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Abstract 
 

Using the atomic force microscopy (AFM) and scanning electron microscopy (SEM) the surface morphology of 
chromium coatings formed from standard electrolytic chromium plating with  additional 10–120 mg/l of multi-walled carbon 
nanotubes (MWCNT) was investigated. Methods of sclerometry (or scratch testing) and AFM were used to study the 
dependence of the nanocontact characteristics of composite electrochemical chromium coatings on the concentration of CNTs 
in the electrolyte. With a CNT concentration of 60–70 mg/dm3 in the electrolyte, the hardness of the Cr/MWCNT coatings 
increased up to 65 %, the volume of material displaced by scratching decreased to 55 % with respect to pure electrolytic 
chromium. Improvement of the nanocontact characteristics of composites can be associated with a decrease in the average 
grain size and a change in the morphology of the coating surface. Using the example of composite chrome coatings, it is shown 
that the sclerometry method is more sensitive and representative for description of physical-mechanical properties of 
composite electrolytic coatings, including those with a high surface roughness (Ra ≈ 1.5–2 μm) than micro- and 
nanoindentation methods. 
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Introduction 

 
Understanding regularities and mechanisms of 

nanocontact deformation of thin films and coatings is 
necessary for design, development and operation of 
new structural materials and devices, as well as friction 
pairs in them [1–3]. The sclerometry method makes it 
possible to assess physical-mechanical properties of 
materials and coatings in the nano- and submicrometer 
range of test depths, and can also be considered as a 
model of abrasive wear with the closest approximation 
to the real conditions of interaction in local 
tribocontacts. This method can be used to study the 
mechanisms of wear of thin films and coatings [4–6]. 
The sclerometry method has a number of advantages 
for the estimation of hardness in the nanoscale with 
respect to traditional indentation. These advantages 
include a decreasing impact of surface roughness due to 
the possibility of averaging the data, reducing the effect 

of elastic recovery on the width of scratches [7].  
At present, investigation of physical-mechanical 
properties and deformation processes in submicro- and 
nano-volumes of composite materials by various 
methods, such as micro- and nanoindentation, 
sclerometry, as well as comparing various methods of 
testing, processing data and choosing among them the 
most representative is of particular interest [8]. 

It is known that carbon nanotubes (CNTs) have 
unique properties, including high mechanical strength 
and rigidity (the tensile strength σy of real nanotubes 
reaches several tens of GPa, the elastic modulus E is 
hundreds of GPa), chemical stability, high specific 
surface area (∼ 1000 m2/g), therefore they are one of 
the most promising reinforcing elements for metal 
matrices and coatings [9]. Composites with nanotubes 
as a reinforcing phase are usually manufactured by 
methods of thermal spraying, sintering, powder 
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metallurgy, spark plasma extrusion, and spark plasma 
sintering. Due to mechanical alloying in the 
manufacture of the composite, it was possible to 
achieve a uniform distribution of CNT in the metal 
matrix [10, 11]. It is known that the degree of 
uniformity of the CNT distribution in a metal matrix is 
one of the key factors that affect the resulting physical-
mechanical properties of the composite [10]. The 
formation of a chemical bond between the nanotube 
and the matrix made it possible to achieve an increase 
in the compressive yield strength and a decrease in 
wear resistance by a factor of three, as well as a 
Vickers hardness growth up to 2 times for Cu-10 % 
(bulk) CNT composites made by spark plasma sintering 
[12, 13]. However, to date, the nanocontact physical-
mechanical properties of composite materials 
containing CNTs, including electrolytic coatings, have 
not been adequately studied. The studies that involved 
scratch testing were carried out mainly for Al-Si-CNT 
and Al2O3-CNT alloys obtained by hot pressing [14], 
cold gas-dynamic spraying [15, 16] and plasma 
deposition on a substrate [17, 18]. It was found that 
with a weight content of CNT in an alloy of 1 wt %, the 
wear resistance of Al-Si-CNT increased by 40 % with 
respect to Al-Si [16]. 

Due to excellent performance characteristics, 
among which high hardness, wear and corrosion 
resistance, and reflectivity, galvanic chrome coatings 
have found wide application in various industries such 
as automotive and aerospace, instrumentation, 
agriculture, mining and chemical industries [19]. In 
order to modify the coatings, powders of microparticles 
of carbides, borides, nitrides (for example, γ-BN) [20], 
Al2O3, ZrO2, B, Cr2O3, α-С, SiO2 nanoparticles  
[21- 24], ultradispersed diamonds [25] were added to 
“trivalent” and “hexavalent” electrolytes.  
To significantly improve the performance of 
electrochemical chrome coatings, a high concentration 
of detonation nanodiamonds or Al2O3 and SiO2 
nanoparticles in the chromium electrolyte  
(C ∼ 10 g/dm3) was required [22, 26, 27]. The addition 
of carbon nanotubes at concentrations of C = 1–2 g/dm3 
to electrolytes based on trivalent chromium made it 
possible to significantly increase the microhardness (by 
30-50%) of the chromium coatings [28, 29]. It was 
shown in [30] that a relatively low concentration of 
carbon nanotubes in the electrolyte (∼ 10 mg/dm3) also 
contributes to a noticeable increase in microhardness of 
electrochemical nickel coatings. Thus, the 
microhardness of Ni/MWCNT increased by 40 % with 
the concentration of nanotubes in the nickel plating 
electrolyte C = 40 mg/dm3 by reducing the average 

grain size from 2.2 μm for pure electrolytic nickel to 
0.8 μm for the composite [31]. The aim of this work 
was to investigate the nanocontact propoerties 
(hardness and volume of the displaced material during 
scratching) of electrochemical chromium coatings 
formed from a standard chromate sulphate electrolyte 
with the addition of MWCNT (from 10 to 120 mg/dm3) 
by scratch testing and to compare data obtained by this 
method and by microindentation. 

 
Materials and methods 

 
Electroplating of chromium-based composite 

coatings was carried out from a standard sulfate 
electrolyte widely used in industry containing  
250 g/dm3 of chromic anhydride (CrO3) and 2.5 g/dm3 
of sulfuric acid (H2SO4) at a temperature of T = 50 °C. 
The powdered TAUNIT MWCNTs produced locally at 
NanoTechCenter, Tambov (Russia) were purified from 
the catalyst and added to the chrome plating electrolyte. 
The concentration C of TAUNIT in the electrolyte 
varied from 10 to 120 mg/dm3. The MWCNTs were 
synthesized by catalytic pyrolysis of natural gas on a 
Ni/Mg catalyst at atmospheric pressure and temperature 
of 620 °C. The main characteristics of the TAUNIT 
carbon nanomaterial are given in Table 1. The TEM 
images of the TAUNIT carbon nanomaterial and an 
individual multi-walled carbon nanotube characterized 
by the conical arrangement of graphene layers are 
shown in Fig. 1 a and 1 b, respectively. 

The laboratory setup for galvanic coating was a 
1.5 liter titanium bath equipped with a bubbler placed 
in a hot water bath to maintain the desired process 
temperature. The galvanic bath was supplied from 
stabilized current sources B5-1820 or from the 
industrial rectifier unit Pulsar Pro 50/12 54. 
 

Table 1 
 

Main properties of the TAUNIT carbon 
nanomaterial 

 
Outer diameter, nm ……………………….. 20–70 
Inside diameter, nm ………………………. 5–10 
Length, µm ……………………………….. ~ 1 
Total impurities, % wt 

initial ………………………………… 
(after purification) ……………………. 

 
≤ 5 
≤ 1 

Bulk density, g/cm3 ……………………….. 0.4–0.6 
Specific surface area, m2/g ……………….. 120–130 
Thermal stability in air, °C ………………... 600 
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Fig. 3. Procedure for measurement of hardness and volume of wear by the sclerometry method: 
a – a schematic image of a scratch on the surface of the sample; 

b –  the principle of measuring the cross-sectional area and the width of the scratch 
 
hardness Hsc by sclerometry was based on the analysis 
of deep scratch profiles according to AFM data.  
The hardness of coatings was determined by the formula 
[15]: 

2sc d
PkH = ,                             (1) 

where P is normal load [N], d is arithmetic mean of the 
scratch width [m], k is coefficient depending on the 
indenter’s shape. To determine the coefficient k, 
scratches were applied to a sample with a known value 
of microhardness (fused quartz). To calculate the 
amount of wear, the groove of wear was divided into 
individual segments with approximately equal cross-
sectional areas. The amount of wear was determined by 
summing the volumes of individual segments of the 
scratch. Wear volume, normalized to 1 μm wear track 
(V*) was determined by the results of at least  
65 individual measurements. The area of the scratch 
section and its width was calculated from the data of 
the deep surface profiles. The width of the scratches 
was calculated taking into account the pile up around 
the scratches. The scheme for measuring the width  
of the scratch and the cross-sectional area is shown  
in Fig. 3. 

 
Results and discussion 

 
Using the SEM method, it was found that the 

structure of the electroplating chrome coatings was 
typical of a bumpy one with a small number of cracks. 
Also, carbon nanotubes embedded in a metal matrix 
were observed on the surface of the coating subjected 
to local deformation (Fig. 4). From the analysis of 
AFM images of the surface it follows that the samples 
obtained at high concentrations of MWCNT in the 
electrolyte C = 60–120 mg/dm3 had a more pronounced 
surface relief with distinct grain boundaries, with 

respect to samples without nanotubes or with low 
concentrations of them C = 0, C = 10 mg/dm3,  
C = 40 mg/dm3 (Fig. 5, insert). This observation is 
confirmed by the construction of surface profiles  
(Fig. 5), on which rounded protrusions on the surface 
(individual grains) are clearly visible for samples 
deposited at C = 70 mg/dm3.  

Fig. 6 shows the dependence of the roughness 
index Ra (arithmetic mean deviation of the profile from 
the midline), Rz (the height of the unevenness of the 
profile by ten points) of coatings from the 
concentration of MWCNT from interferometry data. 
For pure electrolytic chromium, Ra took values of  
1.5–2 μm. At C ≤ 30 mg/dm 3, the values of Ra and Rz 
did not change significantly. The values of Ra and Rz 
had the maximum values (2.2 and 19.6 μm, respectively) 
for composites deposited at C = 60 mg/dm3. 

With the growth of C in the electrolyte from 0 to 
60 mg/dm3, a significant reduction in the average grain 
size d was not observed, which was also characteristic  
 

 
 

Fig. 4. SEM-image of carbon nanotubes embedded  
in a metal matrix 



 

 

Advanced Materials & Technologies. No. 2, 2018 64

 

AM&T 

 
 

Fig. 5. Surface topography of samples obtained at C = 0, C = 40 mg/dm3, C = 70 mg/dm3  
(In the inset: AFM-images of coatings deposited at C = 0, C = 60 mg/dm3, the scanning region size is 50 × 50 μm) 

 
of nanocomposite nickel coatings deposited at  
C = 40 mg/dm3 (d decreased from 2.2 μm to 0.8 μm) 
[30, 31]. Thus, d was 8–12 μm at C = 0 in the 
electrolyte, d = 8–10 μm at C = 10 mg/dm3, d =  
= 9–10 μm at C = 30 mg/dm3, d = 10–12 μm  
at  C = 60  mg/dm3. A small increase in d at  
C = 60  mg/dm3 was accompanied with an increase  
in surface roughness. 

For coating deposited at C = 70 mg/dm3, a larger 
number of fine grains with sizes up to 5 μm were 
observed (Fig. 7), with d being 7–10 μm. As can be 
seen from the histogram of grain size distribution, 
grains larger than 15 μm in the composite were 
practically not observed, in contrast to pure chromium. 
It is probably evidence that the ends of nanotubes and 
defects on their surface could serve as precursors for 
the nucleation and growth of new grains. 

The correlation between the nanocontact 
characteristics Hsc and V* of chromium coatings and the 
MWCNT concentration in the electrolyte were 
investigated by scratch testing at a normal load  
P = 200 mN. The Cr/MWCNT composites exhibited a 
significant improvement in nanocontact characteristics 
with respect to chromium deposits not containing 
CNTs. 

At C = 70 mg/dm3, the average hardness value was 
Hsc = 12.3 GPa, which was 65 % higher than the 
hardness of pure chromium control coatings (Hsc ≈  
≈ 7.5 GPa) (Fig. 8), with the scratch width decreasing 
from 8.5–9 to 5–7 μm (Fig. 9). 

It was established in [32] that the average values  
HV of chromium coatings ranged from 8.8 to 11.3 GPa, 
depending on the weight content of CNTs in the 
electrolyte (Fig. 8). At C = 60 mg/dm3, the electrolytic 
 

 

 
 

Fig. 6. Correlation between the coating roughness  
and the CNT concentration in the electrolyte of chrome plating 

 
 

Fig. 7. Graphs of grain size distribution for coatings deposited 
at C = 70 mg/dm3 (black bars) and at C = 0 (white bars) 
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chrome coating had the highest microhardness index 
HV = 11.3 GPa, which was 28 % higher than the 
hardness of the coating without CNTs (8.8 GPa).  
It should be noted that the Hsc(C) dependence was 
qualitatively correlated with the behavior of the 
microhardness HV(C) of coatings. This fact can be 
explained by similarity of deformation mechanisms 
acting for submicro- and micrometer volumes of locally 
deformed material. Hence, both methods are applicable 
for studying the physical-mechanical properties of 
composite electrolytic coatings, but the sclerometry 
method is more adequate to the real wear conditions 
and records a greater increase in wear resistance. 

The volume of the displaced material was 
calculated from the depth profiles of scratches acquired 
using AFM. The dependence of the averaged values of 

 
 
Fig. 8. Correlation between hardness determined in the present 
work by the sclerometry method, and Vickers’s microhardness 

of chromium coatings from the concentration of nanotubes  
in the electrolyte (adapted from [32]) 

 

 
 

Fig. 9. Typical AFM images of scratches on the coatings formed at С = 0 (а) and С = 70 mg/dm3 (b) and scratch depth profiles (c)  
for С = 0 (1), С = 60 mg/dm3 (2), С = 70 mg/dm3 (3), С = 120 mg/dm3 (4) 

 

 
 

Fig. 10. Correlation between the wear volume V* given  
on 1 μm of the wear track and the CNT concentration  

in the precipitating bath 

V* on the CNT concentration is shown in Fig. 10.  
As can be seen from the Fig. 10, at C = 70 mg/dm3, V* 
decreased to 55 %. Because of the strong effect of 
elastic recovery on the residual depth of scratch, V*  
of coatings obtained at C = 100 mg/dm3 and  
C = 120 mg/dm3 were slightly lower than in pure 
chromium, but nanohardness growth was not observed 
due to insignificant effect of elastic recovery on the 
width of scratches. As can be seen from the Figure, the 
dependences of V* on the nanotube concentration 
correlated with the behavior of Hsc(C) and HV(C). 

It is known that the main factors affecting the 
microhardness of electrolytic chromium are the 
presence of hydrogen and oxygen in the deposits, 
internal stresses, grain size [33]. Hydrogen is adsorbed 
by chromium and is located along the grain boundaries, 
in microcracks, in the crystal lattice of the metal.  
The introduction of nanotubes into a metal matrix can 

a) b) c) 
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reduce the impact of hydrogen on crystallization 
processes. The maximum hardness values and the 
largest reduction in the volume of the displaced 
material were achieved for coatings deposited at  
C ≥ 70 mg/dm3 due to a decrease in the average grain 
size. 

Thus, the sclerometry method is more relevant for 
studying the physical-mechanical properties of 
composite electrolytic coatings, including those with  
a high surface roughness (Ra ≈ 1.5–2 μm) than 
measuring micro- and nano-hardness. This test method 
is most preferable for measurement of physical and 
mechanical properties of composite coatings compared 
to other tests (indentation methods) due to higher 
information capacity and accuracy resulting from the 
opportunity of data averaging and reduced impact of 
elastic recovery [6]. 

 
Conclusion 

 
1. A method of scratch testing with low load  

(200 mN) was used to investigate the correlation 
between the nanocontact characteristics of composite 
chromium coatings and the concentration of multi-
walled carbon nanotubes in the chromium electrolyte. 
The Cr-MWCNT composites formed from a standard 
chromium electrolyte with the addition of MWCNT 
from 10 to 120 mg/l, demonstrated improved 
nanocontact characteristics with respect to pure 
electrolytic chromium. At C = 70 mg/dm3, the hardness 
Hsc increased up to 65 %, the volume of the displaced 
material V* decreased to 55 %.  

2. The improvement of nanocontact characteristics 
of the Cr/MWCNT composites can be caused by a 
decrease in the average grain size and a change in the 
morphology of the coating surface. Using the example 
of composite chromium coatings, it was shown that the 
sclerometry method is more relevant for description of 
tribological properties of composite electrolytic 
coatings, including those with a high surface roughness 
(Ra ≈ 1.5–2 μm) than micro- and nanoindentation.  
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