
Vol.:(0123456789)1 3

Journal of Applied Electrochemistry (2022) 52:1091–1100 
https://doi.org/10.1007/s10800-022-01697-8

RESEARCH ARTICLE

Impact of Cr nanocrystalline discrete crystal nuclei on demolding 
strength and surface roughness of precision electroforming Ni layer 
on Cu substrate

Guang Yang1  · Ju Chen1 · Bo Li1 · Qinfeng Wang1 · Yuzhou Zhang1 · Jun Pi1

Received: 18 December 2021 / Accepted: 26 March 2022 / Published online: 10 April 2022 
© The Author(s), under exclusive licence to Springer Nature B.V. 2022

Abstract
The demolding quality of the electroforming Ni layer on Cu mold determines the machining accuracy of high-end optical 
mold. Although the fabrication of an anti-adhesion layer with controllable demolding strength is paramount, it remains quite 
challenging. Herein, we report a one-pot strategy to electrodeposit Cr nanocrystalline discrete crystal nuclei through electro-
chemical deposition from trivalent Cr salt. The nucleation characteristics of the Cr element were described. Cr nanocrystal-
line discrete crystal nuclei change the lattice constant of the electroforming Ni layer. In addition, XPS results show that Cr 
nuclei form oxides on Cu substrates, the passivation layer leads to a significant decrease in the interface bonding force and 
the surface roughness of the electroforming Ni layer after demolding. The test results show that the demolding strength and 
surface roughness Ra are the least when the density of Cr crystal nuclei is 10.85 ×  1011  cm−2. Notably, the Cr nanocrystal-
line discrete crystal nuclei are simple to prepare, controllable for demolding strength, non-toxic, and exhibit great potential 
as an anti-adhesion layer.
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1 Introduction

In recent years, with the rapid development of new energy 
and energy-saving technology, new media, and informa-
tion technology, there has been an increased demand for 
high-end microstructure optical thin-film materials. The 
shape accuracy and surface roughness of the working dye 
of the high-end optical film are measured by reflectivity 
as Ra < λ/100 (λ is the wavelength of visible light) [1–3]. 
Therefore, surface roughness and shape position error of 
the microstructure are below tens of nanometers [4, 5]. 
The electroforming error of the microstructure optical 
mold is mainly caused by plastic deformation. The surface 
modification of the original mold can reduce the plastic 
deformation of the demolding, which is closely related to 
the control of interface bonding strength. However, the 
bonding strength between the electrolytic Cu substrate 
and the electroforming Ni layer involves several physical 
and chemical factors and understanding the mechanism by 

which the anti-adhesion layer regulates the bonding force 
remains a challenge.

The anti-adhesive layer is an effective means to control 
the interface bonding force. Potassium dichromate solu-
tion is used for demolding in the industry; however, it is a 
carcinogenic chemical, and its coating cannot regulate the 
bonding force between the substrate and the casting layer, 
resulting in an unstable demolding effect [6, 7]. Analyses 
of various tests of non-potassium dichromate have found 
no connection between the thickness of the anti-adhesion 
layer and the demolding accuracy [8, 9]. The thickness and 
continuity of the anti-adhesion layer are unknown, and the 
relationship between demolding-induced plastic deforma-
tion and macroscopic mechanical properties of the inter-
face is unclear. Therefore, the test results are difficult to 
be applied in precision electroforming. These factors limit 
our ability to prepare anti-adhesion layers and understand 
the mechanisms by which they regulate interface bonding 
force [10].
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Herein, we develop a precise electroforming-assisted 
demolding strategy using Cr nanocrystalline discrete 
crystal nuclei for electroforming Ni layer on Cu substrate. 
First, fine Cr discrete crystal nuclei were prepared on Cu 
substrates by direct current deposition. Then, a Ni layer 
was electroformed on the Cu substrates. The use of Cr 
discrete crystal nuclei reduces the bonding force between 
the Cu substrate and the deposited Ni layer, which is con-
sistent with the report of Hidekazu. The crystal structure 
of the substrate and the casting layer were characterized 
by X-ray diffraction (XRD) measurements [6]. The results 
demonstrate that the crystal nuclei of Cr lead to the change 
of the lattice constant of the Ni deposition layer. The lat-
tice distortion of Ni is closely related to the density of Cr 
discrete crystal nuclei, and their law is discussed. Moreo-
ver, molecular dynamics calculations show that Cr oxides 
can reduce the bonding force between the substrate and the 
electroforming layer. The binding force between the Cu/Ni 
and the surface roughness of the Ni electroforming layer is 
controlled by the density of Cr crystal nuclei.

2  Experimental details

2.1  Fabrication of Cr nanocrystalline discrete 
crystal nuclei

First, a Cu sheet with an area of approximately 5 × 6 cm 
was ground and polished to a sub-micron roughness. The 
electrode was soaked in acetone for 5 min to remove oil 
and in acetic acid for 1 min to remove the oxide layer and 
then put in an ultrasonic cleaning device for 10 min. It 
was then rinsed with pure water, dried with nitrogen, and 
pasted on the cathode plate. Areas were insulated except 
for electroplating and then it was put into the electrolytic 
cell of the trivalent Cr solution system for electrodeposi-
tion. The bath compositions and Cr crystal nuclei electro-
deposition are as follows: chromium sulfate hydrate (25 g 
 L−1), ammonium chloride (250 g  L−1), boric acid (60 g 
 L−1, analytically pure), and glycine (30 g  L−1). The elec-
trodeposition temperature was kept at 43 °C. Boric acid 
as a buffer, 60 g  L−1 dosage can ensure the system pH 
value between 3.0 and 3.5 in the electroplating process 
[11]. Lower temperature affects the deposition rate. Higher 
temperatures will weaken the cathodic polarization of Cr 
ions and lead to a stronger hydrogen evolution reaction, 
reducing the current efficiency [12]. Through experiments, 
the optimal control temperature is 43 °C. The time of elec-
trodeposition was determined by observing the time–cur-
rent curve: when the current value reached the highest, the 
deposition of Cr discrete crystal nuclei was completed.

2.2  Fabrication of electroforming Ni layer

First, the electroforming solution was prepared according 
to the proportion of nickel sulfamate (150 g  L−1), nickel 
chloride (150 g  L−1), and chloride ion (150 g  L−1). The pH 
value of the electroplating solution was 3.5 ~ 4.0. Then, the 
Cu substrate with Cr discrete core deposited on the surface 
was placed vertically in the plating tank as the cathode, 
and the pure Ni plate was placed parallel to the cathode 
as the anode, with a spacing of 8 cm. After 3.5 h under the 
current density of 4 A  dm−2, the Cu substrate was removed 
and washed with deionized water. Finally, Ni deposition 
layers were carefully separated from their Cu substrates 
and washed with deionized water. Electroforming Ni mold 
is used as the working mold in the production process of 
the optical film and its thickness should meet requirements 
of 0.5 mm. The required electroplating thickness can be 
achieved in 3.5 h under the current density of 4 A  dm−2.

2.3  Characterization

Electrochemical tests were conducted on an electrochemi-
cal workstation (CHI660E, Shanghai, China) with a three-
electrode system. A Pt slice was used as the counter elec-
trode and a saturated calomel electrode (SCE) was used 
as the reference electrode. The surface roughness Ra of 
the electroforming Ni layer was measured using a laser 
confocal microscope (VK-X1000, Japan). The sample is 
cleaned using an ultrasonic cleaning device (DSA300-GI.2 
China). During measurement, appropriate magnification 
was selected, three positions were chosen on the surface 
of each nickel sheet, and roughness measurements were 
made along three different directions at each point. The 
average value was calculated as the surface roughness 
value of the point. The surface morphology and surface 
chemical elements of Cr discrete crystal nuclei and nickel 
coating were analyzed using a plenum-XL scanning elec-
tron microscope (15 kV UHV secondary electron method, 
Japan) and Sigma 500 field emission scanning electron 
microscope (5 kV UHV, In-Lens method, Germany), 
respectively. The crystal structure of nickel coating was 
measured by X-ray diffraction (X’Pert Pro, 40 kV working 
voltage, 30 mA current, the Netherlands), using Cu Kα line 
radiation source (λ = 0.154 mm). The range of 2θ angles 
was 5–85° and the diffraction angle scanning speed was 
3°  min−1. XPS spectra were performed using PHI Quan-
tum 2000 (Physical electronics Co., Ltd., USA) system 
with an Al Kα line source (hv = 1486.6 eV) at an incident 
angle of 45°. Quantitative surface and interface analyses 
were conducted using the peak areas of the high-resolution 
spectra and the Scofield sensitivity factors [13, 14].
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3  Results and discussion

3.1  Fabrication of Cr nanocrystalline discrete 
crystal nuclei and electroforming

Figure  1 shows the schematic of the preparation of Cr 
nanocrystalline discrete crystal nuclei and electroforming 
Ni layer. The Ni layer deposited directly on the surface of the 
Cu matrix shows good adhesion. A large amount of material 
transfer occurs on the surface of the Cu matrix and Ni layer, 
even with forced tearing, which increases the surface rough-
ness of electroforming [15]. Cr crystal nuclei were deposited 
on the Cu surface. Then, the Ni layer was electroformed 
to form an ultrathin Cr–Ni zone between Cu/Ni interfaces 
(Fig. 1b). There, the size is between 17 and 30 nm and the 
height is about 0.5 nm. The deposited Cr nuclei are easily 
oxidized and passivated layer is formed on the Cu surface. 
The passivation layer reduces the bonding force between 
the Cu substrate and the Ni casting layer, which makes the 
Ni replica easily separate from the Cu substrate. XPS tests 
of Cu substrates with deposited Cr nuclei and molecular 
dynamics calculations of the structure clarify these two 
points, see Sect. 3.3.

3.2  Nucleation characteristics of Cr discrete 
crystal nuclei and the influence of its density 
on demolding strength

To guarantee the accuracy of the film release of precision 
electroforming, the size of the Cr crystal nuclei should 
be on the nanometer scale. According to the principle of 
electrodeposition, the nucleation rate of the crystal during 

crystallization of the deposited layer is related to the 
growth rate of the crystal grain and the parameters of the 
electroplating system. If the growth of the crystal nuclei 
formed on the deposited surface is greatly inhibited, ultra-
fine crystal grains may be obtained. In addition, the ability 
of Cr nanocrystalline discrete crystal nuclei to adjust the 
Cu/Ni interface bonding force is associated with the den-
sity of the crystal nuclei [16–19]. Therefore, whether the 
density of the nano-sized Cr crystal nuclei is controllable 
is a prerequisite for controlling the release force.

To this end, we explored the nucleation characteristics 
of trivalent Cr in the system and dynamic parameters of Cr 
as shown in Fig. 2. First, electrochemical tests were per-
formed using an electrochemical workstation. The work-
ing electrode (Cu sheet) with an area of about 1 × 3 cm 
was ground and polished to a sub-micron roughness. The 
electrode was soaked in acetone for 5 min to remove oil 
and in acetic acid for 1 min to remove the oxide layer and 
then put in an ultrasonic cleaning device for 10 min. It was 
blow-dried with nitrogen for later use. A three-electrode 
cell with a counter electrode made of platinum and a satu-
rated calomel electrode (SCE) as the reference electrode 
was accustomed. Subsequently, deposition potential was 
performed using the electrochemical workstation, and the 
step potentials were − 1.1, − 1.2, − 1.3, − 1.4, and − 1.5 V. 
The temperature was 43 °C and the deposition process was 
monitored by the current versus time (i–t) curve [20, 21]. 
It can be seen from Fig. 2a that the current reached a maxi-
mum value within a very short period at the beginning of 
the experiment, indicating that the Cr element has under-
gone a typical nucleation process. The current decreases 
until it stabilizes with the growth of Cr crystal nuclei. 
In addition, chronoamperometric curves show the charac-
teristics of a typical three-dimensional nucleation curve 
under diffusion control: as the step potential shifts nega-
tively, the limiting current and steady current in the curve 
show an increasing trend. The chronoamperometric curves 
test data are normalized based on i2/im2−t/tm and compared 
with the theoretical curve of the Scharifker–Hills (SH) 
model [22], and the result is shown in Fig. 2b. The nor-
malized experimental curve tended toward the theoretical 
curve of transient nucleation, indicating that in this sys-
tem, the nucleation of Cr element electrodeposited on the 
Cu surface is more in line with the 3D transient nucleation 
under diffusion control. The nuclear mechanism is con-
sistent with the conclusion of the previous literature. The 
microscopic morphology of the deposited Cr crystal nuclei 
is illustrated in Fig. 3. The size is between 17 and 30 nm 
and the height is about 0.5 nm.

In the case of transient nucleation, the nuclea-
tion density gradually increases [the variation range is 
(2.37–10.85) ×  1011  cm−2] with the negative shift of the 
potential, which is consistent with the test results of Song 

Fig. 1  Schematic of the preparation of Cr nanocrystalline discrete 
crystal nuclei and electroforming Ni layer
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et al. Figure 3f shows the number of nucleation calculated 
by the test with the change of overpotential [15, 23–25].

The influence of Cr nucleation density on demolding 
strength was studied, and the results are shown in Fig. 4. It 
was found that the demolding strength showed decreasing 
trend with the increase of nucleation density. When the 
nucleation density is lower than 7.13 ×  1011  cm−2, the Cu 
surface modification is weak, and the auxiliary demold-
ing effect is not significant. However, when the nucleation 

density is higher than 7.13 ×  1011  cm−2, as the nucleation 
density increases, the demolding effect is better.

Hidekazu proposed a electroforming process for the repli-
cation of surfaces having nanometer-level smoothness. In the 
electroforming process, the Cr layer is prepared by electron 
beam on the substrate and used to separate the substrate from 
the coating. Research points out that the crucial point in this 
process is the amount of Cr atoms deposited. By controlling 
the density of Cr atoms on the master surface, the binding 

Fig. 2  Analysis of deposition characteristics of Cr discrete crystal 
nuclei. a Chronoamperometric curves under different step potentials; 
b  non-dimensional chronocurrent curve i2/im2−t/tm under different 

step potentials (im is the limit diffusion current density, tm is the limit 
diffusion current density time used for current density)

Fig. 3  a–e are, respectively, the microscopic morphology of Cr discrete crystal nuclei deposited under step potential (− 1.1, − 1.2, − 1.3, − 1.4, 
− 1.5 V). f The number of Cr discrete crystal nuclei
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strength between the nickel film and master surface can be 
adjusted, which makes it possible to separate the metal film 
from the master surface smoothly [6]. Similar results have 
been obtained in the demolding experiments with lead nuclei 
[15].

3.3  Effect of Cr crystal nuclei density on lattice 
constant and demolding strength 
of the deposited Ni layer

The XRD patterns of the plating electroforming Ni layer 
on the surface of the five-deposited Cr samples are shown 
in Fig. 5a. Diffraction peaks at 2θ = 44.5°, 51.8°, and 76.4° 
correspond to (111), (200), and (220) crystal planes peak 
of nickel, respectively. In the electrodeposition process, the 
crystal orientation of Cu as the substrate is (200) plane. Ni 
atoms and Cu atoms are mutually soluble. The electrodepos-
ited fresh atoms were incapable of migrating to (111) plane, 
and some of them would rest on (200) plane, which conse-
quently accelerated the growth of (200) plane and influenced 
the preferred orientation [26, 27]. As a result, the Ni coating 
exhibits obvious (200) preferred orientation.

It can be seen that the diffraction peak of the maximum 
texture, (200) crystal plane peak of electrodeposited Ni near 
the Cu surface, is shifted under different Cr nucleation den-
sities, indicating that the lattice constant changes (Fig. 5). 
Most likely, the preference change observed in a shift of 
the diffraction peak could be attributed to the change in the 

Fig. 4  Impact of nucleation density on demolding strength

Fig. 5  XRD pattern of Ni layer 
with different densities of Cr 
crystal nuclei. a XRD pattern of 
Ni layer with different densities 
of Cr crystal nuclei; b XRD 
enlarged image of Ni texture 
orientation (200); c curve of the 
lattice constant of electrodepos-
ited Ni layer with different 
densities
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lattice constant due to Cr crystal nuclei. (200) diffraction 
peak intensities are skewed to the right, resulting in a smaller 
crystal plane distance, indicating that the grain size of Ni 
decreases [28–31]. Figure 5c reveals that the lattice constant 
of the electrodeposited Ni layer decreases with the increase 
of Cr nucleus density. The experiment results showed that 
when the Cr nuclei were deposited, the lattice constant of 
Ni layer was reduced by 0.6412% from 3.5402 to 3.5175 
Å; and the grain size of the Ni layer was reduced by 68.3% 
from 268 to 185 nm.

Low interfacial energy and thus a high adhesion are 
obtained when the structural matching between the sub-
strate and the electrodeposited layer is good. Ni had an 
fcc structure, and the lattice mismatch between the Ni 
and Cu was only 2.62%. However, due to the presence of 
Cr discrete crystal nuclei, the lattice constants of the Ni 

deposition layer changed, resulting in an increased mis-
match between the Ni layer and Cu substrate [32–34], as 
shown in Fig. 6. The increasing mismatch between the Ni 
layer and Cu substrate reduces the bonding force between 
them [35].

Chromium metal is easily passivated. The wide range 
XPS spectrum of Cu surface with Cr discrete crystal nuclei 
is shown in Fig. 7a. The XPS test results (Fig. 7b) showed 
a Cr–O peak appeared and a lower binding energy compo-
nent occurred, which can be explained by the Cr oxidized 
species, most probably  Cr2O3 [36].

When there are no Cr discrete crystal nuclei between 
Cu/Ni interface, due to the low strength of the Cu sub-
strate, cracks expand in the Cu matrix until fracture dur-
ing demolding when the structure is stretched [37–40], 
as shown in Fig. 8d. We also calculated the strength of 
the complex using molecular dynamics. Passivation film 
reduces the interface bonding force. Figures 7d and 8c 
show corresponding molecular dynamics calculations 
under two conditions. In Fig. 8c, the number of Cr dis-
crete crystal nuclei on the Cu surface was 45% of that on 
the paved interface. The results showed that the number 
of Cu atoms transferred to the side of the electroforming 
Ni layer was 5686 when there were no Cr discrete crystal 
nuclei between Cu/Ni interfaces. Due to the presence of 
Cr discrete crystal nuclei, 141 Cu atoms were transferred 
to one side of the electroforming Ni layer after demold-
ing. The amount of Cu atom transfer was associated with 
the density of the Cr discrete crystal nuclei. The number 
of Cu atoms transferred to the side of the electroforming 
Ni layer decreases with the increase of the Cr discrete 
crystal nucleus density. The less the number of transferred 
Cu atoms, the lower the surface roughness of the electro-
forming Ni layer. The surface roughness test results of the 
cast electroforming Ni layer after demolding are further 
discussed in Sect. 3.4.

Fig. 6  Effect of density of Cr discrete nuclei on lattice mismatch 
between Ni deposition layer and Cu substrate

Fig. 7  a The wide range XPS spectrum of Cu surface with Cr discrete crystal nuclei; b O 1s spectra and peak fitting
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3.4  Effect of Cr discrete nucleus density on surface 
roughness

The nucleation density of electrodeposited Cr is control-
lable, and the change of nucleation density leads to a large 
lattice mismatch at the interface, which determines the 
lattice distortion of the electrodeposited Ni layer. There-
fore, it is possible to realize the fragility of the bonding 
surface by controlling the density of Cr crystal nuclei. 
It is also possible to control the surface roughness of 
the demolded surface by controlling the fragility of the 
interface. For optical mold, surface roughness is the most 
important assessment index. Surface roughness under dif-
ferent Cr crystal nucleus densities was evaluated. When 
the Cr crystal nucleus density was 2.37, 4.38 , 5.97, 7.13 , 
and 10.85 ×  1011  cm−2, the roughness was Ra = 0.0373 μm, 
Ra = 0.0491 μm, Ra = 0.0610 μm, Ra = 0.0740 μm, and 
Ra = 0.0769 μm, respectively. The SEM images are 
shown in Fig. 9. The surface roughness decreases with 
the increase of nucleation density.

4  Conclusion

In the case of a higher requirement for demolding qual-
ity of precision electrodeposition, the control of inter-
face bonding force of electrodeposition is a prominent 
theme. On the premise that we simply electrodeposited 
Cr nanocrystalline discrete crystal nuclei, the bonding 
force between the Cu/Ni interfaces can be adjusted by 
controlling the density of Cr crystal nuclei. The results of 
our experiments demonstrate the importance of provid-
ing a weak connection at the Cu/Ni interface. This work 
provides some insights into the proposed concept of Cr 
nanocrystalline discrete crystal nuclei controlling inter-
face bonding force, which may be crucial for the realiza-
tion of a new precision electroforming demolding process 
for metals that can be quantitatively controlled instead of 
potassium dichromate.

Fig. 8  Schematic diagram of interface demolding principle and cal-
culations of interface demolding by molecular dynamics. a Schematic 
diagram of interface demolding principle with discrete crystal nuclei 
and “black dots” represent discrete heterogeneous crystal nuclei 
introduced artificially and distributed intermittently on the interface. 
When the release force is applied, the crack extends along the bond-
ing surface (red line) and “ideal tearing” occurs; b schematic diagram 

of interface demolding principle without discrete crystal nucleus. In 
absence of discrete heterogeneous crystal nuclei, the crack propaga-
tion deviates from the bonding plane (red line) and “non-ideal tear-
ing” occurs (In Fig. 7a and b, the green line represents the interface 
position.); c calculation of interface demolding with Cr discrete crys-
tal nuclei; d  calculation of interface demolding of Cr-free discrete 
crystal nuclei. (Color figure online)
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