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Abstract: The effect of cationic additive on Cr/nanodiamond plating was studied. Chromium plating was performed in Sargent bath. 
Morphology of deposit was observed by scanning electron microscope(SEM); microhardness by hardness tester; wear rate by 
tribometer; amount of diamond in deposit by combustion method and passivity by potentiodynamic scan. Experimental results show 
that in the presence of cobalt cation, the amount of nanodiamond particle in the deposit is increased. With increasing diamond 
particle amount, the metallurgical, mechanical and electrochemical properties of Cr/nanodiamond deposit are improved. However, 
this improvement seems to be constrained. In the presence of 10 g/L of nanodiamond powder and 2.5 g/L of cobalt cation in the bath, 
the amount of diamond particle in deposit is increased by 4 times; and wear rate of Cr-Co/nanodiamond deposit is decreased by 2−3 
times as compared with pure Cr/deposit. The passive current of Cr-Co/nanodiamond composite deposit is decreased from 18 to 8 μA. 
The morphology of Cr/nanodiamond is smooth remarkably in the presence of cobalt cation. 
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1 Introduction 
 

It was conformed that the mechanical and corrosion 
properties of deposit of the Cr/nanodiamond composite 
plating were enhanced. The wear resistance of 
Cr/nanodiamond composite plating was increased by 2−3 
times with inclusion of 0.01%−0.03% (mass fraction) of 
nanodiamond powder[1−4]. 

In the case of Ni/nanodiamond plating, using a 
surfactant containing an azobenzene moiety, as well as 
cobalt cation, the amount of nano-diamond included in 
nickel deposit was achieved to be 57.6% (volume 
fraction)[5−8]. 

The cerium cationic stimulator for chrome plating in 
the presence of 2 µm SiC particle was investigated[9]. 
But so far, no information concerning additive for 
nanodiamond in hexa-chromium plating was presented. 

In this work, cobalt cation as additive was selected 
to study Cr/nanodiamond composite plating in order to 
enhance the diamond amount codeposited in the plating, 
with the aim to improve the mechanical and corrosion 
properties. Inorganic compound was selected because 
chromic acid is a very strong oxidant. 

 
2 Experimental 
 
2.1 Sample preparation 

The mirror polished AISI 1024 steel (composition: 
C 0.19−0.25, Mn 1.35−1.65, S 0.05 and P 0.04; mass 
fraction, %) and brass plates were selected as substrates. 
Pre-prepared steel and brass sheets were used. Samples 
were cut. After the stuck film was removed, they were 
degreased in alkaline soak solution (at 60 ℃), pickled in 
sulfuric acid (10%) and rinsed by double distilled water. 
 
2.2 Plating bath 

Bath composition and plating conditions are listed 
in Table 1. 
 
2.3 Wear test set-up 

Wear resistance was measured on the tribometer 
(Korea). Testing parameters were revolutions of 1 000 
and 1 500, speed of 200 r/min, load of 4.94 N, radius of 
track in disk of 10 mm and diameter of ruby ball of 3.14 
mm. The width and height of abrasive slides were 
measured by surface profiler α-STEP TENCOR  
(Korea), then, conversed into wear volume. Wear rate was 
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Table 1 Bath composition and plating conditions 

Composition 
ρ(CrO3)/ 
(g·L−1) 

ρ(H2SO4)/ 
(g·L−1) 

ρ(Diamond*)/ 
(g·L−1) 

ρ(Co cation)/
(g·L−1) 

250 2.5 5, 10, 20, 20 0, 2.5, 5 

Plating condition 

J/(A·dm−2) Temperature/℃ Stirring (magnetic) 

20, 30, 40, 50 30, 40, 50 Continuous (350→100 r/min)

  
Discontinuous (350→100→

350→100 r/min) 
* Particle size of diamond supplied by KT S&P Inc. Korea, is 40 nm. 
 
calculated by the following equation: 
 
rw=VN/s                                    (1) 
 
where V is the wear volume (m3) (=wh·2πr); w and h are 
the width and height of abrasive slide (μm), respectively; 
r is the radius of track in the disk (mm); s is the total 
sliding distance (m) (=2πr·Re); Re is the revolution; and 
N is the load (N). 
 
2.4 Diamond amount determination 

The diamond amount in deposits was determined by 
combustion method (used LECO CS 600, USA). For this 
determination, the brass was selected as substrate. After 
plating, samples were immersed in 10% nitric acid, 
containing 30 g/L sodium chloride to dissolve the brass 
substrate. The remained Cr-deposit layer was washed in 
doubly distilled water several times, dried and pulverized 
by agate mortar to smooth pieces, then subjected to 
carbon analysis. 
 
3 Results and discussion 
 
3.1 Amount of diamond powder in deposit 

The deposits, prepared from plating solutions 
containing 5−40 g/L diamond powder, amongst, one 
without and others with 1, 2.5, 5 g/L of cobalt cation, 
were subjected to diamond amount determination. One 
value was averaged from the three determinations. The 
mass of Cr-deposit powder sample was 1 g. Analysis 
result is shown in Table 2. 

Without cobalt cation, the maximum amount of 
diamond powder in the deposit was detected at the 
diamond concentration of 10 g/L in the bath. Next 
experiment was performed with this diamond powder 
concentration in the presence of 1, 2.5, 5.0 g/L of cobalt 
cation. Results show that the amount of diamond particle 
in the deposit reaches a maximum at 10 g/L of diamond 
powder and 2.5 g/L of cobalt cation in the bath and is 4 
times that without cobalt cation. 

The rise in a certain limit of diamond amount in 

Table 2 Amount of diamond powder in deposit 

Experiment
No. 

ρ(Diamond in
bath)/(g·L−1)

ρ(Co cation in 
bath)/(g·L−1) 

w(Diamond in
deposit)/% 

1 5 − 0.003 

2 10 − 0.011 

3 20 − 0.009 

4 40 − 0.009 

5 10 1.0 0.030 

6 10 2.5 0.041 

7 10 5.0 0.039 

 
the deposit from hexa-chromium plating bath can be 
proposed that cobalt cation creates a more favorable 
condition for co-deposition of diamond particles than 
chromium cations. Furthermore, by conversion and 
electrostatic attraction, when searching and absorbing on 
the cathode surface, cobalt cation together with 
chromium can entrap diamond particles and embed them 
into growing plating layer. But concerning with poor 
affinity to inert particle and good leveling ability, 
chromium cations will inhibit somewhat the 
co-deposition of diamond particle. The balance of these 
effects tends to attain a maximum value (0.041%) of 
diamond powder in the deposit[11−13]. 
 
3.2 Morphology of deposit 

Observed by scanning electron microscope(SEM, 
Jeol 35C, Japan), the micrographs of Cr/nano-diamond 
deposit with and without cobalt cation are shown in 
Fig.1. 

It can be seen that the surface of chromium plating 
is lumpy with many knobs and racks. In the chromium 
plating with diamond powder, the surface becomes 
slightly rough, nodular, and it is not clear to see cracks. 
Surface of Cr-Co/nanodiamond plating is very smooth 
but there are still some cracks. However, the Cr-Co/ 
nanodiamond deposit seems very flat. Good geometric 
morphology of plating surface is concerned with the 
strength and perfection of the deposit microstructure. 
 
3.3 Mechanical properties 
3.3.1 Hardness of deposit 

Microhardness was measured by microhardness 
tester (Matsuzawa, MAX70, Japan). One datum is 
averaged from three samples; and on each, three points 
were tested. 

The results obtained on the Cr/nanodiamond plated 
samples with and without cobalt cation are shown in 
Table 3. 

From Table 3, the hardness of composite deposit is 
always increased with the increase of the inclusion of 
diamond particle in the deposit. Hardness of Cr/nano- 
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Fig.1 SEM surface morphologies of Cr and Cr/nanodiamond deposits without and with cobalt cation: (a) Cr; (b) Cr/nanodiamond;   
(c) Cr-Co; (d) Cr-Co/nanodiamond 
 
Table 3 Microhardness and wear rate of chromium deposit 
(Load: 0.49 N; Plating conditions: 50 ℃, 40 A/dm2, 90 min) 

Sample Hardness(HV) 
Wear rate/ 

(10−16m3·N−1⋅min−1)

Cr 801.8 2.61 

Cr/nanodiamond 965.0 1.95 

Cr-Co/nanodiamond 985.0 1.23 

 
diamond plating is 20% and Cr-Co/nanodiamond is 23% 
higher than that of pure Cr plating. In the presence of 
cobalt cation, hardness is increased with increasing the 
amount of diamond particle in the deposit. 
3.3.2 Wear resistance of deposit 

Wear resistance of Cr/nano-diamond deposits plated 
with and without cobalt cation was measured by 
tribometer (Korea) by ball-on-disk sliding. Results are 
shown in Table 3. 

It is confirmed that in the presence of cobalt cation, 
the wear rate of composite deposit is decreased. The 
wear rate of Cr/nanodiamond deposit is 1.95×10−16 

m3/(N⋅min) and that of Cr-Co/nanodiamond composite is 
1.23×10−16 m3/(N⋅min). Both are lower than that of pure 
Cr deposit (2.61×10−16m3/(N⋅min)). Lower wear rate 
can be attributed to the dispersion-strengthening effect 
with the incorporation of diamond particles. 

3.4 Corrosion behavior of deposit 
To evaluate the corrosion behavior of chromium 

deposit, the potentiodynamic polarization curves were 
recorded in 3.5% NaCl at ambient temperature[14] as 
shown in Fig.2 and data are listed in Table 4. 

It is obvious that the passivity of Cr-Co/ 
nanodiamond plating behaves better than Cr plating. The 
passive current of former is 2.5 μA and that of latter is  
18 μA. Passive current density of Cr-Co/nanodiamond 
 

 
Fig.2 Potentiodynamic polarization curves of chromium and 
Cr/nanodiamond composite plating with and without cobalt 
cation in 3.5% NaCl 
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Table 4 Electrochemical data of chromium deposit in 3.5% 
NaCl (Plating conditions: 50 A/dm2, 50 ℃, 120 min) 

Sample φp interval/mV Ip/μA 

Cr 0.30 18 

Cr/nanodiamond 1.00 2.5 

Cr-Co/nanodiamond 0.55 6 

 
plating is slight higher than that of Cr/nanodiamond 
plating, which may be caused by the inhomogeneous 
structure of the former. 
 
4 Conclusions 
 

1) Cobalt cationic additive created a stimulation 
effect in Cr/nanodiamond plating process. 

2) In the presence of cobalt cation, the amount of 
diamond particle in the deposit from hexa-chromium 
bath was increased, but tended to attain a maximum 
value at diamond powder concentration of 10 g/L and 
cobalt cation of 2.5 g/L. 

3) With increasing the amount of diamond particle 
indeposited in the plating, the mechanical and corrosion 
properties of Cr/nanodiamond plating were improved; 
hardness was increased by 23%; wear rate was decreased 
twice; however, the passivity of Cr-Co/nanodiamond 
plating was somewhat worsened. 
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