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A B S T R A C T

Electrodeposited hard chromium coatings have been proven to significantly improve the friction and wear 
properties of matrix metallic materials. Due to the presence of microcracks, there is an inverse relationship 
between the friction and corrosion properties of hard chromium coatings. In this work, we designed and suc
cessfully prepared chromium coatings with alternating soft and hard chromium by pulse and direct current 
processes. The experimental results show that the multilayer structure can significantly reduce the microcrack 
density of the surface hard chromium coating. The wear rate and corrosion potential of the multi-layer Cr coating 
with five layers are 3.48 × 10− 5⋅mm3⋅N− 1⋅m− 1 and − 524 mV, respectively. Compared with the single hard/soft 
chromium coating, the multilayer structure achieves a good synergy of wear resistance and corrosion perfor
mance. This is attributed to the multi-layer structure can effectively reduce the generation and propagation of 
microcracks. In the multi-layer structure, each layer can play a buffering role, reduce the brittleness of the overall 
coating, improve the wear resistance, and at the same time, in the multi-layer coating, more interfaces are 
formed, which prevent the further penetration of corrosive media to a certain extent.

1. Introduction

Wear and corrosion are the two main modes of equipment damage 
failure. Friction consumes one third of the world’s primary energy, and 
the global economic cost of material wear is about 2 % of gross national 
product per year. Corrosion failure is even more serious, with the per
centage increasing to 3–5 % [1–3]. Therefore, it is necessary to find a 
material or a solution that provides excellent wear and corrosion resis
tance under a wide range of operating conditions. Artificial chromium 
(Cr) protective coating has been proved to be effective in improving the 
service life and reliability of metal parts because of its excellent wear 
resistance and isolation from corrosion media [4–6]. Therefore, various 
Cr protective coatings are used in automotive manufacturing, marine 
engineering, aerospace and military equipment [7–9]. Compared with 
magnetron sputtering [10], chemical vapor deposition [11] and other 
physical methods, electrodeposition technology [12–14] has the ad
vantages of convenient operation, low production cost and good coating 
uniformity, so it is the most widely used.

The structure and properties of Cr layer prepared by electrodeposi
tion are mainly affected by current density and deposition temperature. 
Although high electrodeposition temperature can increase the 

deposition rate of the coating, it may introduce defects such as rough
ness and porosity of the coating [15]. If the temperature is too low, the 
deposition rate may be slowed down and the coating is not uniform. 
Although a smoother and uniform coating can be obtained with lower 
current density, the deposition rate is lower, while the higher current 
density can accelerate the deposition rate, but more internal stress and 
cracks may be introduced [16,17]. Electrodeposited Cr coatings are 
usually divided into hard Cr and crack-free Cr according to the hardness 
and microstructure of the coating. Hard Cr has high hardness, neat finish 
and excellent wear resistance, but hard Cr will form part of HCr, HCr in 
the process of electrodeposition, which leads to tensile stress in Cr ma
trix, which leads to high hardness and dense crack network [18–20]. The 
over-dense crack network not only significantly reduces the wear 
resistance of the coating, but also provides a suitable way for the cor
rosive agent to penetrate into the interface between the substrate and 
the Cr layer [21,22]. Pulse electrodeposition can reduce the hydride 
content and obtain crack-free Cr coating, which is conducive to 
improving the corrosion resistance of the Cr coating. However, the soft 
chrome coating has a lower hardness than hard chrome coating, and its 
wear resistance is poor [23–25]. In order to improve the wear resistance 
and corrosion resistance of Cr coating, a lot of work has been done. Celik 
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and Benli [26] prepared tungsten carbide (WC-12Co) and chromium 
carbide nickel chromium (CRC NiCr) coatings on the surface of st37 steel 
by HVOF method, and systematically evaluated the comprehensive 
properties of the coatings. Shayan et al. [27] formed a layer of CrN on 
the surface of Cr coating by plasma nitriding to close the cracks of Cr 
coating and greatly improve the hardness and corrosion resistance of Cr 
coating. Imaz et al. [28] prepared Cr coating by direct current and pulse 
current method, and compared the corrosion resistance of Cr coating. 
Compared with direct current coating, crack-free PC coating has better 
corrosion resistance. DeMello et al. [29] shot peened the Cr coating to 
improve its surface morphology and wear resistance. However, the di
rection of this work is to adjust the structure of a single coating, and does 
not fundamentally solve the related problems. Ali et al. [30] prepared a 
13–36 μm thick Cr-V-C coating by thermal diffusion at 900–1100 ◦C. 
After 500 thermal cycles and friction wear tests at 25–750 ◦C, its thermal 
fatigue and wear resistance were significantly better than untreated 
ductile iron. The performance improvement mainly comes from the 
dissolution of surface graphite during the TRD process, reducing the risk 
of graphite matrix interface failure.

Layered heterostructures formed alternately by components with 
different properties often show excellent mechanical and physical 
properties. Wu et al. [31] prepared a gapless atomic steel composed of a 
nanocrystalline layer and a coarse-grained core layer, discovering that 
the material exhibited enhanced strengthening effects. This enhance
ment is attributed to the gradient deformation behavior and mutual 
constraint effects between the gradient nanocrystalline layer and the 
coarse-grained layer. In layered materials, due to the non-uniform 
deformation and mutual constraints between soft and hard compo
nents, there is a multiaxial stress state in the components, which will 
further promote the storage of dislocations, which is conducive to better 
strength-plastic matching.

Therefore, we try to use electrodeposition method to realize the 
multi-layer structure alternately stacked by hard Cr and crack-free soft 
Cr, so as to block the continuity of cracks in the hard Cr layer and 
improve the wear resistance and corrosion resistance of the Cr coating. 
In this work, the microstructure, hardness, wear resistance and corro
sion resistance of hard Cr coating, soft Cr coating and multi-layer 
alternating Cr coating were compared in detail. By understanding the 
relationship among electrodeposition process parameters, coating 
characteristics and performance characteristics, the microstructure of 
four kinds of coatings were accurately characterized by transmission 
electron microscope (TEM) and scanning electron microscope (SEM). 
The mechanism of tissue strengthening was analyzed and discussed. This 
study aims to provide new research ideas and methods for improving the 
service life of substrates and optimizing chrome coating processes.

2. Experiment

2.1. Coating preparation

According to different electrodeposition processes, four different 
types of coatings, hard chromium (HC), crack-free soft chromium (SC), 
5-layer alternating hard and soft (5L), and 9-layer alternating hard and 
soft (9L), were to prepare on a 30CrNiMoV2 substrate with the com
positions shown in Table 1. The composition of the plating solution in
cludes a CrO3 content of 230 g/L, sulfuric acid content of 2.8 mL/L. The 
sample is encapsulated with acrylic inlay, the surface to be plated is 
exposed, and the surface is mechanically polished with silicon carbide 
sandpaper. Subsequently, the fresh surface was polished with a particle 
size of 3.5 μm, until the surface is smooth and bright. To remove any 

remaining impurities, the workpiece then needs to be immersed in a 
chemical degreasing solution (120 g/L NaOH, 15 g/L Na2CO3, and 10 g/ 
L Na2SiO3) heated to 70 ◦C for 8 min [17]. Subsequently, the workpiece 
was immersed in a 15 vol% hydrochloric acid solution for acid cleaning 
and activation for 30 s. Following this, it was removed and rinsed with 
deionized water before being dried. To improve adhesion between the 
coating and workpiece surface, the current should be slowly increased to 
the target value of 0.25 A/dm2, while maintaining a plating solution 
temperature of 55 ◦C [18]. During plating, the workpiece and a lead‑tin 
alloy with 13 wt% tin are the cathode and anode, respectively. To ensure 
uniform flow of the plating solution, a stirrer was used to keep stirring. 
The specific electrodeposition process parameters are shown in Table 2. 
The thickness of HC coating and SC coating is 100 μm. 5 L coating and 9 
L coating are composed of soft and hard components alternately, in 
which the thickness of each layer of 5 L coating is 20 μm, and that of 9 L 
coating is 11 μm.

2.2. Microstructure characterization of coating

The phase detection analysis of the coatings was carried out using a 
Bruker-AXS D8 Advance X-ray diffractometer (XRD) with a Cu target 
produced by the German company Bruker. The scan range, test voltage 
and scan speed are 20◦-145◦, 40 kV and 5◦/min, respectively. The 
determination of the phase relies on the comparison of the obtained 
spectra with the standard PDF cards (#06-0694).

The surface and cross-sectional morphology of the coatings was 
observed by FEI Quant250F field emission environmental SEM. The 
phase distribution and chemical composition of the samples were semi- 
quantitatively analyzed by using X-Max energy dispersive spectrometer 
(EDS).

The microstructure of the coatings was characterized using a Tecnai 
G2 20 LaB6 transmission electron microscope (TEM; FEI, USA). The TEM 
samples were precisely cut from the designated locations of the Cr 
coatings by focused ion beam (FIB) techniques (Helios Nanolab 450F1, 
FEI).

2.3. Friction performance and corrosion resistance test

HMV-G21DT (Shimazdu, Japan) microhardness tester was used to 
test the dehydrogenated coating. Diamond pyramid indenter with the 
angle between the two opposite sides is 136◦ was used. The test load and 
the holding time were 2.94 N and 10 s, respectively. In order to ensure 
the reliability of the data, each sample was measured at least 20 times.

Tribological properties were tested on a UMT-TriboLab tribometer 

Table 1 
Chemical constituents of 30CrNiMoV2 (wt%).

Fe Cr C Si Mn S Ni Cu P Mo V

Bal. 1.1 0.26 0.17 0.3 ≤0.01 2.8 ≤0.25 ≤0.015 0.4 0.006

Table 2 
Electrodeposition parameters of coating.

Duty 
cycle

On- 
time 
(ms)

Off- 
time 
(ms)

Number of 
layers

Thickness 
(μm)

Јα 
(A/ 
dm2)

HC – – – 1 100 35
SC 80 % 600 150 1 100 40
5 L 

(hard)
– – – 5 20 35

5 L 
(soft)

80 % 600 150 20 37

9 L 
(hard)

– 9 11 35

9 L 
(soft)

80 % 600 150 11 37
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(Bruler, USA). The test was carried out in air at a controlled relative 
humidity of 50 ± 5 % and a temperature of 25 ◦C. The friction mode was 
reciprocating sliding friction, and the coating was subjected to friction 
test by ball-plate contact friction. The friction condition is dry sliding 
friction, the reciprocating stroke is 1 mm, the sliding speed is 10 mm⋅s− 1, 
the sliding load is 10 N, the test period is 1 h. The friction pair is Φ 6 mm 
Al2O3 ball.

Electrochemical tests were performed on a VERASCAN electro
chemical workstations (AMETEK, USA). A three-electrode system was 
employed where graphite electrode is counter electrode, saturated 
calomel electrode is reference electrode and the sample with Cr coating 
is working electrode. The corrosion solution is 3.5 wt% NaCl aqueous 
solution to simulate a marine environment, and the temperature is 
controlled at room temperature. Before each test, the sample was 
immersed in the electrolyte for 2 h to stabilize the open circuit. The 
polarization curve potential ranges from − 0.5 VVS.OCP ~ 0.5 VVS.OCP and 
the scanning speed is 1 mV/s. The selected voltage amplitude of elec
trochemical impedance spectroscopy is 10 mV and the frequency range 
is 100 kHz ~ 10 mHz.

3. Results

3.1. Microstructure of coating

Fig. 1 shows the microstructure images of the surface and cross- 
section of different Cr coatings. It can be seen that the surface 
morphology of the coating is significantly affected by different electro
deposition processes. Fig. 1a shows the surface morphology of the HC 
coating. The HC coating has a relatively flat microstructure, but its 
surface is covered with a dense network of cracks. During the electro
deposition to form HC coatings, firstly Cr hydride with HCP micro
structure is formed and subsequently undergoes a phase transition to 
pure Cr with BCC microstructure. The volume difference between the 

two phases is the root cause of crack formation [32]. As shown in Fig. 1d, 
the SC coating exhibits high surface roughness. Microscopic analysis 
reveals that the surface is predominantly composed of polyhedral par
ticles formed by the clustering of Cr deposits with varying sizes. In 
contrast, the HC coating displays a crack-free planar morphology yet 
demonstrates relatively higher surface roughness. The suppression of 
cracking in the Cr layer can be attributed to the pulse electrodeposition 
process: (1) Enhanced diffusion of Cr ions near the cathode facilitates 
uniform deposition; (2) Increased overpotential for the hydrogen evo
lution reaction reduces competitive H₂ formation; (3) Oxidation of 
hydrogen ions within the anodic potential range minimizes hydride 
incorporation into the deposited layer [24]. The surface morphology of 
5 L and 9 L coating is shown in Fig. 1g and j, and its microstructure 
consists of multiple hemispheres. The number of cracks in the multilayer 
coating compared with HC coating has been significantly reduced, in 
addition to the main cracks in the coating there are some small cracks. 
Compared with HC coating, the number of cracks in multilayer coating is 
obviously reduced, and there are some small cracks besides main cracks 
in coating. The difference is that the number of cracks in 5 L coating is 
less than that in 9 L coating, but the width of cracks is higher than that in 
9 L coating. It should be noted that the outermost surface of 5 L and 9 L 
coatings is a hard Cr structure, but the surface structure is close to SC. 
This is because HC coatings have excellent stackability and can accu
rately inherit the structure of the substrate on the coating surface, so the 
hemispherical structure in the multilayer coating is inherited from the 
rough surface of the SC coating.

The microstructure of the cross-sections of the four coatings are 
shown in the rightmost column of Fig. 1. Fig. 1b illustrates multiple 
cracks in the HC coating, oriented parallel to the direction of deposition. 
During the electrodeposition process of the Cr coating, some HCr is 
produced. As HCr decomposes into Cr and H2 during subsequent growth, 
a volume reduction of 15 % occurs. This reduction induces internal 
tensile stress within the coating. When this stress reaches the substrate’s 

Fig. 1. Surface layer and cross-sectional structure of the coating: (a–c) HC coating; (d–f) SC coating; (g–i) 5L coating; (j–l) 9L coating.
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release limit, cracks form. As the coating process continues, stress begins 
to accumulate once more, eventually leading to the formation of addi
tional cracks. Compared to HC, there is no crack formation in the SC 
coating (Fig. 1e). The crack-free Cr layer in the 5 L layer and 9 L layer 
significantly blocks the crack propagation in the hard Cr layer. The grid 
method [32] was employed to determine the crack density on the 
coating surface, as shown in Fig. 2. The crack density of the HC coating 
was 634 pcs/mm2, while the 5 L and 9 L coatings exhibited crack den
sities of 376 pcs/mm2 and 418 pcs/mm2, respectively. Additionally, 
surface roughness measurements were taken for all four coatings. The 
HC coating exhibited the smoothest surface, while the pulsed SC coating 
had the highest roughness value of 32.3 μm. The 5 L and 9 L coatings had 
roughness values of 13.8 μm and 21.3 μm, respectively.

Fig. 3 is the XRD pattern of four kinds of coatings. HC coating has 
only one strong diffraction peak in (222) crystal plane, indicating that 
there is a strong texture in (222) crystal plane in HC coating structure. 
Meanwhile, this diffraction peak has a large width, indicating that the 
grain size of hard Cr coating is also small. SC coating has diffraction 
peaks in many directions, and its intensity is similar to Cr standard card 
(PDF #06-0694), indicating that the grains in SC layer are anisotropic 
and there is no texture. 5L and 9L alternate coatings have diffraction 
peaks with different intensities in many directions, and the intensities 
are different, indicating that the grain orientation in the coating has 
certain non-orientation. Meanwhile, 5 L coating has a strong diffraction 
peak in (222) crystal plane, while 9 L coating has a low diffraction peak 
in (222) crystal plane. The values of average crystal size, dislocation 
density and micro strain effect are determined according to the X-ray 
analysis data using formula 1–3 [33]: 

D =
0.94λ
βcosθ

(1) 

δ =
1
D2 (2) 

ε =
β

4tanθ
(3) 

where λ is the wavelength of the CuKa radiation (0.15406 nm), β rep
resents the full width at half maximum (FWHM), and θ is the Bragg 
diffraction angle. The crystallographic parameters of the four coatings 
calculated based on the above formulas are shown in Table 3. Analysis 
shows that the grain sizes of different coating systems show significant 
differences: HC coating has the smallest grain size, SC coating has the 
largest grain size, while 5 L and 9 L coatings with multilayer structures 
have similar grain sizes. This phenomenon is closely related to the in
hibition of grain boundary migration by multilayer structures. The 
dislocation density data further verified the distribution of grain size. 

The HC coating showed the highest dislocation density (4.6 × 1015 

m− 2), the SC coating showed the lowest dislocation density (0.4 × 1015 

m− 2), and the 5 L (1.7 × 1015 m− 2) and 9 L (1.3 × 1015 m− 2) coatings 
were at the intermediate level, which was in line with the classic theory 
in the Hall-Petch relationship that grain refinement led to an increase in 
dislocation density. In terms of microstrain, HC (0.26 %), 5 L (0.23 %) 
and 9 L (0.24 %) coatings showed similar degrees of lattice distortion, 
while SC coating had the lowest microstrain value (0.18 %). This dif
ference can be explained by the coating deposition mechanism: the high- 
energy deposition process of HC coating induces stronger residual stress 
accumulation, while the pulsed electrodeposition process of SC coating 
effectively releases lattice distortion. It is worth noting that the multi
layer structure controls the microstrain within a reasonable range while 
maintaining a high dislocation density through the interface stress co
ordination mechanism.

The microstructures of the coatings were further analyzed using 
TEM, and Fig. 4 shows the bright field images of the TEM of the HC and 
SC coatings and their electron diffraction patterns. It can be seen from 
Fig. 4a that HC coating is mainly composed of columnar grains 
perpendicular to substrate direction, and there are a lot of defects be
tween grains, which is consistent with the results in ref. [34]. Using the 
length of the columnar crystals in the short-axis direction as their grain 
size, the average grain size of the HC coating was measured to be about 
53 nm. The microstructure of SC coating is composed of anisotropic 
equiaxed grains with an average grain size of 310 nm. In the local 
enlarged view of SC coating, we can see some dislocation clusters 
dispersed in the grains, which are defects formed during electrodepo
sition. The broadened diffraction spots also prove this phenomenon.

Fig. 2. Crack density and surface roughness of coatings.

Fig. 3. X-ray diffraction patterns of four kinds of coatings.

Table 3 
The XRD crystallographic information of four coatings.

D 
(nm)

δ 
(1015 m− 2)

ε

HC 42.3 4.6 0.26
SC 297.8 0.4 0.15
5 L 59.7 1.7 0.23
9 L 78.9 1.3 0.24

X. Zhang et al.                                                                                                                                                                                                                                   Surface & Coatings Technology 508 (2025) 132165 

4 



3.2. Performance of coating

Fig. 5 shows the hardness values of four types of coatings. The 
different electrodeposition processes have a significant influence on the 
hardness of the Cr coatings. The hardness of HC coating is as high as 805 
HV, which is mainly due to the nanometer-sized grains and high density 
of defects as shown in Fig. 4. According to the Hall-Petch formula 
[35,36], the hardness of a metal is inversely proportional to the square 
root of the grain size, as well as the defects between grain boundaries, 
when dislocations move close to the grain boundaries, the grain 
boundary defects form an energy barrier that prevents the dislocations 
from continuing to move, thus increasing the strength and hardness of 
the material [37,38]. The hardness of SC coating is 619 HV, which is 
about 23.1 % lower than that of HC coating, mainly because the grain 
size of SC coating is 310 nm (Fig. 3), which is much higher than that of 
HC coating, according to Hall-Petch formula, the hardness of the ma
terial is closely related to the grain size and thus its hardness is lower, 
meanwhile, pulse plating is intermittent, which can control the plating 
layer effectively to reduce the generation of hydride, thus Reduces the 
generation of hydrogenated stresses and overall internal stresses in the 
plated layer, resulting in a decrease in the hardness of the plated layer. 

The hardness of the 5 L and 9 L coatings is 717 HV and 682 HV 
respectively, which is between the hardness values of HC and SC. It 
should be noted that the outermost layer of the multilayer alternating 
plating is the HC coating, but the measured hardness is much different 
from that of the HC coating, due to the fact that it is difficult for the soft 
layer underneath to give support to the plated layer, which leads to a 
decrease in the hardness of the upper HC layer [39].

Fig. 6a shows the coefficient of friction (COF) curves of four types of 
coatings under a load of 10 N. The COF presents two stages as the fric
tion progresses, namely the running-in stage and the stable stage. In the 
running-in stage, the friction coefficient is relatively high. This is 
because at the beginning of friction, the surface layer of the coating 
undergoes plastic deformation and surface oxidation. After entering the 
stable stage, although the friction coefficient tends to stabilize, there are 
still fluctuations present. The main reason for the unstable friction co
efficient is the accumulation of friction debris (such as coating debris 
and oxides) at the interface between the friction pair and the coating, 
which will cause fluctuations in the friction coefficient. Meanwhile, the 
bonding mechanism of electrodeposited coatings mainly depends on 
physical adsorption or mechanical blockage, rather than diffusion 
bonding at the atomic level. During the friction process, there are local 
peeling and interface damage, leading to dynamic changes in the 
interface state [40,41]. Among the four types of coatings, the friction 
coefficient of the traditional HC coating is the highest at 0.64. In 
contrast, the friction coefficient of the SC coating is the lowest at 0.38. 
Compared to the HC coating, the friction coefficient of the SC coating 
has decreased by approximately 40.6 %. Additionally, the friction co
efficients of the 5 L and 9 L coatings are also lower than that of the HC 
coating, at 0.51 and 0.58 respectively.

Wear volume is one of the important indicators of the wear resistance 
of coatings. A three-dimensional laser profilometer was used to recon
struct the wear tracks after fraction as shown in Fig.6b. Comparatively, 
it was found that under high-frequency friction with Al2O3 balls, the HC 
coating exhibits the deepest wear track, while the SC coating shows the 
shallowest wear track. The wear depth can be used to calculate the 
equivalent volume wear rate under different loads, specific formula as 
follows [42]: 

K =
A⋅L
F⋅S

(4) 

Fig. 4. Microstructure of coating (a) and (b) TEM BF images of HC coating; (c) grain size statistics of HC coating; (d) and (e) TEM BF images of SC coating; (f) grain 
size statistics of SC coating.

Fig. 5. Vickers hardness of four kinds of coatings.
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where A represents the cross-sectional area of the wear mark, obtainable 
from the wear mark’s width and the radius of the Al2O3 sphere; L is the 
length of the abrasion mark; F is the applied load; S is the total travel of 
the friction process; commonly, K is measured in mm3⋅N− 1⋅m− 1. In terms 
of COF, the wear resistance of the SC coating and the multi-layer 
alternating coating is better than that of the HC coating. However, in 
terms of wear track depth, the performance of the HC coating and the 
multi-layer alternating coating is better than that of the SC coating. 
Fig. 6c shows the equivalent volumetric wear rates of the four coatings. 
When the load is 10 N, the wear rate of HC, SC, 5 L and 9 L is 4.19, 4.36, 
3.48 and 4.06 (10− 5⋅mm3⋅N− 1⋅m− 1) respectively. The wear rate of SC 
coating is the highest, the wear rate of HC and 9 L coating is similar, and 
the wear rate of 5 L coating is the lowest.

3.3. Microscopic morphology of wear track on coating

The tribological performance of the coatings is significantly corre
lated with their initial microstructural characteristics. As shown in 
Fig. 7, the analysis of wear morphology under the counteraction of Al₂O₃ 
balls using a scanning electron microscope indicates that different 
coating systems exhibit distinct failure mechanisms. The wear track 

width of the HC coating is 0.39 mm (Fig. 7a), with numerous grooves 
parallel to the sliding direction on the surface, accompanied by signifi
cant wear debris accumulation. High magnification observation 
(Fig. 7b) further reveals typical abrasive wear characteristics, man
ifested as shear microcracks perpendicular to the sliding direction, 
which are closely related to the stress accumulation effect under cyclic 
loading. Notably, the SC coating shows a wider wear track (0.61 mm), 
with the surface exhibiting not only parallel grooves but also a large 
amount of flaky spallation products (Fig. 7c). This layered spallation 
phenomenon originates from the brittle fracture mechanism caused by 
hardness mismatch at the contact interface-the softer SC surface layer 
undergoes lamellar separation under repeated shear, while the plastic 
deformation capability of the underlying 5 L coating effectively sup
presses crack propagation. It is noteworthy that no microcracks were 
observed in the microstructure of the SC coating (Fig. 7d), confirming 
the stress-relieving effect of the pulsed electrodeposition process. The 
multilayer coating system exhibits a significant structural optimization 
effect: the wear track width of the 5 L coating is reduced to 0.56 mm 
(Fig. 7e), the density of grooves decreases by about 35 %, and flaky wear 
debris is significantly reduced. This improvement is attributed to the 
stress redistribution achieved by the interface sliding mechanism of the 

Fig. 6. Friction and wear properties of coating (a) friction curves of four kinds of coatings; (b) statistics of friction coefficient and wear rate of coatings; (c) three- 
dimensional diagram of wear marks of four kinds of coatings.

Fig. 7. Global (a, c, e, d) and local (b, d, f, h) morphology of wear tracks of four coatings.
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hard/soft alternating layers. In contrast, the wear morphology of the 9 L 
coating shows abnormal deterioration (Fig. 7g), with increased groove 
width and depth, accompanied by micron-scale material spallation 
(Fig. 7h). This layer-dependent wear behavior may be related to the 
interface stress accumulation effect-excessive interlayer interfaces lead 
to local stress concentration, weakening the overall load-bearing ca
pacity of the coating.

To further investigate the changes of various coatings undergo dur
ing wear, SEM-EDS element analysis was conducted on the furrows and 
wear debris within the wear tracks, as specifically depicted in Fig. 8. The 
surfaces of the wear tracks mainly consist of Cr and O elements, which 
indicates that all Cr coating wear tracks were covered with oxides. Inside 
the furrows of the wear tracks, fresh, unoxidized metal regions are 
exposed, while the deformed areas around the edges of the furrows have 
undergone some degree of oxidation. The grit size for the HC coating 
ranged from 2 to 10 μm, predominantly featuring irregular flake-like 
spallation. During the friction wear process, wear debris forms at the 
furrow edges through nucleation, expansion, interpenetration, and 
exfoliation. With further reciprocating friction, severe oxidation occurs 
[43,44]. At the same time, wear debris from the coating mixes with the 
opposing ball, further exacerbating wear. In contrast, the appearance of 
flake-like wear debris from the SC coating typically results from abrasive 
wear and spalling that occur during friction, which is a classic example 
of a lamellar wear mechanism. Throughout this process, the micro- 
morphology of the material surface undergoes shear deformation due 
to external stress, leading to localized plastic flow. When the strain en
ergy in these plastically flowing zones reaches a certain threshold, it 
causes the material to delaminate, forming flake-like wear products. 
However, the wear debris from the 5 L coating is significantly less in 
quantity compared to the other coatings, indicating that the 5 L coating 
possesses superior wear resistance.

3.4. Corrosion resistance of coating

3.4.1. Electrochemical performance of the coating
Fig. 9a illustrates the evolution of open circuit potential (OCP) over 

time for four types of coatings in a 3.5 wt% NaCl solution. The HC 
coating, characterized by a high density of defects, exhibits the most 
negative stable potential (− 646 mV), indicating the highest thermody
namic tendency for corrosion. In contrast, the SC coating, with larger 
grain size and fewer internal defects, has a more positive potential 
(− 447 mV) compared to the HC coating. The potentials of the 5 L (− 461 
mV) and 9 L (− 496 mV) multilayer coatings fall between these two, 
suggesting that the alternating structure partially mitigates corrosion 
activity through an interfacial barrier effect; however, their protective 
performance remains inferior to that of the pure SC coating. Fig. 9b 
presents the dynamic potential polarization curves of four Cr coatings in 

a 3.5 wt% NaCl aqueous solution at 25 ◦C. Despite the distinct micro
structures of the coatings, their polarization curves are similarly shaped, 
indicating that the variations in the multi-layered soft and hard struc
tures do not significantly affect the corrosion behavior of Cr in the NaCl 
solution. Table 4 summarizes the corrosion potentials and current den
sities for each coating, determined using the Tafel extrapolation method. 
A more positive corrosion potential correlates with enhanced corrosion 
resistance, typically signifying a material’s stronger redox capability, 
higher electron release capacity, and improved stability in corrosive 
environments. In electrochemical corrosion, metal experiences oxida
tion (anodic) and reduction (cathodic) reactions under an applied po
tential. The anodic reaction involves metal dissolution, while the 
cathodic reaction consumes electrons. The lower corrosion potential 
indicates the greater tendency of anodic reaction, which increases the 
possibility of metal dissolution and corrosion. Among the examined 
coatings, the HC coating exhibits the highest corrosion potential at 
approximately − 658 mV, whereas the SC coating has the lowest at 
around − 501 mV, representing a 23.8 % reduction in comparison to the 
HC coating. The corrosion potentials for the 5 L and 9 L coatings are 
− 524 mV and − 530 mV, respectively, indicating similar corrosion be
haviors in the NaCl solution, with both outperforming the HC coating. 
Corrosion kinetics are reflected in the corrosion current density, which 
measures the metal corrosion rate per unit time. Table 3 shows that the 
HC coating has the highest corrosion current density at 1.83 × 10− 6 A/ 
cm2, whereas the SC coating’s current density significantly reduces to 
2.53 × 10− 7 A/cm2. The multi-layer coatings present intermediate 
corrosion current densities of 6.65 × 10− 7 A/cm2 and 4.50 × 10− 7 A/ 
cm2. Therefore, in the 3.5 wt% NaCl corrosion system, the SC coating 
exhibits superior corrosion resistance due to its crack-free nature, a 
characteristic greatly enhanced by the alternating soft/hard layered 
structure [18,28].

Polarization resistance is an important parameter that describes the 
metal material under electrochemical corrosion conditions, which re
flects the resistance of the metal surface to electrochemical corrosion, 
the larger the polarization resistance, means that the metal has better 
corrosion resistance in the corrosive environment. Polarization resis
tance pertains to the impedance encountered by the electron or ion 
transmission through the electrochemical polarization layer formed on 
the material surface during electrochemical corrosion, when a specific 
voltage or current is applied. A higher polarization resistance equates to 
an increased resistance of the protective film formed on the material 
surface against corrosive penetration, thereby mitigating the rate of 
corrosion and enhancing the material’s corrosion resistance. The po
larization resistance (RP) within the corrosion system is typically esti
mated via the Stern-Geary formula [45]: 

RP =
βα*βc

2.3*ICorr*(βα + βc)
(5) 

Fig. 8. EDS element distribution diagram of wear products of coating: (a) HC; (b) SC; (c) 5L; (d) 9L.
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where ICorr signifies the corrosion current in the polarization curve; βα 
and βc denote the slopes of the anode region and the cathode region of 
the polarization curve respectively; and the fitting range lies 10 mV 
above and below the corrosion potential. Relevant values are presented 
in Table 3. It can be seen from the results that the polarization resistance 
of the coating is about the same as the corrosion current density, but the 
polarization resistance of the alternating coating is higher than that of 
the SC coating. It shows that this multi-layer structure makes the coating 
have better resistance to local corrosion, makes the material surface 
uniform corrosion, and delays the occurrence of corrosion damage.

Electrochemical impedance spectroscopy (EIS) is a crucial technique 
for assessing the corrosion resistance of materials. Fig. 9c presents the 
EIS data for four coatings in 3.5 wt% NaCl at room temperature under 
open-circuit conditions. The plot shows capacitive loops across mid to 
high-frequency ranges for the different coatings. The HC coating ex
hibits the smallest capacitive loop radius, while the 9 L coating shows 
the largest. As corrosion is fundamentally an electrochemical process, 
the size of the capacitive loop is indicative of the rate of electrochemical 

reactions. A larger loop radius corresponds to a slower reaction rate. The 
EIS experimental results indicate that the 5 L coating has the best 
corrosion resistance. Based on the comprehensive polarization and EIS 
curves, we found that multi-layer coatings exhibit superior corrosion 
resistance compared to single-layer coatings. Among them, the 9 L 
coating demonstrated the highest corrosion resistance, while the 5 L 
coating showed comparable performance. This enhancement is attrib
uted to the optimized interfacial effects of the multi-layer structure. The 
structure comprises stacked layers of distinct materials, with each 
interface engineered to enhance cohesion and complementarity. Effec
tive interface design reduces interfacial impedance, thereby minimizing 
interfacial reactions and charge transfer resistance, ultimately 
improving the overall electrochemical performance [46,47].

3.4.2. Morphology of the coating after electrochemical testing
Fig. 10 presents the surface morphology of four coatings following 

dynamic potential polarization curve testing. To ensure accuracy, the 
center of each test sample was selected as the primary observation point. 
Significant differences are observed in the corrosion patterns across the 
various Cr coatings. The surface of the HC coating (Fig. 10a and b) ex
hibits numerous corrosion scars. In electrochemical tests, surface defects 
are particularly susceptible to corrosion, leading to the formation of gas 
or solution products and causing surface bulging. Metal corrosion typi
cally occurs unevenly due to variations in microstructure (e.g., grain 
boundaries, dislocations, and phase boundaries) and surface conditions 
(such as oxidation, adsorbed species, and stress distribution), resulting 
in differing local corrosion rates. In regions with rapid corrosion, ma
terial is preferentially consumed, forming depressions, while slower- 
corroding areas remain relatively intact, resulting in protrusions. 

Fig. 9. Electrochemical performance of the coating: (a) open circuit voltage curve; (b) polarization curve; (c) electrochemical impedance spectroscopy, the inset is 
the equivalent circuit diagram.

Table 4 
Electrochemical corrosion parameters of coating in 3.5wt%NaCl solution.

Ecorr 

mVSCE

Icorr 

mAcm− 2
βα 
mV

βc 
mV

RP 

Ωcm2

HC − 658 1.83⋅10− 6 4984 4877 4.24⋅106

SC − 501 7.53⋅10− 7 4022 3346 5.70⋅108

5 L − 524 6.65⋅10− 7 3296 5811 1.38⋅109

9 L − 530 4.50⋅10− 7 4843 5761 2.54⋅109

Fig. 10. Morphology of the coating after electrochemical test: (a) (b) HC coating; (c) (d) SC coating; (e) (f) 5L coating; (g) (h) 9L coating.
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These raised structures can alter the surface properties, further influ
encing corrosion behavior and material applicability. In the SC coating, 
the corrosion severity is less pronounced than in the HC coating, as 
metal corrosion typically initiates at grain boundaries. Since the grain 
boundaries of the HC coating are nanocrystalline, it exhibits a higher 
tendency for corrosion. For the 5 L and 9 L coatings (Fig. 10e–h), no 
significant signs of local corrosion, such as pitting or intergranular 
corrosion, are observed. High-magnification images reveal only minor 
raised structures. The presence of physical or chemical barrier effects 
between the different layers of the multi-layered materials may inhibit 
the diffusion and infiltration of the corrosive medium. This barrier 
protection can slow the corrosion process and extend the material’s 
service life.

4. Discussion

4.1. Effect of coating structure on wear resistance

The friction and wear tests show that the 5L alternating coating has 
excellent wear resistance. From the results of three-dimensional laser 
confocal scanning, it can be seen that the wear mark width and depth of 
multi-layer alternating coating are smaller than those of single HC 
coating and SC coating. According to the analysis of the friction behavior 
of the four coatings, as shown in Fig. 6, the highest COF of HC coating is 
0.65 and the lowest COF of SC coating is 0.48. The morphology of wear 
marks of four kinds of coatings (Fig. 7) shows that the main friction form 
of HC coating is abrasive wear, while the main friction forms of SC 
coating and 9 L coating are abrasive wear and adhesive wear. The main 
form of wear for the 5 L coating is adhesive wear. By estimating the 
isovolumetric wear rate, it was found that the SC coating had the largest 
wear rate of 4.36 × 10− 5⋅mm3⋅N− 1⋅m− 1, the HC coating had a wear rate 
of 4.19 × 10− 5⋅ mm3⋅N− 1⋅m− 1, and the wear rates of the multilayered 
coatings were smaller than both of them, with the 5 L coating having the 
lowest wear rate of 3.48 × 10− 5⋅mm3⋅N− 1⋅m− 1.

Layered metal materials, which are alternately stacked by soft and 
hard components with significant differences in mechanical properties, 
generally have excellent comprehensive mechanical properties, such as 
high strength, good plasticity, strong work hardening ability and so on 
[48–50]. The excellent mechanical properties of this multi-layered ma
terial mainly come from the non-uniform plastic deformation between 
soft and hard components, resulting in plastic strain gradient, resulting 
in geometric necessary dislocation that coordinate plastic deformation 
[51,52]. These additional stored geometric necessary dislocation can 
lead to long-term back stress, resulting in additional strengthening and 
work hardening, which in turn increases the strength and plasticity of 
the material [53,54]. In a layered composite coating system, the 
gradient disparity in mechanical properties between the alternating soft 
and hard components induces a unique interface synergy effect. When 
subjected to external loads, the incompatible deformation between the 
hard phase (HC) with a high elastic modulus and the soft phase (SC) with 
a low elastic modulus generates a multiaxial stress field at the hetero
geneous interface region. According to dislocation dynamics theory, this 
three-dimensional stress state facilitates the stacking and interaction of 
dislocations at the phase interface, significantly enhancing the mate
rial’s work-hardening capability through dislocation proliferation and 
entanglement mechanisms. This strengthening mechanism, driven by 
heterogeneous interface control, allows the composite to maintain 
exceptional plastic reserves while retaining high strength, thereby 
achieving a synergistic improvement in both strength and plasticity. In 
contrast, a single-layer HC coating, despite its hardness of up to 860 HV, 
is prone to high internal stress and low fracture toughness. It is sus
ceptible to the formation of a penetrating crack network under cyclic 
loading. This damage mode exacerbates abrasive wear by promoting 
three-body wear, leading to an increased volumetric wear rate. In 
contrast, the multilayer coating structure, which balances both hardness 
and toughness, not only exhibits high hardness and excellent wear 

resistance but also effectively mitigates crack propagation, enhancing 
overall wear resistance. The multilayer design compensates for the de
ficiencies in hardness or toughness inherent in single-layer coatings, 
offering superior wear performance under specific operational 
conditions.

4.2. Effect of multiple interfaces on corrosion resistance

The experimental results indicate that SC coatings and multilayer 
alternating coatings exhibit significantly better corrosion resistance than 
HC coatings. As shown in the TEM images, HC coatings are primarily 
composed of nanocolumnar crystals, while SC coatings consist of equi
axed crystals approximately 300 nm in size. Grain boundaries often 
harbor structural defects such as lattice imperfections and atomic mis
alignments. These defects can cause changes in interatomic distances 
and localized stress concentrations at the grain boundaries, making 
them more susceptible to attack by corrosive agents. Generally, because 
nanocrystals have a higher specific surface area and more grain 
boundaries, corrosive agents like Cl− ions can more easily penetrate into 
the nanocrystal material, leading to rapid corrosion [55]. Moreover, due 
to their small grain sizes and high grain boundary energy, nano
crystalline materials may exhibit higher chemical reactivity, increasing 
their susceptibility to corrosion. In contrast, ultrafine-grained materials, 
having larger grain sizes than nanocrystals but still relatively small, 
usually possess fewer grain boundaries. This can make them more 
resistant to corrosion to some extent. The reduced number of grain 
boundaries in ultrafine-grained materials makes it harder for corrosive 
agents to penetrate, thereby slowing down the rate of corrosion.

The multi-layer Cr coating demonstrates exceptional corrosion 
resistance, which can be primarily attributed to its unique structural 
design and inherent microscopic characteristics. This advanced coating 
system consists of alternating layers of soft and hard Cr, with distinct 
and well-defined interfaces between each layer. The cumulative effect of 
these interfaces significantly enhances the material’s resistance to 
corrosion, making it less susceptible to corrosive attacks [56]. When 
corrosion initiates, the behavior of a single hard Cr coating differs 
markedly from that of a multi-layer coating. In a single hard Cr coating, 
the corrosive medium can easily penetrate through the material via a 
dense network of micro-cracks, leading to rapid corrosion and potential 
severe damage. In contrast, the multi-layer coating, with its alternating 
soft and hard Cr layers, benefits from the interface between each soft Cr 
layer and the hard Cr layer, which acts as a barrier that impedes the 
further diffusion of the corrosive medium. As the corrosive medium 
penetrates one layer, it must overcome the interface between that layer 
and the next before continuing its progression. This layer-by-layer 
diffusion process complicates and hinders the path of the corrosive 
medium, effectively delaying the onset and progression of corrosion, 
and significantly enhancing the material’s overall corrosion resistance 
[57]. Additionally, the combination of soft and hard phases not only 
increases the number of protective interfaces but also imparts a variety 
of protective properties. These properties work synergistically to resist 
the penetration of corrosive media, thereby further improving the ma
terial’s resistance to corrosion.

5. Conclusion

In this work, we designed and prepared HC, SC and soft-hard multi- 
layer Cr coatings by pulse and direct-current plating, and characterized 
and tested the microstructure, wear resistance and corrosion resistance 
of the four coatings. The main conclusions are as follows: 

• The HC coating has a columnar structure with grains perpendicular 
to the substrate (approximately 53 nm), while the SC coating has 
equiaxed grains (approximately 310 nm).

• The crack density of HC coating reached 634 pcs/mm 2, and the 
multi-layer coating (5 L: 376 pcs/mm 2, 9 L: 418 pcs/mm 2) 
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significantly decreased. The alternating coating has a higher overall 
roughness than the pure HC coating due to the dense stacking of HC 
and the roughness of the SC substrate.

• Under a load of 10 N, the wear rate of the 5 L coating among the four 
coatings is the lowest, which is 3.48 × 10− 5⋅mm3⋅N− 1⋅m− 1. The 
multi-layer coating combines the abrasive wear mechanism of HC 
and the adhesive wear mechanism of SC: the HC layer provides load 
support, while the SC layer disperses stress and suppresses crack 
propagation through plastic deformation, synergistically improving 
wear resistance.

• The corrosion currents of multi-layer coatings are all lower than 
those of single-layer coatings. Among them, the 9 L coating has the 
best corrosion resistance, with a value of 4.50 × 10− 7 A/cm2.

• The 5 L multilayer coating has the best wear resistance (wear rate of 
3.48 × 10− 5⋅mm3⋅N− 1⋅m− 1) and significantly improved corrosion 
resistance (corrosion current of 6.65 × 10− 7 A/cm 2) through the 
synergistic effect of HC and SC alternating structure, and its 
comprehensive performance is superior to that of single and 9 L 
coating, which is suitable for high load corrosion working 
conditions.
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