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Abstract: Nanocrystalline nickel films of 17−40 nm grain sizes were prepared using pulsejet electrodeposition. Structure, corrosion 
and lattice strain were analysed by transmission electron microscope, electrochemical workstation and X-ray diffraction, revealing 
that with decreasing of grain size, the lattice strain, corrosion rate of the films are enhanced. The observations can be consistently 
understood in terms of the bond-order-length-strength correlation mechanism indicating that the shortened and strengthened bonds 
between the under-coordinated atoms modify the energy density and the atomic cohesive energy in the surface skins of the grains. 
The surface energy density gain is responsible for the residual atomic cohesive energy for the activation energy of corrosion. 
Additionally, a novel algorithm was proposed to extract the elastic-plastic properties of nickel films and results that the nickel film 
has much higher yield strength than bulk nickel. 
 
Key words: pulse jet electrodeposition; nickel film; corrosion resistance; mechanical property 
                                                                                                             
 
 
1 Introduction 
 

Nanocrystalline materials with grain size smaller 
than 100 nm possess novel properties compared with 
their coarse polycrystalline counterpart, which have 
attracted tremendous interest of research[1−3]. Among 
various preparation techniques, the electrodeposition 
method has been developed rapidly. Electrodeposition 
has many advantages over other nano-processing 
techniques[4−6] including: 1) the capability for 
preparing pure metals, alloys and composites with grain 
sizes less than 100 nm; 2) the low cost and high 
efficiency in synthesizing these materials; 3) the 
relatively minor “technological barriers” to be overcome 
in transferring this technology from the research 
laboratory to existing electroplating and electroforming 
industries. It has been well demonstrated that under 

certain preparation conditions, electrodeposition can 
yield nickel films with nice nanocrystalline micro- 
structures[7−9]. 

In this work, the depositing nanocrystalline nickel 
films using the newly developed pulsejet electro- 
deposition was reported. The structure, lattice strain and 
corrosion resistance of the as-prepared nickel films were 
studied and the mechanism of the relation between 
microstructure and properties was analyzed. 

Additionally, a number of methods based on 
experimental and numerical studies were proposed to 
extract mechanical properties from indentation load- 
displacement curves on the uncoated substrates[10−12]. 
However, little work has been conducted on the 
evaluation of the mechanical properties of the elastic- 
plastic thin films on tough substrates. In this work, a new 
theoretical/numerical algorithm for conical indentation to 
measure the elastic-plastic properties of nickel films on  
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tough substrates was reported. 
 
2 Experimental 
 

The set-up of pulsejet electrodeposition, which was 
developed by us is shown in Fig.1. We applied a 
conventional Watts-type solution, as listed in Table 1. 
The bath temperature was maintained at (60±1)℃. The 
pH was adjusted to 3.0 by adding diluted sulfuric acid. 
Before electroplating, the substrates were activated in 
diluted HCl solution. The pulse electrodeposition was 
performed using rectangular cathode current pulses as 
shown in Fig.2. The nanocrystalline nickel films were 
prepared using pulsejet plating on the wild steel 
substrates. D/max–rA X-ray diffraction(XRD) and 
Tecnai-20 transmission electron microscope(TEM) were 
employed to examine the microstructure and lattice strain 
of the nickel films. 
 

 
Fig.1 Schematic diagram of experimental setup: 1 Vertical- 
placed jetting tube; 2 Cathode substrate; 3 Electrodeposited 
bath; 4 Temperature control unit; 5 Thermometer;           
6 Electrolytic bath; 7 Pulse power supply; 8 Magnetic pump;  
9 Valve; 10 Flowmeter; 11 Plastic tube 
 

 

Fig.2 Sketch of rectangular curve for cathodic current pulses 
 

The electrochemical tests were conducted in the 
electrolyte of 0.1 mol/L H2SO4 and 1% NaCl using a 
platinum counter electrode and a saturated calomel 
electrode reference electrode. Weak polarization and 
Tafel tests were performed on electrochemical workstation 

Table 1 Contents of electrolyte solution 
Composite Concentration/(g·L−1) 

NiSO4·7H2O 300 
NiCl2·6H2O 40 

H3BO 40 
Organic addictive A bit 

 
(Solatron 1287) with the scan rates of 0.1 and 2 mV/s, 
respectively. The data were analyzed using the Corrview 
software (Solartron, UK). For evaluating the 
elastic-plastic properties of nickel films by our new 
theoretical/numerical algorithm, loading-displacement 
curves were obtained by means of nanoindentation tests 
on Triboindenter system (Hysitron, USA). 
 
3 Results and discussion 
 
3.1 Microstructure 

The TEM bright field image (Fig.3(a)) shows that 
the nickel films are composed of a large number of 
nanocrystals with an average grain size of approximately 
30 nm for the nickel films obtained at the peak current 
density of 0.7 A/cm2. A selected-area electron diffraction 
pattern (Fig.3(b)) further confirms that the nickel films 
are face centred cubic (FCC) structure. 
 

 
Fig.3 TEM images of nickel films deposited at peak current 
density Jp=0.7 A/cm2: (a) Bright-field; (b) Electron diffraction 
pattern 
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Using the Bragg diffraction and the Sherry formula, 
we can derive the lattice strain and the grain size from 
the XRD profiles (Fig.4(a)). It is derived that the average 
grain size decreases from 44 nm to 17.6 nm when the 
peak current density increases from 0.32 to 0.96 A/cm2. 
However the average grain size increases to 32.8 nm 
when the peak current density continues increasing to 
1.28 A/cm2 because of the rapid deposition rate and 
substrate heating effect[13]. From Fig.4(b), it can be seen 
that the average lattice strain increases from 0.282% to 
0.555% and then drops to 0.449% when the peak current 
density increases from 0.32 to 1.28 A/cm2, showing 
clearly the size dependence of lattice strain because of 
the increased portion of the under-coordinated atoms 
between which the bonds become shorter and 
stronger[1]. 
 

 
Fig.4 XRD patterns of nickel films deposited at different peak 
current densities (a) and grain size and lattice strain under 
different peak current densities (b) (GS: grain size LS: lattice 
strain) 

It is known that the core of the grain might form 
when the electrode potential deviates from the balance 
potential to an exact value called over potential. Because 
of the pulse nature between the electrolyte solution and 
the cathode substrate, pulsejet electrodeposition can not 
only thin the diffusion layer so as to increase the limit 
current density but also facilitate the formation of new 
grains and slow down the growth of existing grains. 
Consequently, when the peak current density increases 
from 0.32 to 0.96 A/cm2, the average grain size of the 
nickel films decreases from 44 nm to 17.6 nm because 
the increase of the current density can lead to the 
increase of over potential and the forming rate of the 
grains. However, if the current density continue 
increasing, the pulse interval is too short to make the 
Ni2+ near the cathode supplying in time in addition to the 
effect of substrate heating. So the density of Ni2+ 
continues decreasing, which results in lowering the rates 
of ion discharging and grains forming. This decrease is 
more apparent than the over potential. In addition, the 
high current will raise the substrate temperature that 
determines the critical size of the deposited grains[13]. 
So grains of nickel films grow bigger and bigger. 
 
3.2 Corrosion resistance 

From the Tafel curves (Fig.5(a)) of nickel films 
deposited under different conditions, it can be seen that 
the open circuit potential is positively highest when the 
peak current density reaches 0.32 A/cm2, which means 
that nickel films deposited at the peak current density of 
0.32 A/cm2, or nickel films with larger grain sizes, are 
more corrosion resistant. We also observed a small 
passivation behavior on anode for nickel films deposited 
at the peak current density value of 0.96 A/cm2. From the 
weak polarization curve (Fig.5(b)), it can be seen that the 
slopes of weak polarization curves under different peak 
current densities have no much difference. Only the 
curve of the film deposited at the peak current density of 
0.96 A/cm2 has lower slope and shows less polarization 
impedance than others. The relation between the average 
corrosion rate and the peak current density (Fig.5(c)) is 
obtained by means of Tafel curve extrapolation and the 
Sturn method. Both methods produce the same trend. 
When the peak current density increases from 0.32 to 
0.96 A/cm2, the corrosion current density increases, 
which means that the corrosion resistance of the film 
decreases with increasing grain size. However, when the 
current density continues increasing to 1.28 A/cm2, the 
corrosion current density drops to 62.8 A/cm2 and so the 
corrosion resistance is enhanced, which is in good 
accordance with the observation. So the nickel films with 
the smallest grain size exhibit the highest corrosion 
current density and the worst corrosion resistance.   
The size-depressed corrosion rate can be attributed to the 
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Fig.5 Tafel curves of nickel films deposited at different current 
densities (a), weak polarization curves of nickel films deposited 
at different current densities (b) and relations between current 
density and corrosion resistance of nickel films (c) 
 
lowered residual cohesive energy of the under- 
coordinated atoms in the grain boundaries and the 
increased portion of such under-coordinated atoms, 
according to the BOLS correlation mechanism[1]. 
Because of the lowered residual cohesive energy, the 
atoms in the grain boundaries possess higher energy and 
so these atoms exist in unstable states[13]. 

3.3 Mechanical strength 
We proposed a novel algorithm to extract the 

elastic-plastic properties of nickel films on mild steel 
substrate. Firstly, the normalized loading and unloading 
work were computed from extensive finite element 
method(FEM) indentation simulations and fitted by 
smoothening the dimensionless functions. Then explicit 
relationships between the indentation parameters and the 
elastic-plastic properties of the thin films on tough 
substrates were established through extensive FEM 
approaches. 

Equivalent elastic modulus Er was obtained by 
Eqns.(1) and (2)[14]. Stiffness S can be estimated from 
Eqn.(2)[15] according to the unloading curve. Contacting 
area is the function of contacting depth hc, which can be 
onfirmed by an experiential rule: c 
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According to the above three equations, the elastic 
modulus of nickel films and the wild steel substrate were 
calculated as 220.52 GPa and 170 GPa, respectively. 

Based on the results of FEM, strain hardening 
exponent of nickel films was achieved by the Eqns.(4) 
nd (5): a 

2
ff 67 666.067 266.082.1 nnx −−=                (4) 

2

s

f

s

f3
f

2
f

f
3
f

2
f

f
s

f

s

f3
f

2
ff

3
f

2
ff

s

f

3
f

2
ff

2
f

2
ff3

ms

tot

))(lnln)127.08 050.0

19 007.005 004.0(5 827.06 008.0

87 014.004 009.0(ln)ln)24 645.1

6 714.069 088.02 060.0(08 098.1

9 161.009 166.06 1690.0(ln

)67 097.54 465.274 344.002 224.0(

25 532.34 776.088 606.093 776.0

EE
E

nn

nnn

n
EE

E
n

nnn

nn
E
E

nnn

nn
hE

W

σ

σ

−

+++−

+++

−+++

−+++

⋅−++

+−++=

            (5) 
According to the above two equations, we 

calculated the yield strength and the strain rigidity 
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exponent of nickel film as 2 353.56 MPa and 0.434, 
respectively. The stress—strain relation of nickel film is 
as follows: 
 

⎪⎩

⎪
⎨
⎧

=
,1 883.16

,52.220
434.0ε

ε
σ                 (6)            σ≤2 353.56MPa 

 
From Eqn.(6) we can conclude that nickel film has 

much higher yield strength than bulk nickel whose yield 
intensity is only 483−724 MPa[16]. 
 
4 Conclusions 
 

1) The nanocrystalline nickel films with different 
grain sizes were fabricated by the pulsejet electro- 
deposition sep-up, which was developed by us. 

2) The lower corrosion resistance, higher lattice 
strain of the smaller grains can be understood 
consistently in terms of the bond-order-length-strength 
correlation mechanism indicating that the 
under-coordinated atoms on the surface or grain 
boundaries take the responsibility of the observed 
phenomena. 

3) A novel algorithm was proposed to extract the 
elastic-plastic properties of nickel films on mild steel 
substrate and the results show that the nickel films have 
much higher yield strength than bulk nickel. 
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