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A B S T R A C T   

This report explores the effects of electroless Ni-B-nanodiamond plating bath parameters for optimization of the 
hardness and deposition rate based on response surface method (RSM). Quadratic models were developed and 
found to be mathematically appropriate for the optimization. The nanodiamonds (ND) and optimized coating 
were characterized using XPS, DLS, FIB-SEM, GDOES, microhardness, and nanoindentation. The results of the 
molecular dynamic simulation show low adsorption energy of borohydride on nanodiamonds surface is not 
favourable for borohydride dehydrogenation, therefore the boron content of the coating decreases when ND are 
added. Raman spectroscopy, SEM, and EDS analysis carried out on different zones of the surface after scratch test 
show nanodiamonds undergo graphitization and micro-cracking which block crack propagation at lower load. In 
addition, ND improves formation of the tribolayer at higher loads. The Raman spectroscopy results after 
indentation tests show the possibility of SP3 to SP2 phase transformation for nanodiamonds. The molecular 
dynamic simulation results confirm that phase transformation through monitoring the changes in nanodiamonds 
interatomic potential and interatomic distances. It is believed that the volume expansion caused by this phase 
transformation increases the toughness of coating.   

1. Introduction 

Electroless Ni–B plating is based on the oxidation and reduction 
reactions, using a strong reducing agent such as sodium borohydride to 
form a dense coating on the surface of various materials [1–3]. The 
substrates that are used for the plating can itself be catalytic or can be 
activated by the use of displacement deposits [4]. Among all of the used 
substrates mild steels have strong catalytic activity and needs no acti
vation process prior to deposition [1]. However, sensitization such as 
using PdCl2 or SnCl has been reported for stainless steel, copper, poly
mer, and ceramics substrates to improve the deposition rate [1,5]. 

Ni–B coatings have been widely used in automobile, chemical, and 
aerospace industries that needs hard material for various mechanical 
applications [6–8]. Their crystal structure directly after plating (as- 
plated coating) is semi-crystalline [9] while a fully crystalline structure 
is obtained after heat treatment between 300 and 600 ◦C [10]. The heat- 
treated coatings have higher hardness but they are more susceptible to 
crack formation when loads are applied on them due to their brittle 
crystal structure [11–13]. For this reason, new researches are inclined 

towards improving the mechanical properties of the as-plated electroless 
Ni–B coatings. 

The addition of nanoparticles to synthesize composite coating is a 
well-known method for improving the mechanical properties of as- 
plated coatings [14–17]. Among the reinforcement particles, nano
diamonds (ND) have highest hardness, young's modulus, and low fric
tion coefficient, which makes them great candidates to be used in 
composites [18,19]. Nanodiamonds are usually made of sp3 carbon core 
and sp2 carbon shell [20,21]. The SP3-hybridized carbon is known for 
its hardness and wear resistance, whereas sp2-hybridized carbon is 
associated with lubricity and friction reduction [22,23]. Crack pinning, 
crack deflection, high tensile strength, and high elastic modulus have 
been reported as the main reinforcement mechanisms of nanodiamonds 
in composites [24–26]. 

In the study of the electroless Ni-B-nanodiamond it has been reported 
that nanodiamond particles act as barriers against plastic deformation 
and ND increase the coating hardness from 590 to 700 HV0.1 [27]. 
Makarova et al. on the study of the wear resistance of the nickel- 
nanodiamond composite coating showed that the ND improves 
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adhesive wear resistance of the coating by increasing the hardness [28]. 
Beside, nanodiamond particles also play an important role as lubricating 
agents, helping to weaken the abrasion of composite coating [29]. In the 
case of crystalline composite coating nanodiamonds impede the grain 
growth and dislocation movement which results in low plastic defor
mation [30–32]. 

Although some work has already been reported on nanodiamond 
composite coating, most of them rely on hardness improvement, grain 
refinement, and nanodiamonds lubricating effect to explain the role of 
nanodiamonds on improvement of coating adhesion. There is limited 
research concerning evaluation of the nanodiamonds atomic structure 
after adhesion and toughness tests on composite coating. In this case, the 
use of Raman spectroscopy to obtain ND vibrational and crystallo
graphic information and of molecular dynamic simulation helps gaining 
better understanding of the improvement mechanisms. 

On the other hand, dispersion of the nanoparticles in the electroless 
bath is affected by various parameters. Among those, surface chemistry 
of the particles [33] and bath plating composition [34] changes more 
significantly the driving force for nanoparticles deposition [35–37]. 
Therefore, optimization of these parameters is needed to achieve 
adequate interfacial bonding and inhibit de-attachment of particles. 

The purpose of this work is to address the aforementioned problems 
by first optimizing bath plating parameters of electroless an Ni-B- 
nanodiamond plating process aiming towards improvement of coating 
hardness and plating rate using response surface method (RSM). After
wards, the role of the nanodiamonds in the bath reaction, chemical 
composition, scratch resistance and toughness of the Ni–B coating will 
be investigated through in-depth analysis of nanodiamonds atomic 
structure using Raman spectroscopy and molecular dynamic simulation. 

2. Materials and methods 

2.1. Substrate preparation 

The ST 37 mild steel, with a size of 50 × 25 × 1 mm3 was used as a 
substrate. The substrates were ground with SiC paper up to 800 grits. 
After grinding, the substrates were degreased with acetone for 3 min and 
rinsed with distilled water. Finally, samples were immersed in 30 vol% 
HCl acid for 1 min for activation and directly transferred to the plating 
bath. 

2.2. Functionalization of the nanodiamonds 

Nanodiamonds (95 % purity) were purchased from Sigma Aldrich. 
The powders were immersed in HNO3/H2SO4 (1:3 V/V) solution for 1 h 
under ultrasonic agitation. The functionalized powders were filtered and 
rinsed with distilled water then dried at 100 ◦C. 

2.3. Statistical design of experiment 

The RSM method was applied to design the experiments and deter
mine optimal deposition conditions to attain the maximal deposition 
rate and hardness for electroless Ni-B-nanodiamond coating. The influ
ence of 3 crucial variables: nanodiamond, reducing agent, and stabilizer 
concentration (Table 1) on coatings hardness and deposition rate was 
evaluated. The concentration of other bath components including nickel 

chloride hexahydrate as nickel source (24 g/l), ethylenediamine as 
complexing agent (60 g/l), and Cetrimonium bromide (CTAB) surfactant 
(0.72 g/l) were kept constant for all the experiments. Plating was carried 
out at 95 ± 1 ◦C for 60 min under magnetic stirring, and the pH value 
was adjusted at 14 by addition of NaOH (40 g/l). 

A central composite design (CCD) with a total number of 15 exper
iments was chosen to determine experimental points. The relationship 
between the three variables and responses (hardness and thickness) are 
estimated using Design Expert Software and the arrangement of all the 
design point combinations and their corresponding experimental 
response values obtained are shown in Table 2. 

It should be noted that each of the fifteen experiments for fabrication 
of the coating has been repeated at least two times just to limit experi
mental errors by comparing the average thickness and microhardness 
value. After being sure about reproducibility of process, the obtained 
data from one of these two identical samples were reported. 

2.4. Measurement of coatings responses 

Microhardness and thickness of the coatings were measured on 
mounted and polished cross-sections of the samples. Microhardness 
measurements were performed with a hardness tester using Knoop 
micro-indentation on the cross section of samples, with a load of 50 g 
and holding time of 20 s according to ASTM E384 standard. The thick
ness of the samples was measured using a HIROX KH-8700 (Tokyo, 
Japan) digital optical microscope with 3000× magnification and 101.1 
μm horizontal field of view. For both tests the average value of the 20 
measurements on the coatings were reported. 

2.5. Characterization of nanodiamonds and optimized coating 

The bonding structure of the nanodiamonds before and after the 
functionalizing process were analysed using an ESCA-5000 Versa Probe 
X-ray photoelectron spectroscopy system with the following X-ray set
tings: beam size diameter: 200 μm; beam power: 50 W; voltage: 15 kV. 
The pressure in the analysis chamber was 2 × 10–6 Pa. The XPS data 
were collected using monochromatic AlKα radiation at 1486.6 eV and 
photoelectrons were collected at a take-off angle of 45◦ to the surface 
normal. 

The size distribution of the nanodiamonds were measured by dy
namic light scattering (DLS) at 25 ◦C and a scattering angle of 173◦ in 
auto mode. 1 mL dilute dispersion of each solution with the concen
tration of 0.2 wt% nanodiamonds filled in the quartz cuvette was used 
for measurement immediately after sonication. 

Scanning electron microscopy (SEM) coupled with Energy Dispersive 
Spectrometry (EDS) was used to study the surface morphology and 
scratched surface of the coatings. 

The chemical composition profile of the coating was investigated by 
GD-OES (Glow Discharge-Optical Emissions Spectroscopy). 

A dual beam microscope (Focused Ion Beam-Scanning Electron Mi
croscopy, FIB-SEM) was used to observe the cross section texture of the 
coatings. 

Nanoindentation was carried out on polished coating cross section, 
and the maximum penetration depth of the indenter was 300 nm. The 
results are the average value of 20 measurements. The load–displace
ment curves were analysed by the Oliver and Pharr method. 

Scratch tests with continuous load method using diamond Rockwell 
stylus with a radius of 200 μm was used according to ASTM C1624 
standard on the coating surface. The tests were performed on the coat
ings surface with a load rate of 100 N.min-1 and an advance rate of 6.75 
mm.min− 1. The final load of the test was 150 N, resulting in a scratch 
distance of 10 mm. 

Raman spectroscopy was used on the different parts of the scratched 
surface of the coatings. The power was set at 100 mW and the spectrum 
was recorded in the 800 to 2000 cm− 1 range using a micro-Raman 
system spectrometer. Measurements were carried out 4 times on each 

Table 1 
Variables and range of variation for RSM experimental design of electroless 
nickel‑boron plating bath containing nanodiamonds.  

Variables Range of variables (g/l) 

Minimum Maximum 

Nanodiamond concentration  0.1  0.5 
Reducing agent concentration (NaBH4)  0.6  1.8 
Stabilizer concentration (SnCl2)  0.02  0.1  
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point. 
The toughness of the coatings was studied qualitatively using the 

Rockwell C indentation test according to ASTM E18 standard. The cone- 
shaped diamond with a 120◦ angle at the tip (200 μm in radius) was 
pressed perpendicularly on the coating with a normal load of 150 kg, 
SEM and Raman spectroscopy were used to study the impact of inden
tation on the coatings surface. 

2.6. Molecular dynamic simulation 

Materials studio software was utilized for MD simulation and 
calculation of borohydride adsorption energy on Fe (substrate), Ni 
(coating matrix), nanodiamond (nanoparticles). The MD simulation will 
help to understand how nanodiamonds affect the reduction reaction 
during the deposition and modifies boron content of coating. Al crys
talline surface (Fe, Ni, nanodiamond) with (100) plane (the plane with 
the most negative value of Gibbs energy) was constructed by cleaving its 
unit cell. The minimum surface thickness of 15 Å was set as a cleaved 
surface. Afterwards, a vacuum layer of at least 20Å was added in the z- 
direction to eliminate the effects of periodic boundary conditions. The 
electrolyte was constructed by designing a mixture of 100 water mole
cules, and 10 Na+ and BH4

− ions. The charge of each anion and cations 
was assigned using the current method. The final solutions were placed 
over the defined surfaces through the layer builder module. 

The cells were subjected to a 500 ps minimization process under 
Canonical Ensemble (NVT) condition for reaching equilibrium condi
tion. The dynamics task of the Forcite module was applied to simulate 
the adsorption of the borohydride into the defined layers. The potential 
energy of simulation system was expressed using the Universal force 
field. The van der Waals and electrostatic non-bonded interactions were 
computed with the use of atom-based cutoff and Ewald methods, 
respectively. The velocity verle integration algorithm was applied to 
solve Newton's equation of motion with integration time steps of 1 fs 
(10− 15 s). The operational temperature was monitored via Andersen 
thermostat [38]. 

To understand the effect of the indentation force on nanodiamonds 
SP2 and SP3 carbon structure, MD simulation using Lammps software 
was carried out. The simulation model which consists of a sp2 and sp3 
carbon layer (separately) with a spherical indenter. The ratio of the SP3 
to SP2 carbon was adjusted according to the XPS analysis. The Adaptive 
Intermolecular Reactive Empirical Bond Order potential (AIREBO) po
tential for hydrocarbons was defined as an interatomic potential [39]. 
The indenter tip with the radius of 60 Å was made of carbon atoms in the 
diamond cubic structure and remains rigid during the simulations. 

One of the major limitations of the MD approach is that indenter 
velocity is considerably larger than the sliding velocities in the real tests 
[40]. Therefore, in this study, we did not intend to make a direct 
quantitative comparison between experimental and MD results; instead, 

the trends were considered. V = 100 m/s was chosen for the indenter 
velocity, and the change in the SP2 and SP3 interatomic potential and 
phase transformation was monitored. 

3. Result and discussion 

3.1. Nanodiamonds characterization 

The XPS C1s high-resolution peaks of raw and acid treated nano
diamond powders are plotted in Fig. 1. The deconvolution and fitting 
consist of 5 binding energies at 284.5 eV (sp2), 285.3 eV (sp3), 286.3 eV 
(C–O), 287.6 eV (C=O), and 288.6 eV (–COOH) [41,42]. The decon
volution results have been tabulated in Table 3. The SP3 to SP2 ratio of 
nanodiamonds after the acid treatment decreases from 2.96 to 1.66, and 
C–O bonding presents higher intensity than C––O bonding after acid 
treatment. 

It has been proved in previous publications that in acid treatment 
after breaking of C––C bonds [10], oxygen molecule is chemisorbed 
nearby, pull apart the carbon ring and produce a crown ether configu
ration in the SP2 carbon network [43,44]. This hypothesis can be veri
fied in our results since the bonding energies related to sp2 hybridized 
carbon shifted − 0.1 eV. In other words, after the oxygen molecules pull 
apart the carbon ring the electron density around the sp2 carbon 
element increases and the binding energy decreases. Therefore, binding 
energy peak shifts negatively. 

Fig. 2 shows particle size distribution of 0.2 wt% pristine and acid 
treated ND solution. The hydrodynamic diameter for the acid treated 
nanodiamonds varies between 430 and 630 nm, however, the hydro
dynamic diameter of the pristine nanodiamonds is between 900 and 
1210 nm. Results clearly indicates that the functional groups at the 
nanodiamonds surface prevent their agglomeration. This is due to the 
fact the carboxylic group in acid treated nanodiamonds releases H+ in 
alkaline solution and create repulsive force between the negatively 
charged nanodiamonds [45]. On the other hand, existence of more ox
ygen bonding groups on acid treated sample improves nanodiamonds 
basicity which increases its stability in basic solution [46]. The visual 
observation of the ND suspension stability is presented in Supporting 
Information (Fig. S1). 

3.2. Effect of deposition variables on hardness and thickness of Ni-B- 
nanodiamonds coatings 

An analysis of variance (ANOVA) was performed for the model 
fitting of the hardness and thickness data. Data fitting showed that the 
quadratic model was the most suitable model (Table. 4) for both re
sponses. No significant difference (p > 0.05) was found between the 
experimental and predicted values. 

The equation developed after the fitting process to determine the 

Table 2 
Experimental parameters of CCD design for optimization of electroless nickel‑boron bath containing nanodiamonds, and corresponding responses.  

Number (n) ND concentration (g/l) Reducing agent concentration (g/l) Stabilizer concentration (g/l) Thickness (μm) Microhardness (hk50)  

1  0.3  1.2  0.06 12.0 ± 0.9 871 ± 36  
2  0.3  1.2  0.10 12.5 ± 0.9 780 ± 27  
3  0.3  1.8  0.06 14.0 ± 1.1 820 ± 32  
4  0.3  1.2  0.02 6.5 ± 0.5 690 ± 20  
5  0.1  1.2  0.06 15.0 ± 1.0 730 ± 27  
6  0.3  0.6  0.06 12.5 ± 0.3 750 ± 29  
7  0.5  1.2  0.06 12.0 ± 0.8 820 ± 33  
8  0.1  0.6  0.02 8.5 ± 0.8 630 ± 13  
9  0.5  0.6  0.02 5.0 ± 0.4 650 ± 15  
10  0.1  1.8  0.02 10.6 ± 0.2 550 ± 11  
11  0.1  0.6  0.10 14.0 ± 0.9 608 ± 13  
12  0.5  0.6  0.10 11.0 ± 0.8 580 ± 15  
13  0.1  1.8  0.10 16.0 ± 0.8 730 ± 21  
14  0.5  1.8  0.02 7.5 ± 0.6 580 ± 11  
15  0.5  1.8  0.10 14.0 ± 1.1 730 ± 23  
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thickness as responses to input variables A (nanodiamond concentra
tion), B (reducing agent concentration) and C (stabilizer concentration) 
can be expressed as follows: 

Thickness=12.21+1.46×A+1.1×B+2.94×C+0.175×AB
+0.2×AC+0.05×BC+0.9818×A2 +0.7318×B2–3.02×C2

(1) 

Fig. 3a shows that at every concentration of the nanodiamonds there 
is an almost direct relation between reducing agent concentration and 
coating thickness. Fig. 3b shows that stabilizer concentration has a 
profound effect on the coating thickness: increasing stabilizer concen
tration up to 0.06 g/l at every concentration of reducing agent, increases 

Fig. 1. Typical high-resolution XPS spectra in C 1s region of (a) raw and (b) acid treated nanodiamonds.  

Table 3 
XPS deconvolution results of C 1s peak for raw and acid treated nanodiamonds.  

Component 
name 

Peak position (eV) FWHM (eV) Concentration (at. 
%) 

Sample name raw Acid 
treated 

raw Acid 
treated 

raw Acid 
treated 

SP2  284.51  284.40  1.5  1.2  19.5  15.43 
SP3  285.40  285.23  1.9  1.5  57.81  26.18 
C-O/C-N  286.53  286.42  1.39  1.9  20.27  40.81 
C=O/N-C=O  287.58  287.45  1.2  1.3  2.17  13.41 
COOH  288.54  288.21  1.5  1.4  0.25  4.17  

Fig. 2. DLS results of the 0.2 wt% pristine and acid treated ND alkaline solution (pH 14).  

Table 4 
Fit summary of the proposed models for hardness and thickness of composite 
coatings.  

Response Suggested model F Value P-value Statistical status 

Thickness Quadratic  128.79  <0.0001 Significant 
Hardness Quadratic  39.91  <0.0001 Significant  
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the coating thickness, and raising the concentration from 0.06 up to 0.1 
g/l slightly decreases thickness. 

Fig. 3c shows that at the stabilizer concentration of e 0.02 and 0.1 g/l 
the coating thickness does not change significantly when changing the 
nanodiamond concertation which indicates these concentrations as the 
lower and upper limits for the electroless bath stability. 

Fig. 3d shows the normal probability plots of the residuals, the data 
distributed normally which demonstrate the high accuracy of the 
thickness model (R2 = 98.37 %). 

The equation of the developed model showing the hardness as 
response can be expressed as follows: 

Hardness=859.47 11.2×A+19.2×B+32.8×C+4.75×AB
− 9.75×AC+52.75×BC − 67.18×A2–57.18×B2–107.18×C2

(2) 

The response surface plots of the coatings hardness as a function of 
defined variables are shown in Fig. 4a-c. Results show that increasing 
the reducing agent concentration from 0.6 to 1.5 g/l at every concen
tration of nanodiamonds significantly increases the microhardness of 
the composite coatings, however, it is more pronounced at a concen
tration of nanodiamond of 0.3 g/l. Further increasing of the reducing 
agent concentration from 1.5 g/l to 1.8 g/l leads to lower microhardness 

value. 
At the stabilizer concentrations of 0.02 and 0.10 g/l which have been 

described previously as the upper and lower stability limits of the 
electroless bath solution, the microhardness shows a low value which is 
in consistence with the results obtained for the thickness. 

The R-squared statistic in the Fig. 4d indicates that the model ex
plains 94.85 % of the variability of the response. 

3.3. Bath parameter optimization for fabrication of Ni-B-nanodiamond 
coating 

After the models for both responses were fitted, the maximum 
coating microhardness and thickness value was set as the goal of the 
optimization process. The RSM optimization results for variables and the 
predicted responses are tabulated in Table 5. 

The optimized Ni-B-nanodiamond coating was fabricated according 
to the optimum conditions obtained from Table. 5. The effect of nano
diamonds on microstructure, chemical composition, scratch resistance, 
and toughness of the coating has been assessed by comparing the opti
mized Ni-B-nanodiamond coating with a coating obtained in exactly the 
same deposition conditions without nanodiamonds (Ni–B coating) in 
the following sections. 

Fig. 3. 3D surface of the effect of a) A and B, b) B and C, c) A and C, variables on the thickness, and d) Plot of the experimental thickness values versus predicted 
values by RSM. 
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3.4. Comparison between optimized Ni-B-nanodiamond and Ni–B 
coating 

3.4.1. Surface morphology and texture of the coating 
Fig. 5a and b show the surface morphology of the Ni–B and opti

mized Ni-B-nanodiamond coatings. As has been mentioned previously 
by many authors, the texture of coatings consist of cauliflowers with 
sub-colonies [47,48]. Results show that at the surface of the Ni–B 
coating the sub-colonies have covered all of the surface, however, the 
distribution of sub-colonies in the Ni-B-nanodiamond coating is not 
uniform. 

Fig. 5c and d show a backscattered FIB-FESEM image of the Ni–B 
and optimized Ni-B-nanodiamond coating after polishing. The existence 
of more dark shadows in Fig. 9b clearly shows nanodiamonds are 
distributed throughout the coating. The presence of micro-cracks in both 

samples is due to the formation of internal stress in the coatings during 
the deposition. 

3.4.2. Profile chemistry 
The GDOES results of the Ni–B and Ni-B-nanodiamonds coatings are 

shown in Fig. 6a and b, respectively. In the Ni–B sample boron con
centration at the interface is close to 25.3 at. % and it almost remain 
constant. Fig. 4b shows the carbon content in the Ni-B-nanodiamond 
coating varied between 6.6 and 4.6 at. %. The boron concentration in 
Ni-B-nanodiamond is close to 23.9 at. % and it decreases linearly to 18.8 
at. % towards the top surface. It is worthy to mention that the thickness 
of the Ni-B-nanodiamond coating was consistent with 99 % accuracy 
with the predicted model based on RSM method and 2 μm higher 
compared to the Ni–B coating. 

On the mechanism of Ni-B-nanodiamond deposition it can be said 

Fig. 4. 3D surface of the effect of a) A and B b) B and C c) A and C variables on the hardness, and d) Plot of the experimental hardness values versus predicted values 
by RSM. 

Table 5 
The variable parameters value obtained after the optimization and their predicted responses.  

Nanodiamond concentration 
(g/l) 

Reducing agent concentration 
(g/l) 

Stabilizer concentration 
(g/l) 

Predicated hardness value 
(hk50) 

Predicated thickness value 
(μm) 

Desirability 

0.271 1.624 0.076 852.56 14.26 0.90  
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that the Ni2+ cations can be reduced at the substrate and nanodiamonds 
surface [10,45]. Despite the fact that nanodiamonds can act as a 
reducing agent lower boron content was observed in this sample which 
is in contrast with their borohydride reduction ability. There is also 
another factor which can affect the concentration of boron in the 
coating: it is the adsorption of borohydride ions before the borohydride 
reduction reaction during the deposition process. To check the effect of 
the addition of nanodiamonds on the adsorption of borohydride ions, a 
molecular dynamic simulation was conducted. 

3.4.3. Molecular dynamic simulation of borohydride adsorption during 
deposition 

The graphical outcomes (side view) generated after the simulation of 
borohydride adsorption in all systems are visualized in Fig. 7a-c. 

The adsorption energy of borohydride for all predefined surfaces is 
calculated using the following equation [49]: 

Eadsorbtion = Etotal − (Eadsorbate+water +Eadsorbent+water)+Ewater (3)  

where Etotal is the total energy of the simulated system; Eadsorbate+water and 
Eadsorbent+water are the total energy of adsorbate/water and absorbent/ 
water systems, respectively. Ewater is the energy of the water system. 

The quantitative results of borohydride adsorption energy are sum
marized in Fig. 7d. All surfaces show the negative value which indicates 

borohydride can adsorb spontaneously on the three surfaces during 
deposition. The nanodiamonds show lower adsorption energy compared 
to the nickel and iron. This might explain why Ni-B-nanodiamond 
coatings present lower boron content compared to the Ni–B coating. 
It has been reported by Liu et al. [50]. that the endothermic dehydro
genation reaction of borohydride to produce H+ or H- requires +384 
Kcal/mol and + 236 Kcal/mol, energy respectively. Therefore, the 
calculated adsorption energy of iron and nickel with the values of 
286.41 Kcal/mol and 347.23 Kcal/mol indicates that the dehydroge
nation reaction of borohydride on the iron and nickel can happen 
spontaneously to provide the boron atoms for the deposition. However, 
the nanodiamonds adsorption energy with the value for the 103.56 
Kcal/mol is not enough to provide the energy needed for borohydride 
dehydrogenation. 

One of the main reasons for the higher adsorption energy presented 
by iron and nickel is the fact that the bond lengths for borohydride 
configuration on Fe and Ni crystal structure hollow site is very close to 
the bond length of B–H which makes the adsorption easy. 

3.4.4. Hardness and roughness of the coating 
The average value of hardness, elastic modulus, and roughness value 

of Ni-B-nanodiamond and Ni–B coatings has been shown in Table. 6. 
Results shows that the microhardness and elastic modulus of the Ni–B 
has increased by adding nanodiamonds into the electroless bath. The 

a) b) 

Sub colonies 

Free of sub colonies 

c) d) 

Fig. 5. SEM surface morphology of the a) Ni–B and b) Ni-B-nanodiamonds coating, and FIB-SEM image of the c) Ni–B and d) Ni-B-nanodiamonds coating.  
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result of microhardness shows 96 % accuracy with our predicted results 
based on the RSM method. Higher surface roughness value of the Ni-B- 
nanodiamond coating is due to the non-homogenous structure of sub- 
colonies which has been described already. 

3.4.5. Scratch resistance of the coating 
The scratched surface of samples and COF are shown in Fig. 8. The 

COF increases during the running-in period (Fig. 8a). The increase of the 
friction coefficient can be categorized into two different stages. At the 
first stage the friction coefficient is related to the surface hardness and 
roughness, based on the traditional theories [51,52]. At the second 
stage, formation of the third layer between coating and diamond stylus 
due to the higher load value create new contact areas between these two 

parts which changes the linear slope of the friction diagram. It should be 
noted that in both stages Ni-B-nanodiamond coating shows the lower 
COF value. The SEM, EDS and Raman analysis was performed on the 
marked areas of Fig. 8b. 

Fig. 9a, b shows the scratched image of the samples at low load. Local 
collapsing of the coatings was observed in both coatings, however, se
vere coating collapse (based on the width of the scratch) along with 
randomly oriented cracks at the edge of the scratched trace was 
observed in Ni–B coating. At low loads the surface roughness plays a 
most prominent role in scratch test. High surface roughness in Ni-B- 
nanodiamond coating combined effects of tangential and vertical 
forces on the slip, leading to a wavy interface which created low shear 
bonds and cracks. [53]. 

Fig. 6. Depth profile chemical analysis of a) Ni–B and b) Ni-B-nanodiamond coating.  
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Increasing the load further lead to the formation of semi-circles 
cracks in both coatings (Fig. 9c and d). Deeper and longer cracks were 
observed in Ni–B coatings, however, the scratched surface of the Ni-B- 
nanodiamonds consisted mostly of tiny hairline cracks (Fig. 9e and f). 
Fig. 9g and h show that at the end of the scratch test there is more 
coating accumulation and pile up in the Ni–B compared to Ni-B- 
nanodiamonds coating. 

During the scratch test, one tensile stress is formed parallel to the 
scratch direction and the other perpendicular to the scratch direction. 
These stresses lead to formation of nano voids near the shear bands and 
formation of the multi-axial stress [54]. As a result, shear moves pref
erentially at soften region and off-axial shearing begin. Presence of any 
cavity, micro-pits or voids in the structure increases the probability of 
the above theory occurring and lead to formation of long and deep 
cracks. The presence of hairline cracks in the Ni-B-nanodiamond sample 
is due to the formation of branch like micro shear bands at the tip of the 
crack. In fact, when the crack reaches the nanodiamond, many axial 
shearing will simultaneously form at the shear bands and the crack 
propagation is blocked (see Fig. S2 in Supporting information). 

the Gaussian fitting of Raman spectra of the Ni-B-nanodiamond 

coating measured on different parts of the scratched surface has been 
shown in in Supporting information (Fig. S3). The diamond band shows 
a sharp peak at ~1265 cm− 1, and the graphene like carbon structure 
shows a peak around 1360 and 1550 as the D and G peak respectively. 
The disordered sp3 carbon also shows a broad peak at 1140 cm− 1 

[55–57]. 
The deconvolution results are tabulated in Supporting information 

(Table. S1). At the beginning of the scratch test (with a load up to 48 N) 
the ID/IG and the intensity of the disordered sp3 to diamond increases 
from 0.93 to 1.82 and 0.34 to 0.49 respectively. Moreover, the FWHM of 
the diamond band increases from 77.89 to 93.39 cm− 1. Results indicate 
that, at the beginning of the scratch test, diamond grains undergo sur
face damage, such as micro-cracking and graphitisation. By applying 
higher load (up to 150 N), the ID/IG decreases from 1.82 to 0.72 and the 
intensity of the disordered sp3 to diamond ratio deceases from 0.49 to 
0.43 respectively (Fig. 10a, b). Moreover, the FWHM of the diamond 
band decreases from 93.39 to 80.54 cm− 1. This is due to the fact that by 
applying higher loads more nanodiamonds will transfer from the Ni–B 
matrix to the surface. In fact, at this stage, plastic deformation and a 
shearing-off of metallic material pull out most of nanodiamonds to the 
surface which makes them act as lubricating material. 

The Fe to Ni atomic concentration on each different part of the 
scratched surface, based on the EDS results, has been shown in Fig. 10c. 
Results show that the Fe to Ni atomic concentration ratio increased in 
both coatings at a load of the 48 N, however higher increments of this 
ratio were observed in the Ni–B coating which indicate more thinning 
of the Ni–B coating. Interestingly, further increasing the load shows 
that the Fe to Ni atomic concentration ratio decreases in Ni-B- 
nanodiamond and increases constantly in the Ni–B coating. This is 
due to the formation of a third layer in Ni-B-nanodiamond that pulls out 

a) b) 

c) 
d) 

Fig. 7. The inside views of final structures of a) Fe, b) Ni, c) nanodiamond surface in sodium borohydride solution obtained from MD simulation (Fe: grey, Ni: green, 
hydrogen: white, boron: yellow, carbon: purple, and oxygen red), and d) the computed adsorption energies of the borohydride ions on all surfaces. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 6 
Values of the roughness, hardness, and elastic modulus for Ni-B-nanodiamond 
and Ni–B coating.  

Measurements Ni-B-nanodiamond Ni-B 

Knoop hardness (hk50) 821 ± 23 758 ± 17 
Nanoindentation hardness (GPa) 9.29 ± 0.6 9.09 ± 0.3 
Elastic modulus (GPa) 165.51 ± 12 149.85 ± 9 
Roughness (μm) 1.1 ± 0.09 0.50 ± 0.05  
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nanodiamonds to the surface and creates lubrication. Based on the re
sults it can be said that the formed third layer of Ni–B coating could not 
support the applied load and act as an effective lubricant. 

3.4.6. toughness of the coating 
Fig. 11a and b show the SEM images of the coatings after Rockwell C 

indentation test. The images show that extreme delamination occurs in 
the Ni–B coating and cracks are formed in the direction radially from 
the center of the identifier. Conversely, no evidence of any cracks or 
delamination was observed in the Ni-B-nanodiamonds coating, which 
indicates its higher toughness. 

According to Griffith theory of fracture, the critical cracking stress 
for the formation and propagation of a narrow straight crack is depend 
on young's modulus of materials [58,59]. Results obtained from nano
indentation test previously showed that adding nanodiamond into 
electroless bath increases the young's modulus which counts as one of 
the reason for toughness improvement. However, the difference in 
young's modulus between the 2 coatings is not sufficient to explain this 
substantial toughness difference. Therefore, to find out the main reason 
for toughness improvement, Raman spectra measurements and molec
ular dynamic simulation were conducted to observe the behavior of 
nanodiamonds during indentation. 

The deconvolution results of the Raman spectra of Ni-B- 

nanodiamond coatings before and after applying the Rockwell C load 
are shown in Supporting information (Table. S2). 

Results showed that, after applying the load, the intensity of the 
disordered sp3 to diamond ratio increases which indicates damage at the 
core of the nanodiamonds particle. Interestingly, the ID/IG ratio in
creases less significantly than disordered sp3 to diamond ratio which 
means that the diamonds undergo more severe damage than graphite. In 
order to find out the reason for this phenomena molecular dynamic 
simulation was used to study the change on the interatomic potential of 
the carbon SP2 and SP3 carbon structure before and after indentation 
test, and see the possibility of phase transformation (Fig. 12). 

When the indenter was placed directly above the SP2 carbon struc
ture, the potential of the carbon domain at the central region of the 
sample goes towards the value of the − 2.5 eV, as a result of a sequence of 
bond breaking events along the structure [60]. This interatomic poten
tial change of the SP2 carbon structure leads to the formation of strong 
monatomic carbon chains, which is a common feature of failure of 
graphene derivatives and metamaterials [61]. These monatomic carbon 
chains finally break as the indenter moves forward and results in the 
complete detachment of carbon atoms from the sample. Conversely, 
results of the simulation for SP3 carbons shows that after indentation 
test the interatomic potential of the SP3 carbon changes less comparing 
to the SP3 atoms. The interatomic potential of the SP3 carbons after the 

First stage Second stage 

a) 

b) 

Fig. 8. a) Friction coefficient variations against applied force and distance, b) optical microscopic images of the scratch test with the marked areas for analysis (up: 
Ni-B-nanodiamond, down: Ni–B). 
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a) b) 

c) d) 

e) f) 

Hairline crack 

Semi-circle crack 

Deep and long crack 

Angular crack 

g) h) 

Coating pile up 

(caption on next page) 
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indentation was varied between − 2.5 and − 8 eV (unlike SP2 carbon 
layer which all interatomic potential after indentation was close to the 
− 2.5 eV). The lower interatomic potential change of SP3 carbon atoms 

compared to SP2 carbon atoms means that the SP3 structure is more 
prone to phase transformation or form a structure with disordered bonds 
to reach the equilibrium state [62]. In order to verify this hypothesis, the 

Fig. 9. SEM micrographs of scratch 1 of the (a) Ni-B-nanodiamond (b) Ni–B coatings at the load of 5–10 N, scratch 2 of the (c) Ni-B-nanodiamond (d) Ni–B coatings 
at the load of 42–48 N, scratch 3 of the (e) Ni-B-nanodiamond (f) Ni–B coatings at the load of 68–74 N, scratch 4 of the (g) Ni-B-nanodiamond (h) Ni–B coatings at 
the load of 140–150 N. 

Fig. 10. a) The intensity ratio of the disordered sp3 to diamond, b) the intensity ratio of the D G band, c) the intensity ratio of the Fe to Ni atomic concentration 
obtained from EDS analysis of different part of scratched surfaces for Ni–B and Ni-B-nanodiamond coating. 

a) b) 

Fig. 11. SEM images of indentations effect on a) Ni-B-nanodiamond and b) Ni–B coating.  
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polyhedral template matching (PTM) in Ovito program was applied [63] 
to monitor SP3 phase transformation during the indentation process. 
The results of the polyhedral template matching during the simulation 
identifies two crystallographic phases namely diamond cubic and 

graphite HCP phases by calculating the interatomic distances between 
carbon atoms. Results of the simulation indicates that as the indenter 
proceeds more and more SP3 carbon is transformed to the graphite 
structure (see Fig. S4 in Supporting information), and at the end of the 

a) b) 

c) d) 

600ps 600ps 

Fig. 12. Change in the interatomic potential of the SP3 carbon layer a) before indentation, c) after indentation, and change in the interatomic potential of the SP2 
carbon layer b) before indentation, d) after indentation. 

100ps 200ps 300ps 

400ps 500ps 600ps 

Fig. 13. Polyhedral template matching results from Ovito showing the HCP graphite carbons form due to the SP3 carbon phase transformation during indentation 
test at the surface of diamond. 
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simulation 12.23 % SP3 carbon atoms transfer from SP3 diamond cubic 
to graphite HCP phase (SP2 atoms). 

Fig. 13 shows the number of SP3 diamond carbon structure trans
formed to graphite HCP carbon structure during the indentation. 
Transformation of the diamond to graphite might starts from diamond's 
(111), (110), and (100) plane. However, among all of them it is assumed 
that due to the similarity between the structure of the graphite plane and 
(111) diamond plane this atomic rearrangement requires less energy 
than the diamond graphitization from the others. That might explain 
why not all of the atoms on diamond transformed to graphite during 
indentation. 

Based on the simulation results it can be concluded that the reason 
for small change of the ID/IG ratio comparing to diamond to disordered 
SP3 ratio after the indentation test is the fact that SP3 atoms undergoes 
phase transformation and more graphite are formed at the surface. 

This phase transformation is the reason for higher toughness of the 
Ni-B-nanodiamond coating compared to the Ni–B coating. Due to the 
fact that diamond to graphite transformation induces volume expansion 
and produce a compressive stress field around the crack to inhibit and 
stop it propagation during indentation. On the other hand, the volume 
expansion energy can reduce the stress concentration around the crack 
tip region. As a result of preventing the crack formation the mechanical 
behavior of the coating will not reduce during indentation and coating 
shows high toughness behavior. 

4. Conclusion 

In this research, after improving the nanodiamonds stability through 
functionalization, the hardness and deposition rate of the electroless Ni- 
B-nanodiamond coating were optimized by varying the nanodiamond, 
reducing agent, and stabilizer concentration in electroless bath using the 
RSM method. The following conclusions can be drawn from the research 
work: 

• Functionalization of nanodiamonds in HNO3/H2SO4 (1:3 V/V) so
lution prevents nanodiamonds agglomeration in alkaline solution 
(pH 14). However, the SP3 to SP2 ratio decreases from 2.96 to 1.66. 

• Quadratic models were developed for the optimization of bath pa
rameters to achieve the highest hardness and deposition rate based 
on RSM method and the models were found to be mathematically 
appropriate for optimization. Analysis of variance (ANOVA) 
revealed that the stabilizer concentration has the maximal influence 
on composite coating deposition rate and hardness.  

• Despite the fact that it has been proven by other researchers that 
nanodiamonds, as carbon allotropes, can act as a reducing agent, our 
molecular dynamic simulation results showed that the low adsorp
tion energy of borohydride on nanodiamonds surface is not sufficient 
for borohydride dehydrogenation and decreases the reduction reac
tion rate. GDOES results on the coating surface verify the validity of 
the simulation by measuring the boron content of the coating.  

• Raman spectra results on the scratched surface of coating showed 
that at lower scratch force nanodiamonds undergo micro-cracking 
and graphitization which block cracks propagation, and at higher 
loads the lubricating effect of the third layer formed between the 
coating and stylus improves due to the presence of nanodiamonds.  

• The Raman spectroscopy on the Rockwell c indentation test sites 
showed that the core of the nanodiamonds undergoes more damage 
than the SP2 carbons which surrounded diamond core. However, 
molecular dynamic simulation results showed that this is due to the 
fact that 12.23 % of SP3 carbon atoms transfer from diamond cubic 
to graphite HCP phase as the indenter proceeds on diamonds surface 
and as a result the amount of SP2 carbon increases. 

Since, only a handful of studies have studied the mechanism of ND 
adhesion improvement in composite coating using MD simulation and 
Raman spectroscopy, and also as role ND of in deposition of electroless 

Ni–B is not investigated the present investigation could pave the way to 
further research. 
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[7] A. Tozar, İ.H. Karahan, Effect of octylphenyl ether group nonionic surfactant on the 
electrodepositon of the hexagonal boron nitride reinforced ni-B matrix composite 
coatings, Surf. Coat. Technol. 381 (2020), https://doi.org/10.1016/j. 
surfcoat.2019.125131. 

[8] Q. Barati, S.M.M. Hadavi, Electroless ni-B and composite coatings: a critical review 
on formation mechanism, properties, applications and future trends, Surf. 
Interfaces 21 (2020), 100702, https://doi.org/10.1016/j.surfin.2020.100702. 

[9] J.K. Pancrecious, J.P. Deepa, V. Jayan, U.S. Bill, T.P.D. Rajan, B.C. Pai, Nanoceria 
induced grain refinement in electroless ni-B-CeO2 composite coating for enhanced 
wear and corrosion resistance of aluminium alloy, Surf. Coat. Technol. 356 (2018) 
29–37. 

[10] S. Yazdani, R. Tima, F. Mahboubi, Investigation of wear behavior of as-plated and 
plasma-nitrided ni-B-CNT electroless having different CNTs concentration, Appl. 
Surf. Sci. 457 (2018) 942–955. 
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