Sample Rs/(Ω·cm2) CPE/(F·cm−2) Rct/(Ω·cm2) 

A 2.91 3.93×10−5 103589 

B 2.36 4.60×10−5 71421 

C 2.58 4.28×10−5 13260 

D 2.43 1.61×10−4 5825 

 

 

Fig. 12 Nyquist impedance plots of samples A, B, C and D in  

3 wt.% NaCl solution (Inset showing equivalent circuit model 

for corrosion behavior of samples) 

 

3.4 Corrosion behavior in H2SO4 solution 
Figure 13 shows the potentiodynamic polarization 

curves for samples A, B, C and D in 0.5 wt.% H2SO4 
solution, with the corresponding electrochemical 

parameters listed in Table 5. The corrosion behavior is 
quite different from that in NaOH or NaCl solution as 
there is no passivation phenomenon. The φcorr shifts 
positively from −0.39 to −0.15 V, whilst the Jcorr 

decreases from 31.18 to 15.80 μA/cm2 with increasing 
the grain size in the sample. It is clear that the smaller the 
grain size is in the sample, the more the grain boundaries 
are and the lower the corrosion resistance is, without 
passivation. This will increase the electrochemical 
reactivity and accelerate the corrosion of Ni [34]. 

Figure 14 shows the Nyquist impedance plots for 
 
Table 5 Corrosion potential (φcorr) and corrosion current density 

(Jcorr) of samples A, B, C and D measured in 0.5 wt.% H2SO4 

solution 

Sample Jcorr/(μA·cm−2) φcorr/V 

A 31.18 −0.39 

B 27.40 −0.28 

C 24.00 −0.20 

D 15.80 −0.15 

 

 

Fig. 13 Potentiodynamic polarization curves for samples A, B, 

C and D in 0.5 wt.% H2SO4 solution 
 

 

Fig. 14 Nyquist impedance plots of samples A, B, C and D in  

0.5 wt.% H2SO4 solution (Inset showing equivalent circuit 

model for corrosion behavior of samples) 
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samples A, B, C and D, and the equivalent circuit model 
(the insert) in 0.5 wt.% H2SO4 solution. The calculated 
Rs, Rct and CPE values are listed in Table 6. Evidently, 
unlike in the NaOH or NaCl solution, the Rct, thus the 
corrosion resistance, decreases with decreasing the grain 
size in the H2SO4 solution. 
 

Table 6 Equivalent circuit parameters determined by modeling 

impedance spectra of samples A, B, C and D in 0.5 wt.% 

H2SO4 solution 

Sample Rs/(Ω·cm2) CPE/(F·cm−2) Rct/(Ω·cm2) 

A 8.490 9.62×10−4 1524 

B 8.300 9.00×10−5 1764 

C 8.160 8.82×10−5 1998 

D 8.067 4.10×10−5 4974 

 

3.5 Corroded surface 
Figure 15 shows the SEM surface morphologies of 

samples A, B, C and D after potentiodynamic 
polarization test in 10 wt.% NaOH solution. All sample 
surfaces are smooth with only a few of scattered pits.  

These are consistent with the results in Section 3.2, 
which indicate that the compact Ni(OH)2 passive film 

can form readily and thus protect the surface of Ni 

samples in NaOH solution. 
Figure 16 shows the SEM micrographs of the 

samples after potentiodynamic polarization test in      

3 wt.% NaCl solution. The surface morphologies of 
different samples are obviously different. The circular 

corrosion pits are evenly distributed on the surfaces of 

samples A and B with the average pit size of ~150 μm for 
sample A and ~300 μm for sample B. No corrosion pits 

are observed on samples C and D. Instead, cubic crystals 

with grain sizes of 10−25 μm are observed on the surface 
of sample C. It is a typical galvanic corrosion, i.e. 

bimetallic corrosion. When the passive film on the 

surface of sample C is destroyed, we suppose that the 
corrosion potential of coarse grain region is higher than 

that of submicron grain. The corrosion occurs 

preferentially in the submicron grain region of sample C, 
leaving cubic crystals. In sample D, an intergranular 

corrosion occurs, leaving the grain shape. 
 

 
Fig. 15 SEM surface micrographs of samples A (a), B (b), C (c) and D (d) after potentiodynamic polarization test in 10 wt.% NaOH 

solution 
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Fig. 16 SEM surface micrographs of samples A (a), B (b), C (c) and D (d) after potentiodynamic polarization test in 3 wt.% NaCl 

solution 

 

Figure 17 shows the surface morphologies of the 
samples after the potentiodynamic test in 0.5 wt.% 
H2SO4 solution. The corrosion of samples is very serious. 
No passive film is formed on the surface of any sample, 
which is coincident with the results in Section 3.4. 
Especially, the corrosion morphology of sample C is 
similar to that in NaCl solution. In sample D, it is also an 
intergranular corrosion, leaving the grain shape. 
 
4 Discussion 
 

This study has shown that the effect of grain size on 
the corrosion behavior of the Ni sample is highly 
dependent on the ability of the environment to passivate. 
In NaOH and NaCl solutions, passive Ni(OH)2 and NiO 
protective films are formed on the surface of Ni  
samples [20,25], respectively. Smaller grain size in the 
sample is believed to be beneficial to supporting     
the formation of passive Ni(OH)2 film of higher  
integrity [12]. Thus, higher corrosion resistance is found 
for the Ni sample with smaller grain size. On the 

contrary, when passivation does not occur in H2SO4 
solution, the Ni sample with smaller grain size clearly 
displays a lower corrosion resistance. Simply, in this 
case, the smaller the grain is, the higher the volume 
fraction of imperfect grain boundaries is, and the lower 
the corrosion resistance is as expected. 

The passive current density of sample B with a 
grain size of 300 nm is lower than that of sample A with 
a grain size of 30 nm. The CPE of sample B is lower 
than that of other samples, and a lower CPE is usually 
associated with a more protective film [18]. This result is 
also consistent with the passive current density of sample 
B. It is indicated that the coverage of the passive film is 
more complete on sample B surface. In Ref. [12], the 
nanocrystalline Ni has the lowest passive current density 
compared with the Ni with submicron and micron grains. 
It is interesting that the passive current density of 
samples in NaOH solution is a little different from that in 
the references. By comparing the microstructure of 
sample A, a large number of twins exist in sample B. 
There are a few papers about the effect of nanotwins on 



Feng YANG, et al/Trans. Nonferrous Met. Soc. China 29(2019) 424−436 

 

434
 

 

 
Fig. 17 SEM surface micrographs of samples A (a), B (b), C (c) and D (d) after potentiodynamic polarization test in 0.5 wt.% H2SO4 

solution 

 
passive films. The corrosion current density of nanotwins 
Cu is much lower than that of the other types of Cu 
samples [35]. Nanotwins Ni can greatly influence the 
film thickness and the diffusion coefficient of point 
defect [36,37]. The presence of nanotwins can form a 
more integrated passive film and improve corrosion 
resistance compared with other samples. 

In our study, we noted that the twins in the samples 
are not on nanoscale but on submicron/micron scale. The 
submicron/micron scale twin density is less than 
nanotwin density, which may be the reason for the fact 
that submicron twins are less effective than nanotwins in 
improving the corrosion resistance, but it is beneficial to 
the formation of dense and smooth passive film. In 
addition, the corrosion behavior of samples in NaCl 
solution is similar to results reported in Ref. [16]. This 
shows that the twin structure does not play a role such as 
in NaOH solution. Some studies indicated the oxide 
passive film formed on the surface of samples in NaCl 
solution [20,25], while the hydroxide passive film 
formed on the surface in NaOH solution [25,38]. The 
hydroxide passive film is difficult to dissolve, and the 

oxide passive film in NaCl solution is just opposite. The 
passive film formed in NaCl solution is thin and easy to 
dissolve. The twin structure has little effect on corrosion 
behavior at submicron/micron scale, but is still beneficial 
to the formation of dense and smooth passive film. 

The corrosion potential and corrosion current 
density of sample C with bimodal grain size are between 
those of sample B with submicron grain (200−600 nm) 
and sample D with coarse grain (5−40 μm) in all 
solutions, as shown in Fig. 18. The corrosion behavior of 
sample with bimodal grain size distribution seems to 
obey a corrosion rule of mixture. The total corrosion 
potential and corrosion current density are expressed as a 
function of the volume fractions of the components 
constituting the microstructure. 
 
φcorr=φcorr1V1+φcorr2V2                             (1) 
 
Jcorr=Jcorr1V1+Jcorr2V2                              (2) 
 
where φcorr is the corrosion potential of sample with 
bimodal grain size distribution, φcorr1 and φcorr2 are the 
corrosion potentials of coarse grain and submicron grain 
samples, respectively; V1 and V2 are the volume fractions 
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of coarse grain and submicron grain samples, 
respectively, which were determined from the SEM 
image of sample C; Jcorr is the corrosion current density 
of sample with bimodal grain size distribution, Jcorr1 and 
Jcorr2 are the corrosion current densities of coarse grain 
and submicron grain samples, respectively. In sample 
with bimodal grain size distribution, the corrosion 
potential (φcorr1 and φcorr2) and the corrosion current 
density (Jcorr1 and Jcorr2) are established. The φcorr and Jcorr 
depend on the volume fractions of submicron grain and 
coarse grain. For a bimodal microstructure, the corrosion 
resistance in a non-passivating environment is enhanced 
when the volume fraction of the coarse grains is 
increased and vice versa in a passivating environment. 
GOLLAPUDI [39] studied the effect of grain size 
distribution on corrosion behavior by using relationships 
derived for corrosion current and grain size distribution. 
The results showed that the grain size distribution can 
assume an important role in the corrosion behavior of 
materials. For the same grain size, a broader grain size 
distribution is more corrosion resistant than a narrow 
grain size distribution in a non-passivating environment. 
The reverse behavior is predicted in a passivating 
environment. The authors predicted a corrosion rule of 
mixtures, and our studies supported the prediction of 
corrosion rule of mixture. 
 

 

Fig. 18 Relationship between corrosion current density and 

corrosion potential of samples B, C and D in different solutions 

 
5 Conclusions 
 

(1) The Ni samples with different grain size 
distributions and twins can be obtained by controlling 
heat treatment at different temperatures. The original 
(100) texture was changed into (111) texture in all 
heat-treated samples. 

(2) The effect of the grain size on the corrosion 
behavior depends upon the ability of the environment to 
passivate the material. When passive film is formed, the 
corrosion resistance increases with decreasing the grain 

size. In contrast, the corrosion resistance decreases with 
decreasing the grain size when no passivation film is 
formed. 

(3) The corrosion behavior of the sample with 
bimodal grain size obeys the rule of mixture. 
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具有均匀和双峰晶粒尺寸分布的电沉积镍的腐蚀行为 
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摘  要：研究具有均匀和双峰晶粒分布电沉积镍的腐蚀行为。利用 SEM、EBSD、TEM 和 XRD 研究样品的显微

组织，利用动电位测试法和电化学阻抗谱研究样品的腐蚀行为。结果表明：电沉积纳米晶镍具有(100)和(111)织构。

纳米晶镍经不同温度热处理后，可得到具有不同晶粒尺寸分布的样品。晶粒尺寸对样品腐蚀行为的影响依赖于环

境钝化能力。当钝化膜在样品表面形成时，耐蚀性随晶粒尺寸的减小而增强；相反，当样品表面无钝化膜形成时，

耐蚀性随晶粒尺寸减小而降低。具有双峰晶粒尺寸分布样品的腐蚀行为遵循混合法则。 

关键词：腐蚀行为；电沉积镍；双峰晶粒；孪晶；晶粒尺寸 
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