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a b s t r a c t

Diamond and diamond-based coatings have long been studied for their exceptional properties. Although
a great deal of research has been carried out in this field, little is known about their tribological wear
behavior. In the present work, diamond reinforced composite (DRC) coatings of varying diamond con-
tent was deposited on mild steel substrates using both oxy-acetylene (OA) and high velocity oxy fuel
(HVOF) thermal spraying techniques. The high stress abrasive wear behavior of these coatings is stud-
ied by performing two body abrasion tests for varying experimental parameters. It is observed that the
HVOF-sprayed coatings suffered abrasion at a relatively low wear rate. The reasons for variations observed
in the wear rate as a function of displacement during abrasion and grit size could be attributed to the
brasive wear

hermal spray
VOF

deterioration of abrasive particles and the particle size effect respectively. While the disparity in the wear
rates with respect to composition of the coatings was primarily controlled by the diamond content in
the coating. The abrasive wear mechanism was found to be the same in both the coatings except that
the coating deposited by HVOF spray technique, offered better abrasion resistance and therefore abraded
at a slower rate. This is possibly due to lower porosity in the coating and higher bond strength between

culat
reinforced diamond parti

. Introduction

Over the past few decades, there has been a considerable
dvancement in the theoretical know-how of abrasion and related
ear phenomena. In regard to abrasive wear, it is studied that the
ardness of the surface subjected to abrasion is of prime impor-
ance. The choice of surface material is almost completely based
n its ability to inhibit large plastic deformation, formation of wear
rooves and micro cracks etc. In the past, good results have been
chieved by application of thick hard coatings. Super hard coatings
ave been employed in order to realize the enhancements in wear
esistance associated with decrease in porosity of coating, increase
n hardness and use of nanostructured feedstock material [1]. The
evelopment of wear resistant coatings has led to the evolution of
everal novel coating technologies. These are capable of deposit-

ng advanced thin coatings of WC, TiN, TiAlN, TiC, Al2O3 and CrN

hich are generally recommended for providing protection against
brasion [2]. The performance of these thin films was less remark-
ble under abrasive conditions than sliding. This is partially due to
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es and the bronze matrix in HVOF-sprayed specimens.
© 2009 Elsevier B.V. All rights reserved.

thickness limitations of hard physical vapor deposition (PVD) and
chemical vapor deposition (CVD) coatings, their lack of toughness
and the need for effective load support especially under abrasion
with sharp and hard abrasive particles. Besides, diamond-based
and diamond-like carbon (DLC) coatings are also used to provide
resistance against wear. It has been observed that DLC films pos-
sess exceptional qualities which make it ideal for a wide range of
tribological applications. However, these films are not suitable for
severe abrasion conditions [2]. Apart from these, diamond is also
used in the powder form as reinforcement particulates in a compos-
ite mixture which is thermal sprayed on softer surfaces. The present
work concerning the wear behavior of DRC coatings is different
from the diamond film or diamond-like carbon films which are
generally produced by vacuum deposition techniques. The optimal
substrate temperature for pure diamond coating is about 900 ◦C,
which severely limits the range of substrates for practical uses.
Furthermore, it is difficult to sinter diamond powder to prepare
monolithic diamond. Therefore, to exploit the hardness of dia-
mond for various industrial applications, diamonds must be bonded

with other materials. In view of this, diamond-based composites
(bonded with metal and polymer) are developed and widely used in
industries. In many of those engineering applications, the diamond-
based composites are used in the form of coatings [3–6]. Though
a large number of techniques are available for the fabrication of

http://www.sciencedirect.com/science/journal/00431648
http://www.elsevier.com/locate/wear
mailto:karodi2002@yahoo.co.in
dx.doi.org/10.1016/j.wear.2009.02.001
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between the coated surface and the abrasive media. The wear tests
were conducted using an abrasion tester model TR 605 (Ducom,
Bangalore, India). A schematic of the abrasion wear test machine
is shown in Fig. 1. The SiC particles on the emery papers were in
the size range of 30–110 �m and the load applied was in the range
96 K. Venkateswarlu et al.

omposite coatings, thermal and plasma spray coatings are indus-
rially popular. Thermal spray technique being a low cost process
an easily be adopted in industries [5]. The diamond-based com-
osite coating on any substrate is expected to exhibit the following
dvantages: excellent wear and corrosion resistance (depending on
he matrix). Several properties of the composites such as electrical
esistivity, abradability or abrasive characteristics, surface textur-
ng, catalytic and prosthetic applicability can be tailored. The DRC
oatings are used in diamond polishing wheels, diamond wafer
lades, metal scooping tools, etc. [3–5]. The application of this
oating material is mainly dependent on the requirements. The
iamond-based coating in general is subjected to abrasion and
liding wear during various operations [6]. Though a significant
mount of work has been carried out on the sliding wear behavior
f diamond-based composites [7–9], their abrasion behavior is not
tudied adequately. In this paper, the abrasion wear behavior of DRC
oating fabricated by both OA and HVOF thermal spray technique
s discussed based on their high stress abrasive wear behavior.

. Experimental

.1. Feed stock material

The feedstock material used for the coating consisted of tungsten
arbide (WC) (average particle size: ∼2 �m), bronze (average par-
icle size: ∼30 �m) and diamond (average particle size: ∼25 �m)
owder. The powders were obtained from Metal Powder Company,
umbai, India and were reported to be of 99.9% purity. Composite
ixtures of three different compositions were selected, i.e. (Batch
: C-10%, WC-25% and bronze 65%; Batch B: C-15%, WC-25% and
ronze 60%; and Batch C: C-20%, WC-25% and bronze-55%). The
omposition of bronze was 85 wt.%Cu, and 15 wt.% Sn in all the
hree mixtures. Each powder was thoroughly mixed for 10 min in
planetary ball mill (Freitz, PM 400, Germany) for uniform mixing
f the constituents. Before proceeding for the spraying process, 1%
rea solution along with requisite amount of water was added for
ffective globulisation of the feedstock powder. Besides ensuring
n appreciable homogeneity within the globules, it also improves
he flowability of the composite powder mixture. The powder was
nally classified within −100 to +300 BSS mesh size and dried at
20 ◦C for 1 h to remove volatile matter and moisture.

.2. Oxy-acetylene thermal spraying

Before proceeding for thermal spraying of composite powder,
he substrates were degreased for removal of all surface contam-
nants from the interstices and surface pores. In addition, the
ubstrates were also polished using 120 grit emery paper in order
o roughen the surface. This ensured better adherence of the coat-
ng particles on to the substrates. The mild steel substrate was then
eated to a temperature ∼250 ◦C using acetylene torch. This was
one in order to minimize the thermal gradient between the film
nd the substrate during deposition which had a positive influence
n the adherence of coating particles. While depositing the com-
osite powder, the distance between the nozzle of the spraying
un and the substrate was kept ∼10 cm while the angle of depo-
ition was maintained at ∼90◦ in order to expel any volatile matter
hich otherwise could have affected the adherence of coating film.

inally, the coated specimens were polished using emery papers

f appropriate grit size. This was done in order to impart smooth-
ess to the coating surface and to remove loosely adhered particles.
uniform coating thickness of ∼500(±50) �m was maintained

or all the specimens during deposition. The thickness was mea-
ured using coating thickness measurement tester (Quanix 8500,
ermany).
266 (2009) 995–1002

2.3. HVOF thermal spraying

The deposition using HVOF spraying technique involved similar
preparations for the substrate material as discussed above. The mild
steel substrates were thoroughly degreased to make the interstices
and surface pores devoid of the contaminants which otherwise
could have led to surface oxidation. In order to achieve good bond
strength which is particularly unique with the coatings deposited
using HVOF technique, the substrates were also cleaned ultrason-
ically besides polishing them with 120 grit emery paper. Prior to
deposition, the specimens were properly set up in the HVOF spray-
ing unit. The process involved the mounting of mild steel specimens
on the circumference of horizontally rotating turntable, maintained
at an effective horizontal transverse rate during deposition. The
gun system (HIPOJET4500, MEC, India) delivering a vertical trans-
verse, was fixed on the transverse unit by a suitable mechanism.
A mixture of oxygen, fuel gas (liquid petroleum gas) and a car-
rier gas (argon) along with the DRC powder was introduced into
the combustion chamber. The pressures of oxygen, fuel and air
was consistently maintained at 100, 60 and 70 kg cm−2. When the
gas mixture was ignited, the controlled hot gas jet accelerated
the powder downstream along the nozzle to impact the substrate.
The velocity of particles feeding was ∼180 m/s measured by a
laser jet particle velocity analyzer. Multiple detonations occurring
within a short time at such higher velocities helped in obtaining
a coating of sufficient thickness. Under the present working con-
ditions, the temperature attained within the detonation gun was
∼1200 ◦C, measured by using an optical pyrometer. The substrates
were maintained at a temperature of ∼200 ◦C in order to avoid ther-
mal expansion during the process of coating. The coating thickness
measured after polishing of the HVOF-sprayed DRC coated samples
was ∼500 �m, which is similar to that of OA-sprayed specimens.

2.4. Abrasion wear tests

Specimen dimensions of 40 mm × 30 mm × 5 mm were selected
for abrasion wear test. The coating was done on one side of the
specimens only. Before wear testing, the coated surfaces were pol-
ished with a 400-grit SiC emery paper to ensure proper contact
Fig. 1. Schematic diagram of two-body abrasion tester.
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f 7.5–15 N. The distance traversed in each case was limited to 400
ycles corresponding to 26 m (in each cycle the distance traversed
n the sample was 65 mm). The process in which the abrasion test
as carried out included: (i) fixing the emery paper on the wheel
rmly with the help of a double sided adhesive tape, (ii) samples of
nown weight were loaded on the machine and the load applied by
eans of a cantilever mechanism, (iii) the samples were subjected

o reciprocating motion over the wheel on which the emery papers
ere embedded so that the specimen surface and the emery paper
ere always in strong contact with each other under the prede-

ermined load, and (iv) the samples were cleaned thoroughly and
eighed prior to and after each test interval. The wear rate was
easured from the weight loss and expressed as the volume loss

er unit distance traversed.

. Results and discussions

.1. Characterization of DRC powder and coating

Scanning electron microscope (SEM) images of the diamond and
C powders are shown in Fig. 2a and b, respectively. The WC par-

icles are in the size range of 1–3 �m and are relatively finer than
he diamond particles (30 ± 10 �m). The angularity observed in the
hape of diamond is quite different from the globular shape of
C particles. The globular nature imparts agglomeration tendency
o WC particles which is evident from the respective micrograph.
ence it is understood that for uniform distribution of different
articles in the deposited coating, perfect milling of the composite

Fig. 2. SEM image of starting powders (a) diamond (b) WC.
Fig. 3. SEM image of OA-sprayed DRC coatings of specimens (a) A and (b) C.

mixture for appropriate time in a planetary ball mill is quite essen-
tial. Fig. 3a and b shows the microstructures of specimen A at lower
magnification and specimen C at higher magnification respectively
with OA spray technique. It is noted that the diamond and WC
particles are uniformly distributed within the bronze matrix. The
appearance of grey shades represents the bronze rich binder matrix
and the bright region is indicative of rich WC content. The particle
size and morphology of diamond and WC particles did not change
before and after the spraying process. Moreover, owing to the fine-
ness of the WC particles, its agglomeration tendency appeared to
have reduced in the coatings deposited with OA spray technique.
The WC particles can be seen uniformly dispersed in the bronze
matrix with minimum agglomeration in a few places. The reduced
agglomeration is also due to the homogeneity within the DRC glob-

ules [10,11]. The interfacial bonding observed in case of OA-sprayed
specimen is comparatively weaker and shown in Fig. 3b. The WC
and diamond particles are loosely held in case of OA sprayed sam-
ples. In addition, there are porosities visible in the micrographs of
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ig. 4. SEM image of HVOF-sprayed DRC coatings of specimens (a) A and (b) C.

eposited coatings which are the main cause for relatively high
ear rate observed in case of OA-sprayed coatings (Fig. 3a). The
igh bond strength between the reinforced particulates and the
uctile bronze matrix of HVOF-sprayed specimen A is clearly seen

n Fig. 4a. A good interfacial bonding between the bronze matrix
nd diamond particle in HVOF-sprayed specimen C is evident from
ig. 4b. The diamond particles are strongly embedded in the bronze
atrix. Moreover, the fine WC particles are also evenly dispersed

n the bronze matrix, which imparts additional hardness and rein-
orcement to the matrix. This prevents severe deformation of the
ronze matrix during abrasion against hard SiC particles. The defor-
ation of the matrix around the diamond particles usually lead to

he weakening of particle-matrix interface which results in pull out
f diamond particles from the matrix. The porosity levels are lower

n HVOF-sprayed samples. Fig. 4a also shows a few agglomerated

C particles close to the diamond particle. Besides, another dis-
ernible observation made in regard to the HVOF coating is the
ecomposition of WC particles. The application of high tempera-
ure during HVOF spraying led to the thermal decomposition of WC
Fig. 5. Abrasive wear rate versus sliding distance of (a) OA and (b) HVOF-sprayed
coatings.

to cause minor presence of W2C in the deposited coating. Though
high particle velocity was maintained in order to offset for this high
temperature, so as to allow less residence time to the WC particles
still these underwent minor decomposition. Similar decomposition
behavior of WC was studied by others [12,13]. The observations
pertaining to porosity and bond strength is even supported by the
hardness measurements. The average hardness of the mild steel
substrate was measured 180 HV while OA-sprayed specimens A, B,
and C measured 275, 295 and 308 HV respectively. However, the
bulk hardness values of HVOF-sprayed specimens A, B and C are
300, 320 and 335 HV respectively, which are clearly higher than
mild steel substrate and OA-sprayed coatings.

3.2. Two body abrasion tests

In the present work, the abrasive wear behavior of DRC coated
specimens (both OA and HVOF-sprayed) was studied as a function
of varying experimental parameters viz., composition of coating,
abrasive particle size, sliding distance and applied load. It was
observed that the wear mechanism in both the types of speci-
mens is primarily controlled by the particle size effect. The wear

behavior as observed from the graphical representations show the
variations in wear rates of different specimens when subjected to
changes in the aforementioned experimental parameters. Fig. 5
shows the decrease in wear rate of specimen A (OA and HVOF-
sprayed) as a function of sliding distances subjected to abrasion
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the basis of particle size effect. It is generally considered that the
K. Venkateswarlu et al.

gainst emery paper embedded with SiC particles under differ-
nt applied loads. Immediately after the first 26 m of abrasion, a
harp decline is observed in the wear rate beyond which there is a
arginal reduction in wear rate up to 104 m. Reasons for the drop

n wear rate with increasing sliding distance could be attributed
o the increase in roundness of the abrading particle asperities. It
s considered that under real contact conditions during two body
brasive wear only a small number of sharp, conical asperity peaks
upport the applied load. If these asperities are used repetitively
eyond a critical distance these begin to loose their sharpness and
ecome blunted with increasing sliding distances. It is to be noted
hat in the first 26 m (comprising 400 cycles reciprocating motion)
f displacement during abrasion, at every particular instants com-
letely unabraded particles of SiC were exposed to the coating
urface. Beyond 26 m, those particles causing abrasion of the coat-
ng were already abraded once, twice or thrice in cases of 52, 78
nd 104 m of distances traversed respectively. When the abrasive
articles encountered the hard diamond particles, they underwent
ragmentation and were displaced from their position, thus ren-
ering ineffective abrasion. Consequently beyond 26 m of sliding
isplacement, the SiC particles on the emery paper were ineffec-
ive in causing appreciable abrasion of the DRC coating which is
ossibly due to the loss in sharpness of the asperities under abra-

ive contact. The decline in the wear rates with increasing sliding
istances were observed in both OA and HVOF-sprayed specimens,

rrespective of the applied load, grit size or the composition of coat-
ng. Earlier, deterioration of abrasive grits as the possible cause for

ig. 6. Abrasive wear rate versus load of (a) OA and (b) HVOF-sprayed specimen A.
266 (2009) 995–1002 999

declining wear rates has been proposed [14]. While others suggest
a material strengthening mechanism, often called the strained gra-
dient effect, at reduced scales [15]. Abrasion induces deformation
in the subsurface region which in turn causes work hardening of
the matrix material. In addition, if the deformed layer is stable and
intact, it prevents further wear. This results in reduced wear rate.
But the stability of the work hardened matrix may be lost due to
increased micro cracking tendency of the matrix. This is possible in
cases of composite coatings possessing hard reinforced particulates
which lead to reduced influence of work hardening on the abrasive
wear rate [16]. Moreover, recent computer simulations involving
the modeling of asperities as spherically tipped cones, have con-
firmed the influence of particle size on particle shape effect which
in turn controls the abrasive wear rate [17,18]. Hence this study was
intentionally confined to the variations in abrasive wear behavior of
specimens observed within 26 m of distance traversed, while com-
pleting 400 cycles of reciprocating motion. Fig. 6a and b shows the
variations in wear rates of specimen A as a function of different
grit sizes for OA and HVOF spray techniques respectively. It was
observed that the wear rate increased with increasing grit size or
vice versa but, this variation was not proportional. The reduction
in wear rates with decrease in particle size could be explained on
particle size effect is manifested at particle sizes below 100 �m
[19–22]. Hence to study the dominance of particle size effect the
size of abrading media (SiC particles) was selected within the range
of 30–110 �m. The increase in wear rate was marginal when the

Fig. 7. Abrasive wear rate versus load of (a) OA and (b) HVOF-sprayed specimens A,
B, and C.
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are believed to influence the width and depth of the wear grooves as
000 K. Venkateswarlu et al.

rit size increased from 30 to 60 �m. However war rate for 110 �m
howed a significant increase in the wear rate. This is significant of
he fact that in finer size range, the size of abrasive particles has a
rominent role on wear rate. This is in good agreement with the
rgument which proposes that smaller particles experience abra-
ive contact for relatively greater displacement and are therefore
ore prone to deterioration. Hence the particles in the smaller size

ange are ineffective in exercising significant influence on abrasive
ear rate. This trend is found prevalent in the wear behavior of
oth OA and HVOF-sprayed specimens. Besides, there was a signif-

cant increase in wear rate when the grit size increased to 110 �m.
he increase in applied load caused a significant increase in the
ear rate irrespective of the abrasive size. Higher applied loads led

o an increase in the depth of penetration and the depth of wear
rooves. Higher applied loads and coarser abrasive size together
aused the formation of micro cracks which in turn led to greater
aterial volume loss and hence facilitated the increase in wear rate.

or low loads, the large valleys in between the contacting asperities
cted as reservoirs of debris accumulation. The wear debris clog-
ing the valleys played a substantial role in separating the surfaces
nd mitigating the wear [23]. This was more likely when the parti-
le size decreased [23]. With increased loads, it is understood that
he asperity penetration is high and it is possible that the debris are

ore effectively cleared into the surface valleys [23]. Increasing the
pplied load produces more debris but at the same time compresses

hem as expected. The wear debris is then pushed out of the way
uring abrasive contact. The above facts also explain the cause of
udden change in wear rate when the grit size changed to 110 �m.
he increasing wear resistance of the DRC coating caused by the

Fig. 8. Example of wear track of specimen A for (a) OA, (b) HVOF-sp
266 (2009) 995–1002

increase in diamond concentration is quite clear from the Fig. 7a
and b that shows wear rate plotted against applied load for OA
and HVOF-sprayed specimens (A, B and C). It is also observed that
larger diamond concentration of the coatings presents the lower
wear rate. Even WC particles exercise significant influence on the
wear behavior by improving the hardness of the base matrix. Both
WC and diamond particles play a synergistic influence in improving
the wear resistance of the coating but, the diamond concentration
is an extremely important variable. It is significant of the degree of
matrix wear out that can occur. If the concentration is too low, rapid
matrix wear out occurs, resulting in greater wear loss. In contrast, if
the diamond concentration is high, the matrix becomes inaccessible
to wear out to any significant depth. Still very high concentration of
diamond should be avoided, for then there is insufficient matrix to
facilitate formation of a strong bond between the reinforcing par-
ticulates and the substrate. In addition, coatings possessing higher
diamond content are quite expensive. The wear behavior is found
to be dominated by the following salient factors. (i) The hardness
of the surface coating exposed to abrasive wear conditions. (ii)
Presence of protruding hard diamond and WC particles to provide
protection to the bronze matrix from the abrasive wear action of
abrading media (SiC particles embedded on the emery paper). (iii)
The ability of hard particles to withstand the applied effective load
so that it remained intact on the surface. In addition, these factors
rayed coatings (c) OA-sprayed coating at lower magnification.

well. If the depth/width of the grooves is greater than that of hard
reinforced particles, the influence of the particle reinforcements
on the improvement in wear resistance is significantly less. Often,
the influence could be negligible. For instance the SiC particles of
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Fig. 9. Wear track on the debris of OA-sprayed specimen A.
K. Venkateswarlu et al.

ize 30 and 60 �m made wear grooves of depth much less than the
ize of diamond particles. But, still the depth of wear grooves was
reater than that of the size of WC particles. However, the pres-
nce of fine WC particles is expected to improve the strength and
ardness of the matrix materials and hence believed to facilitate
he formation of fine wear grooves. Under such circumstances, the
ear rate is primarily governed by the protruding hard diamond
articles by controlling the depth of penetration by the abrading
articles on the coating surface. In contrast, when the abrasive size
as increased to 110 �m, the depth and width of the wear grooves

ormed were relatively greater in size when compared with that of
iamond and WC particles. Finally, comparison was made between
he abrasive wear resistant performance of OA and HVOF-sprayed
pecimens. This involved the present wear results for OA vis-à-vis
VOF-sprayed specimens. The difference in wear rates as a func-

ion of different experimental parameters can be seen clearly in
igs. 5 and 6. The wear performance delivered by the HVOF spec-
mens is clearly better than that of OA specimens, irrespective of

hether the plot is against grit size or composition of the coat-
ng. The plausible reasons for this could be the high bond strength
etween the diamond reinforcements and the bronze matrix. If the
ond strength between the particles and matrix is poor, the gap
cts as micro cracks. Hence higher wear loss is expected under
uch conditions. The angularity in the shape of diamond parti-
les facilitated better holding of the particles in the matrix. The
ptimum sharpness of the cutting edges ensured minimum effec-
ive forces on the particles. In addition, even the agglomerations of

C particles present in the matrix provide good resistance against
brasion and hence inhibit the deformation of matrix. As concerns
he mechanism governing the wear of DRC coatings, it is proposed
hat when the SiC particles came into contact with the coated
urface under the application of fixed load, the stresses imposed
y the hard, sharp asperities of SiC particles caused deformation
nd consequent extrusion of the bronze matrix. The matrix under-
ent severe deformation thereby causing a reduction in the matrix

upport, which was earlier imparted to the WC and diamond rein-
orcements. Subsequently prolonged abrasion of the coating led to
he micro cracking and pullout of reinforced particulates, under the
onditions of reduced matrix support. The severity of the deforma-
ion suffered by the matrix in OA-sprayed specimens is clear from
ig. 8, which shows the wear tracks formed during the abrasion
f specimen A with OA and HVOF-spray techniques. The HVOF-
prayed specimen suffered relatively less deformation and hence
ffered better resistance to abrasion. The wear debris formed was
ollected and the elemental composition was confirmed through
nergy Dispersive Spectroscopy (EDS) analysis. Fig. 9 shows the
EM image of wear tracks formed on the wear debris during abra-
ion of OA-sprayed coating. Fig. 10a and b shows the peaks of
ifferent elements present in the EDS of wear debris of specimen A
or OA and HVOF spray techniques respectively, abraded under an
pplied load of 10 N. It is clear from the EDS analysis that there is a
elatively higher percentage of Cu and Sn present in the wear debris
f OA-sprayed coating which signifies greater matrix wear out. In
ddition, the presence of tungsten (W) gives a clear understand-
ng of the severity of abrasion which led to the pull out of fine WC
articles. It also speaks about the relatively weak bonding of rein-
orced particles. In contrast, the absence of W in the debris formed
uring the abrasion of HVOF-sprayed coating delineates better per-
ormance of the matrix which suffered relatively less deformation
nd hence resisted the fracture and subsequent pull out of WC par-
icles. The plausible reasons for this behavior could be attributed to

he size of diamond particles. The size of diamond particles is larger
han that of WC particles. A small particle is easily dislodged by
n encounter with abrasive grain, while a larger particle can with-
tand the same encounter and protect the underlying matrix. If the
iamond particles are larger, matrix wear out ceases after a cer-
Fig. 10. EDS of wear debris of specimen A (a) OA and (b) HVOF-sprayed specimen.

tain depth is reached. Hence the diamond particles imparted much
greater wear resistance than the WC particles and this is more pro-
nounced in case of HVOF-sprayed coatings where the bond strength
is relatively high.

4. Conclusions

DRC coatings of varying diamond concentration were deposited

on mild steel substrates with OA and HVOF spraying techniques.
The OA-sprayed specimens readily suffered abrasion in compari-
son to those deposited with HVOF spray technique under similar
experimental conditions. It is concluded that the HVOF-sprayed
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pecimens owing to its lower porosity and higher bond strength
etween reinforced particulates and the matrix led to substantial
eduction in the deformation of matrix which in turn facilitated
igher wear resistance. This is the prime reason for the disparity
bserved in the wear rates of the coatings deposited using two dif-
erent techniques. In addition to the high hardness of HVOF-sprayed
oating, the uniform distribution of diamond particles in the matrix
s considered important in the view of reduced matrix deformation.
he reduction in the wear rates with increasing displacement dur-
ng abrasion is due to the deterioration of abrasives which caused
oss of abrasiveness. While the variations in the wear rates as a func-
ion of abrasive size is mainly controlled by the particle size effect.
he increase in abrasive grit size from finer to coarser was respon-
ible for the increase in wear rate, but the effect was marginal for
ner grit sizes.

cknowledgement

The authors would like to thank Prof. S.P. Mehrotra, Director,
ML, Jamshedpur, for his kind permission to publish this paper.
e would also like to thank Mr. Manoj Kumar Gunjan for his SEM
ork. In addition, the authors are grateful to Dr. B.K. Prasad and Dr.

.C. Pathak for their critical suggestions. Our sincere thank to Mr.

.C. Modi, MECPL, Jodhpur for his valuable suggestions. The work
as partially financed by Department of Science and Technology,
overnment of India, New Delhi.

eferences

[1] H. Chen, C. Xu, Q. Zhou, I.M. Hutchings, P.H. Shipway, J. Liu, Micro-scale abra-
sive wear behaviour of HVOF sprayed and laser-remelted conventional and
nanostructured WC–Co coatings, Wear 258 (2005) 333–338.

[2] Tribology in Practice Series, Wear-Material, Mechanism and Practice, in: G.W.
Stachowiak (Ed.), John Wiley & Sons Inc., 2005.
[3] P.M. Natishan, R.K. Everett, J.W. Glesener, P.E. Pehrsson, B. Maruyama, A.S. Edel-
stein, A.A. Morrish, Mater. Sci. Eng. A 197 (1995) 79–81.

[4] P.K. Bachman, R. Messier, Emerging technology of diamond thin films, Chem.
Eng. News (1989) 24–39.

[5] K.E. Spear, Diamond-ceramic coating of the future, J. Am. Ceram. Soc. 72 (1989)
171–191.

[

[

266 (2009) 995–1002

[6] T. Neykova, J. Kourtev, I. Petrov, V. Orlinov, Investigation of ion-assisted deposi-
tion diamond-like carbon films, Bulg. J. Phys. 17 (1990) 52–59.

[7] I.Sh. Trakhtenberg, S.A. Plotnikov, O.M. Bakunin, S.G. Yakovleva, A.A. Nechaev,
S.D. Gorpinchenko, A.B. Vladimirov, L.G. Korshunov, N.V. Gavrilov, V.N.
Mizgulin, The effect of additional treatment on tribological properties
of amorphous carbon coatings on metals, Diam. Relat. Mater. 7 (1995)
1020–1024.

[8] S.D. Gorpinchenko, I.Sh. Trakhtenberg, O.M. Bakunin, S.A. Plotnikov, A.A.
Nechaev, V.N. Mizgulin, N.V. Gavrilov, Breakdown of A-C coatings on ion-
implantation-modified metal alloys with a jet of abrasive particles, Diam. Relat.
Mater. 3 (1994) 779–782.

[9] I.Sh. Trakhtenberg, S.A. Plotnikov, A.B. Vladimirov, Ya.L. Liberman, V.A. Kanalina,
V.A. Boborykin, V.M. Leizerov, Service properties of cutting tools hardened with
a diamond like coating, Diam. Relat. Mater. 2 (1993) 1434–1438.

[10] K. Venkateswarlu, A.K. Ray, M.K. Gunjan, D.P. Mondal, L.C. Pathak, Tribological
wearbehavior of diamond reinforced composite coating, Mater. Sci. Eng. A 418
(2006) 357–363.

[11] K. Venkateswarlu, S. Mohapatra, R.G. Rao, A.K. Ray, L.C. Pathak, D.P. Mondal,
High abrasive wear response of diamond reinforced composite coating: a fac-
torial design approach, Tribol. Lett. 24 (2006) 7–14.

12] Q. Yang, T. Senda, A. Hirose, Sliding wear behavior of WC–12% Co coatings at
elevated temperatures, Surf. Coat. Technol. 200 (2006) 4208–4212.

[13] T. Sudaprasert, P.H. Shipway, D.G. McCartney, Sliding wear behaviour of HVOF
sprayed WC–Co coatings deposited with both gas-fuelled and liquid-fuelled
systems, Wear 255 (2003) 943-949.

[14] J. Larsen-Badse, Some effects of specimen size on abrasive wear, Wear 19 (1972)
27–35.

[15] H.McI. Clark, R.B. Hartwich, A re-examination of the ‘particle size effect’ in slurry
erosion, Wear 248 (2001) 147–161.

[16] B.K. Prasad, K. Venkateswarlu, S. Das, A.K. Jha, R. Dasgupta, Influence of SiC
reinforcement on the abrasive wear response of an Al-Cu alloy under con-
ditions of varying abrasive size and applied load, J. Mat. Sci. Lett. 16 (1997)
1113–1115.

[17] J. Jiang, F. Sheng, F. Ren, Modeling of two-body abrasive wear under multiple
contact conditions, Wear 217 (1998) 35–45.

[18] R. Gahlin, S. Jacobson, The particle size effect in abrasion studied by controlled
abrasive surfaces, Wear 224 (1999) 118–125.

[19] D.V. De Pellegrin, G.W. Stachowiak, Assessing the role of particle shape and scale
in abrasion using ‘sharpness analysis’: Part I. Technique development, Wear 253
(2002) 1016–1025.

20] D.V. De Pellegrin, G.W. Stachowiak, in: D. Dowson, et al. (Eds.), Tribology Series,
39, Elsevier, 2001, pp. 517–1517.

21] J. Goddard, H. Wilman, A theory of friction and wear during the abrasion of

metals, Wear 5 (1962) 114–135.

22] H. Sin, N. Saka, N.P. Suh, Abrasive wear mechanisms and the grit size effect,
Wear 55 (1979) 163–190.

23] D.V. De Pellegrin, G.W. Stachowiak, Evaluating the role of particle distribution
and shape in two-body abrasion by statistical simulation, Tribol. Int. 37 (2004)
255–270.


	Abrasive wear behavior of thermally sprayed diamond reinforced composite coating deposited with both oxy-acetylene and HVOF techniques
	Introduction
	Experimental
	Feed stock material
	Oxy-acetylene thermal spraying
	HVOF thermal spraying
	Abrasion wear tests

	Results and discussions
	Characterization of DRC powder and coating
	Two body abrasion tests

	Conclusions
	Acknowledgement
	References


