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Abstract
Smooth and adhesive microcrystalline CVD diamond coatings have been acquired successfully on chemically etched tita-
nium alloy (Ti6Al4V) substrates, using hot filament chemical vapor deposition technique. The mechanical and tribological 
characteristics of HFCVD microcrystalline diamond coatings on titanium alloy (Ti6Al4V) substrates are investigated in this 
research. SEM and Raman spectroscopy were used to study the morphology and quality of the coatings. The surface rough-
ness has been determined by 3d profilometer measurements. A ball-on-disk tribometer was used to characterize the friction 
and wear of the coatings. The frictional behavior of the MCD coating was studied, when sliding against smooth alumina 
ball with increasing load (1–10 N). A coefficient of friction of ~ 0.3–0.287 was obtained at a sliding speed of 12 m/s. The 
wear of the diamond coating is negligible. The alumina balls are worn out quickly as compared to the diamond coatings. 
Nanoindentation tests were carried out using Berkovich nanoindenter, and the average super-hardness of MCD coatings 
was found to be 55 GPa.
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1 Introduction

From the beginning of its invention, diamond has drawn 
a great attention of the research community [1]. Diamond 
has great promising applications due to its unique mechani-
cal, thermal, electrical and optical properties [2]. Chemical 
vapor deposition (CVD) method can be used to synthesize 
diamond in thin film form, at suitable conditions [3, 4]. 
Growth of thin solid films on the substrates through diffu-
sion can be achieved by CVD process which involves the 
gas-phase homogeneous and heterogeneous chemical reac-
tions [5]. The precursor gases inside the CVD chamber can 
be actuated with the help of heat (thermal CVD), high-fre-
quency radiation (photo-assisted CVD) or by using plasma 
(plasma-enhanced CVD) [6]. Hot filament chemical vapor 
deposition (HFCVD) reactors can be used for large-area dep-
ositions and uniform coatings on complex shaped tools. The 
activation energy for the precursor gases can be achieved 
through thermal energy generated by the resistive heating of 

refractory filaments [7]. The commonly used precursor gases 
for the growth of diamond are methane  (CH4) and hydrogen 
 (H2) [8]. To stabilize the diamond lattice and for etching the 
graphite nuclei during the growth process, hydrogen plays an 
important role in controlling the quality of diamond growth 
and methane is the source gas for carbon [9]. Methane con-
centration is the key growth parameter, which controls the 
crystallinity and grain size of the diamond coating [10]. It 
generally varies from 0.5 to 10%. The growth parameters 
that also contribute to the grain size, quality and growth 
rate of the diamond coatings are substrate to filament dis-
tance, substrate temperature and filament temperature and 
chamber pressure [11]. A small quantity of hydrocarbon gas 
 (CH4,  C2H2, etc.) in excess hydrogen  (H2) is the requirement 
in deposition of diamond coatings using a CVD process 
which involves the gas-phase decomposition of precursor 
gases [12]. The deposition conditions such as temperature 
and pressure, substrate properties and deposition time, and a 
typical gas mixture of 1%  CH4 in  H2 produce highly crystal-
line diamond films with grain sizes in the micron range [13]. 
Hot filament provides required energy for the dissociation 
of the precursor gases to form the radical species. These 
gas species will go through set of complex reactions, after 
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passing through the activation region, and move toward the 
substrate which is at high temperature (700–900 °C) [14].

The metal filament (such as W, Ta or Re) is heated up 
to approximately 2200 °C to dissociate the precursor gases 
[15]. Chamber pressure and flow rates are controlled by 
throttle valve and mass flow controllers, respectively [16]. 
Crystalline and faceted surface morphology has been found 
to be exhibited by the diamond coating with low methane 
concentration (2%), whereas that with high methane concen-
tration result in smooth surface. May et al. studied the effect 
of methane concentration on the diamond crystallite size. 
It was found that the grain size of the film decreases to the 
order of hundreds down to tens of nanometers, by increasing 
the methane in the  CH4/H2 gas mixture from 1 to 5%. Such 
diamond coatings with the grain size of few nanometers are 
smoother than the conventional MCD coatings. Liang et al. 
studied the effect of chamber pressure on the grain size of 
diamond coatings. A gradual reduction in the diamond grain 
size was detected from sub-micrometer to nanometer scale 
with the decreasing growth pressure from 37.5 to 1 Torr. 
Grain size of the CVD diamond coatings is maintained by 
the process parameters such as gas mixture, process pres-
sure and substrate temperature [17–19]. In a typical  CH4/H2 
system for the growth of diamond, 1% of methane concentra-
tion favors the columnar grain growth and yields phase pure 
MCD (grain size > 500 nm) [20, 21].

In the present study, smooth and adhesive (3 µm thick) 
microcrystalline diamond coatings have been successfully 
achieved on titanium alloy (Ti6Al4V) substrates using 
HFCVD technique. The analysis revealed the high-phase-
purity, well-oriented crystalline and columnar growth of the 
coatings. The friction characteristics of the diamond-coated 
titanium alloy substrates were compared with uncoated one, 
using ball-on-disk-type linear reciprocating micro-tribom-
eter, sliding against smooth alumina  (Al2O3) ceramic ball 
under dry sliding conditions.

2  Experimental Details

In order to realize adhesive and continuous diamond coatings 
on titanium alloy (Ti6Al4V) substrates, surface pre-treatment 
is an important step. The stepwise surface pre-treatment pro-
cedure mainly involves: (1) cleaning the substrate with organic 
solvents, (2) chemical etching of titanium alloy and (3) nano-
diamond seeding. Mechanical interlocking is the main mecha-
nism of adhesion between the CVD diamond and titanium 
alloy substrate. Good interfacial adhesion can be attained by 
providing the complicated cavities on the titanium alloy sub-
strate. To produce intricate cavities, chemical etching is the 
extensively followed surface pre-treatment process. To attain 
high nucleation densities, nanodiamond seeding is the final 
step of surface pre-treatment for diamond growth process. 

Diamond can grow directly on the chemically etched titanium 
substrates, but may end up with porous non-uniform island 
growth. In order to grow thin pin-hole-free coalesced and 
uniform film with small grains, a high nucleation density is 
required [22]. There are various methods to increase the nucle-
ation density such as micro-scratching, mechanical scratching 
using micron-sized diamond particles, nanodiamond seeding 
by ultrasonic agitation and bias-enhanced nucleation by ion 
bombardment [23]. The nanodiamond particles adhere to 
the substrate by van der Waals interactions and turn out as 
nucleation centers, by treating the substrate with ultrasonica-
tion in nanodiamond suspension [24]. To achieve nucleation 
densities as high as  1011 nuclei/cm2, nanodiamond seeding is 
the most promising technique. Such high nucleation densities 
can assist in the formation of thin and uniform coatings [25]. 
Titanium alloy substrates of size 2.3 cm diameter and thick-
ness 0.3 cm, with surface roughness (Ra) of ~ 0.35 μm, were 
cleaned in ethyl alcohol with ultrasonic agitation to eliminate 
the impurities from the surface. MCD CVD diamond coatings 
were successfully deposited on these substrates, using HFCVD 
technique with approximately uniform thickness of ~ 3 μm. 
Structural characteristics of these coatings were studied using 
grazing incidence X-ray diffraction (PANalytical) technique 
with Cu Kα (λ = 0.154 nm) radiation at 3° grazing angle and 
confocal Raman microscope (Alpha 300R, WITec) at an exci-
tation wavelength of 532 nm. Surface morphology of these 
coatings was studied using a high-resolution scanning electron 
microscope (HRSEM, Quanta 3D, FEI). Nanoindentation tests 
were done using triboindenter (TI 950, HYSITRON) with a 
Berkovich tip of total included angle (2a) = 130.5°, radius of 
curvature approximately 150 nm and at a 10 mN trapezoidal 
load cycle. The values of hardness (H) were measured from 
the load–displacement data. The values of elastic modulus (E) 
were calculated using Oliver and Pharr mathematical proce-
dure. Friction characteristics were carried out using a ball-on-
disk-type linear reciprocating micro-tribometer (CSM Instru-
ments, Switzerland) under dry sliding conditions. Alumina 
 (Al2O3) ball of size 6 mm was used as sliding ball, applying at 
three different normal loads of 1, 5 and 10 N. A sliding speed 
of 12 cm/s, frequency of 8 Hz and a friction stroke length 
of 10 mm were used for the total sliding distance of 200 m. 
Table 1 shows the coating experiment carried out to establish 
the growth parameters for depositing MCD coatings.

Table 1  Growth parameters for depositing MCD coatings

Coating type %[CH4/H2] Pressure (Torr) Time (h)

MCD 2 36 3
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3  Microstructural Characterization 
and Tribological Properties

Surface topography and cross-sectional morphology of the 
MCD coatings were mainly characterized using scanning 
electron microscopy (SEM) technique. Also, SEM was used 
to study the wear track morphologies. Microcrystalline fea-
tures of the diamond coatings were imaged with 3d pro-
filometer. Energy-dispersive spectroscopy (EDS) detector 
attached to the scanning electron microscope was used for 
the elemental analysis of the work materials and wear tracks. 
Structural characteristics of the diamond coatings were char-
acterized using XRD technique and Raman spectroscopy.

3.1  Scanning Electron Microscopy

Figure 1a shows the structure of substrate titanium alloy 
without CVD coating, and Fig. 1b shows the compositional 
analysis of the substrate. Figure 1c shows the structure 
of microcrystalline diamond coatings, and Fig. 1d shows 
its compositional analysis. Scanning electron microscope 

coupled with energy-dispersive spectroscopy (EDS) attach-
ment is the most useful tool to study the surface morphology 
and composition of the near-surface regions of the speci-
men. EDS is an analytical technique mainly used to study the 
chemical composition of the surface. Columnar structure of 
grains and faceted structure was exhibited by MCD coatings. 
Generally, well-crystallized MCD films exhibit good adhe-
sion to ceramic substrates. From SEM micrographs, it can 
be observed that MCD coatings are crack free, continuous, 
compact and able to act as protective coatings. It is obvious 
that the grain size is 200 nm to 1 µm. Generally, the thicker 
the film is, the larger the grain size is and rougher the surface 
of the diamond coatings in MCD is.

3.2  Raman Spectroscopy

Raman spectroscopy is a nondestructive and powerful tech-
nique to evaluate the quality of the diamond coatings (the 
presence of non-diamond carbon phases). When the mono-
chromatic radiation (light) is incident on the matter, this 
light may be absorbed, reflected or scattered due to interac-
tion. Light scattered from the matter may have one (Rayleigh 

Fig. 1  a SEM image displaying morphology of the substrate without diamond coating. b EDS analysis of substrate. c SEM image displaying 
morphology of the diamond coating. d EDS analysis of diamond coatings
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scattering) or more (Stokes and anti-Stokes Raman scatter-
ing) scattering events. The scattering event that occurs with-
out a change in the wavelength is called Rayleigh scattering. 
A change in the wavelength of the light is called Raman 
scattering, which is a fingerprint characteristic for the type 
of the molecules that are involved in the scattering process. 
After the Raman scattering, photons may have either higher 
or lower energy, depending on the vibrational state of that 
particular molecule [26]. Spectral information with high 
resolution of 1 cm−1 was acquired using a 20 × objective 
and 1800/mm grating at an excitation wavelength of 532 nm.

Raman spectroscopy is the widely used structural char-
acterization technique to study the crystallinity of diamond 
and related materials. It is a fingerprint characterization 
technique to distinguish between the different allotropes of 
carbon and even between the diamond coatings of different 
crystallinity because of its ability to distinguish between the 
vibrational modes of sp3 and sp2 bonding configurations. 
However, care should be taken while interpreting the Raman 
spectra of diamond coatings because Raman scattering is 
about 50 times more sensitive to π-bonded amorphous car-
bon and graphite than to the phonon band of diamond. Dia-
mond belongs to the FCC lattice with motif 2 and space 
group Fd-3 m. Highly crystalline and phase pure cubic dia-
mond has a single Raman-active first-order phonon mode 
at the center of the Brillouin zone, and this first-order band 
appears at 1332 cm−1 as a single sharp line. Small shift in 
the band wave number can be related to the stress state of the 
deposited films, while the right shift indicates compressive 
stress and the left shift indicates tensile stress [27, 28]. Fig-
ure 2 shows the Raman spectra of MCD coatings. The resid-
ual tensile stresses for the MCD diamond coating system can 
be calculated as − 0.348 (1333–1332) = − 0.348 GPa, where 
negative sign implies compressive stress.

3.3  3d Profilometer Analysis

Figure 3a–c shows the 3d profilometer images of substrate. 
The 3d profilometer imaging was carried out, and the 3d 
height image gives better topographical contrast and details 
in comparison with HRSEM image. Figure 1c shows the 
surface topography of the MCD coating obtained using 
HRSEM. However, individual micro-sized grains of the 
MCD coating cannot be probed using scanning electron 
microscopy due to charging problem. Similar area of the 
MCD coating was probed using 3d profilometer and is pre-
sented in Fig. 3d–f; it shows the 3d profilometer height image 
of the MCD coatings at a scanning areas of 3.5 × 4.4 μm2. 
Ballas type smooth grains that were observed on the MCD 
surface are having considerable micro-tribological signifi-
cance. Height details of the features were represented as a 
color scale on the right side of the 3d profilometer height 
image. 

Height imaging and phase imaging are the two impor-
tant variations of the tapping mode. Height image gives the 
topographical information, whereas phase imaging is the 
mapping of the phase difference between the driver signal 
and the oscillations of the cantilever (i.e., response signal). 
Phase shifts are recorded as bright and dark regions, compa-
rable to the way that the topographical changes are indicated 
in height image. Sectioning is an important function in the 
post-processing of the captured image. Height, depth and 
width measurements can be easily taken using this func-
tion by deriving the vertical profile of the surface along the 
sectioning line.

3.4  Structural Characterization Methods

X-ray diffraction (XRD) is an exceptional technique to rec-
ognize and study the structural characteristics of the crystal-
line materials, and it offers unmatched accuracy in the quan-
tification of atomic spacing. Crystallinity of the diamond 
coatings was studied using XRD instrument with Cu Kα 
(λ = 0.15,405 nm) radiation. The measurements were taken 
in glancing incidence mode (GIXRD) at 3° glancing angle, 
where detector scans in the vertical plane. Figure 4 shows 
the XRD analysis of the coatings. A typical XRD pattern of 
the polycrystalline diamond coating shows diffraction peaks 
corresponding to (111) and (220) planes at the diffraction 
angle (2θ) of 43.9° and 75.4°, respectively. Majority of the 
crystallites in medium-grained/microcrystalline diamond 
coatings are oriented in the <111> direction.

3.5  Mechanical Aspects of CVD Diamond

The mechanical properties such as hardness and elastic mod-
ulus of the material can be obtained directly from the inden-
tation load and load–displacement measurements. Usually, 

Fig. 2  Typical Raman spectra of the titanium alloy samples coated 
with CVD diamond
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the indentation hardness is given by the indenter load 
divided by the projected area of contact. In order to calculate 
the indentation hardness, the displacement of the indenter 
(known geometry) is measured and the full load contact 
area is estimated from the contact depth (hc < penetration 
depth). A characteristic load–displacement curve of the 
nanoindentation test shows an elastic–plastic loading curve 
followed by an elastic unloading curve. Slope of this elastic 
unloading curve segment gives the elastic modulus of the 

material. Elastic modulus (E) = (slope of the elastic unload-
ing curve) × (√/2√). Hardness (H) = /, where P = maximum 
load and A = area of contact. ℎ ,  = 3 (3hc

2)1/2tan2 65.27, where 
hc is the contact depth. The three-face Berkovich indenter 
is the most accepted choice of geometry for nanoindenta-
tion testing. Hardness of the polished MCD coatings was 
measured using a nanoindenter (TI 950, HYSITRON) fit-
ted with a Berkovich tip of total included angle (a) = 130.5° 
and the radius of curvature ~ 150 nm. Trapezoidal load cycle 

Fig. 3  a–c 3d profilometer images of the substrates without CVD diamond coatings. d–f 3d profilometer images of the MCD CVD diamond 
coatings
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(10 mN) was used, and the hardness and elastic modulus 
values were measured from the load displacement data using 
Oliver and Pharr method [29].

The thickness of the MCD coatings was ~ 3 μm. Figure 5 
shows the load–displacement curves for the polished MCD 
coatings. Seven indentation tests were performed on each 
coating using nanoindentation technique. It was evident 
from the load–displacement curves that the MCD coatings 
were resistant to deformation. The average indentation depth 
for MCD coating was 65 nm. The average hardness of MCD 
coatings was found to be ~ 55 GPa, and these values are in 
agreement with the earlier reports on diamond films [30, 31].

Mechanical characteristics of the CVD diamond coatings 
are usually classified into interfacial adhesion and hardness. 
Hardness of the CVD diamond primarily depends up on its 
phase purity and crystallinity. Microstructural quality of 

the adjacent interface materials and the type of bonding are 
responsible for adhesion between the coating and substrate. 
Adhesion between the CVD diamond and titanium alloy 
substrate is mainly by mechanical interlocking and hence 
depends on the (1) surface microstructure of the substrate 
(titanium alloy), which can be controlled by proper surface 
pre-treatment, and (2) quality of the diamond growth at the 
interface, which can be controlled by choosing the suitable 
process parameters to attain quality film growth. With the 
increase in non-diamond phases at the grain boundaries, 
the hardness of the CVD diamond coating decreases. High 
hardness is exhibited by phase pure and highly crystalline 
diamond. Inherently, CVD diamond coatings demonstrate 
exceptionally good tribological characteristics with high 
wear resistance and low friction coefficient. However, low 
friction coefficient values of about 0.05 can be achieved 
by reducing the crystallite size of the diamond to few 
nanometers.

Hardness is defined as the resistance to indentation and 
phase pure MCD coating is expected to show high hardness. 
Chowdhury et al. successfully applied the nanoindentation 
technique to measure the hardness and elastic modulus of the 
diamond coatings [32]. Catledge et al. demonstrated that the 
microstructured diamond coatings can be designed to get the 
hardness ranging from 10 GPa (medium hard) to 100 GPa 
(super-hard) which can be considered for a wide range of 
wear resistance applications [33]. Narayan et al. and Kulisch 
et al. used nanoindentation technique to measure the hard-
ness of NCD coating (45.3 ± 14.6 GPa) and nanocrystalline 
diamond/amorphous carbon composite coating (39.7 ± 2.2 
GPa), respectively [34, 35]. However, MCD coatings exhibit 
much higher hardness because of their high crystallinity.

3.6  Tribological Characteristics

Tribological characteristics for instance friction and wear 
between two contact surfaces are highly scale dependent. 
The origin of the friction and wear characteristics that is 
observed on the macroscopic level is found in the mecha-
nisms that take place at the micro-level. The micro-tribology 
helps in understanding the interaction between the materi-
als at asperity-to-asperity level and to study the third body 
or tribolayer formation. Also, the micro-tribological studies 
facilitate the understanding of the interfacial phenomena on 
a small scale and of microstructures. Tribological experi-
ments at micro-level give reliable information on interaction 
between the sliding surfaces due to its multiple asperity con-
tact configuration [36]. Micro-tribometer (CSM Instruments, 
Switzerland) attached with the reciprocating tribomodule 
was used to carry out the experiments. This reciprocating 
module reproduces the reciprocating motion of many real-
world mechanisms and allows recording the friction coeffi-
cient during forward and backward movements. The normal 

Fig. 4  XRD pattern for CVD diamond on titanium alloy

Fig. 5  Load–displacement curves corresponding to 7 indentations on 
MCD coating
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load can be varied from 1 to 10 N, and the linear speed 
can be varied from 2 to 12 cm/s. The total sliding distance 
value in meters can be set for each test. As the disk recipro-
cates, the resulting frictional forces acting between the ball 
and the disk are measured by very small deflections of the 
frictionless lever (ball holder) using a linear variable dif-
ferential transformer (LVDT) sensor. Another LVDT sensor 
was coupled to the tribometer to measure the total contact 
wear depth during the test. The sliding tribological and wear 
characteristics of the diamond coatings were studied against 
alumina balls of size Ø6 mm under dry atmospheric test 
conditions, and wear track morphology was studied using 
Raman, EDS, SEM and HRSEM.

The graph of substrate is stable from the beginning of 
the test due to the polished surface, while stabilized lin-
earity of MCD comes after a period of instability. A run-
in period is required for as-deposited films to reach a low 
steady-state value, ascribed to the surface roughness and 
the average grain size, spawning the abrasive cutting and 
plowing effects to the sharp surface asperities. Conversely, 
wear rate is another significant performance indicator in 
the friction test. However, wear of the tested diamond films 
was too stumpy to be calculated. Due to plugging, micro-
abrasion is possible; when the film has greater hardness 
and elastic modulus compared with the ball, the wear loss 
from the ball surface may be higher than from diamond 
film surface [37]. As a result, specimens coated with dia-
mond film ostensibly present better tribological properties 
than uncoated substrates [38]. Primarily, the difference of 
the friction coefficient in films is dependent on their ini-
tial roughness. Generally, the higher the surface roughness 
is, the greater the friction and wear losses are [39]. Sec-
ondly, after running in, the MCD surface is almost atomi-
cally smooth, and the friction coefficient represents the pure 
adhesive friction component. An explanation for the low 
adhesive component is that the so-called dangling carbon 
bonds at the surface are terminated by hydrogen [40]. If the 
hydrogen atoms are detached from the surface, the friction 
of self-mated diamond increases. Conventional CVD MCD 

contains small amounts of hydrogen (0.5%). This could be 
caused by spontaneous supply of hydrogen to the surface 
and thereby improved tribological properties [41]. Further-
more, low friction is directly related to the amorphization/
graphitization of diamond near the sliding contact point [42, 
43]. It is observed that it undergoes the transition from sp3 
to sp2 resulting in an amorphous adlayer that depends on 
surface orientation and sliding direction, when diamond is 
polished. The structural phase transformation and amor-
phization influence the friction and wear performances. 
Enhanced amorphization/graphitization of carbon reduces 
the shear resistance and hence lowers the friction coefficient. 
Thus, the low friction coefficient in the final stabilized liner 
can be attributed to the formation of a continuous lubricat-
ing amorphous carbonaceous layer. On the other hand, the 
low friction character of diamond is largely attributed to the 
highly passive nature of its sliding surface. Active gaseous 
species such as water vapor can be adsorbed and passivate 
the dangling surface bonds of most carbon materials, which 
prohibit the formation of bond between specimens and coun-
terparts. With the increase in load, the friction coefficient 
would decrease according to Kumar et al. [44]. As diamond 
undergoes plasticity induced amorphization/graphitization, 
the extent of phase transformation is expected to increase 
with the increase in applied load. More asperities would 
appear at high normal load, resulting in intimate contact 
between specimens and counterparts. As a consequence, the 
thickness of the transfer layer will increase and the COF will 
decrease. With the increase in film thickness, both grain size 
and roughness of MCD would increase simultaneously [45]. 
Comprehensively, all these characteristics of diamond films 
are beneficial to biological applications. For reducing fric-
tion, diamond-coated titanium alloy is better than titanium 
alloy itself. And MCD film is testified to be more advan-
tageous than virgin titanium alloy since it gains a longer 
working life.

Figure 6a shows the friction curves of the uncoated sub-
strates against alumina ball, while Fig. 6b shows the friction 
curves of the MCD coatings sliding against alumina ball that 

Fig. 6  a Tribological charac-
teristics of uncoated Ti6Al4V 
sliding against alumina ball. b 
Tribological characteristics of 
MCD coating sliding against 
alumina ball
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are plotted against sliding distance. Unstable friction behav-
ior was observed during the sliding of MCD coating against 
alumina ball. Friction values of ~ 0.25–0.35, ~ 0.25–0.325 
and ~ 0.24–0.375 were observed at 1, 5 and 10 N, respec-
tively, with the MCD coating. The average values of coeffi-
cient of friction in case of MCD coatings are ~ 0.3, ~ 0.2875 
and ~ 0.3075. The high run-in friction behavior of the 
MCD coating was attributed to its sharp and rough surface 
asperities. Friction values of ~ 0.55–0.8, ~ 0.36–0.43 and 
~ 0.35–0.425 were observed in case of uncoated substrate 
at a load of 1, 5 and 10 N, respectively. The average values 
of the coefficient of friction in case of virgin substrate are 
0.675, 0.395 and 0.3875. The detailed tribological experi-
mental results are listed in Table 2.

CVD diamond coating performs exceedingly well under 
dry sliding conditions against itself and many other ceramic 
materials such as alumina,  Si3N4, SiC due to the chemical 
inertness, high hardness and low friction coefficient. The 
tribological characteristics of CVD diamond coatings are 
dependent on the presence of non-diamond phases, grain 
size and their grain boundary strength [46]. Also, the wear 
and friction behavior of the tribocontact pairs during dry 
sliding depends on the extrinsic conditions such as sliding 
velocity, normal load and mainly on the type of interaction, 
whether chemical or mechanical [47]. The contact between 
two sliding surfaces occurs at asperities, and these asperities 
act as stress concentrators. CVD diamond coatings experi-
ence only mechanical wear by means of asperity fracture and 
abrasive damage and are highly wear resistant and chemi-
cally inert while sliding against most of the ceramics [48]. 
Due to the abrasive micro-wear mechanisms, grooves may 
form on the wear surfaces in sliding contact [49]. Purely 
mechanical wear generally shows stable friction behavior 
and produces rough contact surfaces, whereas the mating 
parts produce tribodebris or tribolayer at the contact inter-
face and modify the contact stresses due to tribochemical 
interactions or tribooxidation [50]. These tribolayers of the 
reaction products affect the wear and friction properties, 
since they are generally softer than the substrate, especially 
under un-lubricated conditions [51, 52]. The counter face 
material plays an important role in determining the friction 
characteristics of diamond coatings. In the case of non-
diamond sliders, the friction is influenced by the creation 

of a transfer layer during run-in period. Bull et al. found 
that the initial friction between CVD diamond coating and 
sapphire was ~ 0.2, but raised quickly to ~ 0.6, which was 
attributed to the formation of thick transfer layer [53]. Dia-
mond is regarded as self-lubricating material, and the low 
friction coefficient values achieved by many researchers are 
primarily due to its utmost chemical inertness (no chemical 
interaction/bonding) and sliding stimulated graphitization 
or re-hybridization of carbon. The chemistry of the sliding 
environment such as use of vacuum and relative humidity, 
inert gases or any other gases may affect the friction and 
wear characteristics of the diamond films [54, 55].

The wear and friction of diamond coatings are much 
higher in vacuum and at high temperatures, whereas it is 
normally low only in air and relatively dry inert gas envi-
ronment [56, 57]. Gaseous adsorbates such as hydrogen or 
oxygen can effectively reduce the chemical reactivity of 
the free σ-bonds on the surface of diamond. The adhesion 
component of the friction significantly reduces when these 
σ-bonds become highly passive and such diamond surface 
exhibits low friction coefficient [58]. A high surface rough-
ness of the faceted MCD coatings has a detrimental effect on 
the friction and wear characteristics [59]. However, due to 
the hard and sharp asperities these coatings hardly show any 
wear but severely abrade counter face materials [60]. Gen-
erally, MCD coatings exhibit high run-in friction behavior 
and stabilize to the lower value after a long sliding distance.

Only surface asperity level wear was observed on MCD 
coatings. Figure  7a, b shows the magnified wear track 
regions of the virgin substrate and MCD coatings. Micro-
grooves were observed on the wear track of the MCD 
coatings.

4  Conclusion

1. MCD coatings have yielded a super-hardness of 55 GPa. 
The observed high hardness of the MCD coating was 
attributed to the absence of graphitic phases as shown 
by Raman spectroscopy.

2. The MCD coatings show an average coefficient of fric-
tion of ~ 0.3–0.287 when sliding against  Al2O3 balls. An 
unstable coefficient of friction is observed in MCD coat-

Table 2  Friction values obtained during friction tests at three loads

Material Range of COF at 1 N Range of COF at 5 N Range of COF at 10 N Average COF 
at 1 N

Average COF 
at 5 N

Average 
COF at 
10 N

Ti6Al4V 0.55–0.8 0.36–0.43 0.35–0.425 0.675 0.395 0.387
MCD 0.25–0.35 0.25–0.325 0.24–0.375 0.3 0.287 0.307
Percentage reduction in average COF 55.5 27.21 20.6
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ings due to the surface roughness and surface asperities 
on the MCD coating surface.

3. The wear of the diamond coating is negligible. The 
alumina balls are worn out quickly as compared to the 
diamond coatings.
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