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Abstract - In this study, WC-Co and Cr3C2-NiCr coatings were deposited on H-13 hot forging steels by Detonation Gun-
spray process and analysed with regard to their performance under abrasive wear conditions. Dry Sand Abrasive Wear 
Testing Machine was used for wear tests, and the effects of three parameters namely: speed (rpm), load and composition, on 
abrasive wear of the material was investigated. The Detonation gun-sprayed WC-Co and Cr3C2-NiCr coated H-13 steel 
showed better abrasive wear resistance in comparison with their uncoated counter parts. It may be due to the higher hardness 
and toughness as a result of – D-gun sprayed WC-Co and Cr3C2-NiCr coating in comparison with the uncoated H-13 steel. 
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I. INTRODUCTION 
 
Hot forging dies are subjected to severe wear 
(adhesive and abrasive), high stresses and 
temperatures. The die surface and near surface region 
is subjected to the most severe conditions during 
forging and hence most defects and causes of failure 
of the dies originate from this region. Die surface 
treatments such as nitriding, weld overlays (or hard 
facing) and chemical and physical vapor deposition 
of heat resistant ceramic materials have been 
observed to substantially increase the life of the hot 
work dies. 

 
Fig. 1 

The classification and size of various surface 
treatments and coatings and their typical depths is as 
shown in Figure 1. Most die surface treatments are 
used to increase the hardness of the surface as the 
die wear decreases with increase in hardness. 

        
1.1 CERAMIC COATINGS: 
Ceramic coatings are often used as barrier materials 
to enhance the interaction between moving metal 
parts, such as in the automotive industry. However, 
they are also increasingly being employed to augment  

 
certain manufacturing processes, and exhibit potential 
for improving the efficiency of some fabricating 
methods. Ceramic coatings are sturdy and have a high 
level of lubricity, but due to oxidation concerns, they 
are typically used in temperatures under 1,200 
degrees (F). However, this allows them to be applied 
to hot forging dies, which operate at lower 
temperatures. Ceramic coating increases the 
operational lifespan for these dies, allowing them to 
produce a greater number of parts before wearing 
down. 
Sahraoui T et. al discussed that carbide based 
coatings are widely used in abrasive, erosive and 
oxidizing environments for various applications. 
However, these coatings have not been studied in 
detail with regard to their use for hot forging die 
materials. These coatings exhibit high hardness with a 
high volume fraction of carbide being preserved 
during the spraying, providing different wear 
behaviors. [1]  
Shirgaokar, M studied that carbides have 
approximately 125% greater thermal conductivity 
compared to steels, which in turn is 200% greater 
than that of ceramic. Thermal expansion of steels was 
180%-200% greater than that of ceramic and carbide. 
Thermal conductivities influence the temperature 
gradient in the dies. The interaction between the 
thermal conductivities and thermal expansion 
influences the surface stresses and the thermal fatigue 
in the die surface [2].  
Legg K.O. et.al discussed carbide coatings mostly 
preferred for applications are also being considered as 
a viable replacement for hard chrome plating in 
abrasion, sliding and erosion applications owing to 
the strict environmental regulations [3]. 
 
1.2 THERMAL SPRAYING: 
 
Goyal Rakesh et.al discussed thermal spraying is an 
effective and low cost method to apply thick coatings 
to change surface properties of the component. 
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Among the commercially available thermal spray 
coating techniques, Detonation Spray (DS) and High 
Velocity Oxy Fuel (HVOF) spray are the best choices 
to get hard, dense and wear resistant coatings as 
desired [4].  
Sidhu Buta Singh et.al discussed thermal spraying has 
emerged as an important tool of increasingly 
sophisticated surface engineering technology. The 
different functions of the coating, such as wear and 
corrosion resistance, thermal or electrical insulation 
can be achieved using different coating techniques 
and coating materials [5]. Vikas et.al studied there are 
many thermal spray coating deposition techniques 
available, and choosing the best process depends on 
the functional requirements, adaptability of the 
coating material to the technique intended, level of 
adhesion required, (size, shape, and metallurgy of the 
substrate), and availability and cost of the 
equipment.[6 ] 
Thermal spray processes that have been considered to 
deposit the coatings are enlisted below: 
(1) Flame spraying with a powder or wire,  
(2) Electric arc wire spraying,  
(3) Plasma spraying, 
(4) Spray and fuse, 
(5) High Velocity Oxy-fuel (HVOF) spraying,  
(6) Detonation Gun. 
 
1.2.1 D-GUN SPRAYING TECHNIQUE: 
Detonation gun coatings are often considered to be 
the premier thermal spray coatings, which can 
produce coatings that are as dense as 99% of 
theoretical density. Almost any material can be 
sprayed and this process is most widely used for 
praying the    ‘hi tech’ coatings like carbides, 
ceramics and composites. 
Variety of powders like carbides, cermets, ceramics, 
metals and alloys can be used as coating powders. 
These coatings are basically used for enhancing the 
service life of the components by several folds in 
almost all sectors of industry where the components 
are subjected to wear, abrasion, erosion and corrosion. 
 Rajasekaran B. et.al discussed that D-gun spray 
process is a thermal spray coating process, which 
gives an extremely good adhesive strength, low 
porosity and coating surface with compressive 
residual stresses [7].  
Tucker R.C. Jr. and Souza V.A.D et.al explained that 
Detonation gun (D-gun) spraying is one of the 
promising thermal spray technologies for producing 
high quality wear resistant coatings. In the D-Gun 
process (Fig. 1) the fuel gases (acetylene and oxygen) 
are mixed along with a pulse of powder introduced 
into the barrel. Detonation using a spark generates 
waves of high temperature and pressure which heat 
the powder particles to their melting point or above. 
Particle velocities of about 750 m/s, can be achieved 
or, by changing some parameters and the fuel gas, the 
process can produce  velocities in order of 1000 m/s 
and hence the reason for the name D-Gun. This 

process is a non-continuous process by the fact that 
after each detonation the barrel is purged with 
nitrogen and the process is repeated at up to10 times 
per second. Coatings are produced with very high 
bond strength and generally porosity lower than 2% 
with thickness ranging from 50 to 500µm. The 
extremely high velocities and consequent kinetic 
energy of the particles in the D-Gun process allow 
most of the coatings to be deposited with residual 
compressive stress rather than tensile stress [8]-[9]. 
 

 
   Fig2 
 
Y. J. Zhang  et.al discussed Detonation-gun spraying 
(D-Gun) can achieve a temperature as high as 3850 
°C in the combustion, and accelerate powder particles 
to a speed of 600 to 1200 m/s, which is much higher 
than that of low pressure Plasma Spraying (about 400 
m/s) and High-Velocity Oxy-Fuel spraying (at 
maximum 500 m/s). As a result, the detonation spray 
coating gets a denser microstructure [10].  
 Ahmed and Hadfield investigated the rolling contact 
fatigue performance of detonation gun coated 
elements. A modified four ball machine which 
simulates a rolling element bearing was used to 
examine the coating performance and failure modes 
in a conventional steel ball bearing and hybrid 
ceramic bearing configurations. Tungsten carbide 
(WC-15% Co) and aluminium oxide (Al2O3) were 
thermally sprayed using a super D-Gun (SDG2040) 
on M-50 bearing steel substrate in the geometrical 
shape of a cone. A coated cone replaced the upper 
ball that contacts with three lower balls. The rolling 
contact fatigue (RCF) tests were performed under 
immersed lubricated conditions using two different 
lubricants. It was observed that WC-Co coatings 
performed better than Al2O3 coatings in rolling 
contact. [11] 
Performance of plasma sprayed and detonation gun 
sprayed Cu–Ni–In coatings on Ti–6Al–4V under 
plain fatigue and fretting fatigue loading was 
evaluated by Rajasekaran et al. [12]. Cu–Ni–In 
powder was coated on Ti–6Al–4V fatigue test 
samples using plasma spray and detonation gun (D-
gun) spray processes. Coatings were characterized in 
terms of microstructure, porosity, micro hardness, 
residual stresses and surface roughness. Uniaxial 
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plain fatigue and fretting tests were carried out at 
room temperature on uncoated and coated specimens. 
D-gun sprayed coating was dense with lower porosity 
and harder than the plasma sprayed coating and 
substrate because of its higher density and cohesive 
strength. Surfaces were very rough in both the 
coatings. While D-gun sprayed coating surface had 
higher compressive residual stresses, plasma sprayed 
coating surface exhibited lower values of 
compressive residual stresses and even tensile 
residual stresses. The ill effect of surface roughness 
was overcome by the beneficial influence of higher 
compressive residual stresses on the surface and 
higher surface hardness and so the D-gun sprayed 
samples exhibited superior plain fatigue lives 
compared with uncoated specimens and, than the 
plasma sprayed coatings. Though D-gun sprayed 
samples experienced higher friction forces, they 
exhibited superior fretting fatigue lives due to the 
presence of higher compressive residual stresses, 
higher surface hardness and higher surface roughness 
compared with uncoated specimens 
 
Murthy et al. [13] analyzed the abrasive wear 
behaviour of WC–CoCr and Cr3C2–20(NiCr) 
deposited by HVOF and detonation spray processes. 
The abrasion tests were done using a three body solid 
particle rubber wheel test rig using silica grits as the 
abrasive medium. Authors found that the DS coating 
performs slightly better than the HVOF coating 
possibly due to the higher residual compressive 
stresses induced by the former process and WC-based 
coating has higher wear resistance in comparison to 
Cr3C2-based coating. Also, the thermally sprayed 
carbide-based coatings have excellent wear resistance 
with respect to the hard chrome coatings. 
 
Direct morphological comparison of vacuum plasma 
sprayed and detonation gun sprayed Hydroxyapatite 
coatings for orthopaedic applications was done by 
Gledhill et al. [14]. Hydroxyapatite coatings on 
titanium substrates were produced using two thermal 
spray techniques—vacuum plasma spraying and 
detonation gun spraying. X-ray diffraction was used 
to compare crystallinity and residual stresses in the 
coatings. Porosity was measured using optical 
microscopy in conjunction with an image analysis 
system. Scanning electron microscopy and surface 
roughness measurements were used to characterize 
the surface morphologies of the coatings. The 
vacuum plasma sprayed coatings were found to have 
a lower residual stress, a higher crystallinity and a 
higher level of porosity than the detonation gun 
coatings. Authors concluded that consideration needs 
to be given to the significance of such variations 
within the clinical context. The wear and friction 
behaviors of detonation-gun- (D-gun) and plasma-
sprayed hard coatings were investigated by Yinglong 
[15] under dry sliding conditions. The coating 
materials studied included Cr2O3, WC-12%Co, WC-

20%Co, Al2O3, TiO2, Al2O3-40%TiO2, TiC-20%Ni 
and Cr3C2-25%NiCr. Sintered WC-6%Co and steel 
MoCN315M were also investigated as. Scanning 
electron microscopy analysis was carried out to study 
the wear mechanisms. It was found that D-gun-
sprayed hard coatings had higher hardness, density 
and wear resistance than the corresponding plasma-
sprayed coatings. D-gun-sprayed Cr2O3 showed the 
highest wear resistance. The wear resistance of D-
gun-sprayed Cr2O3 was even higher than that of 
sintered WC-6%Co. 
Shipway P.H. and Hutchings I.M. investigated D-Gun 
produces a coating that is dense and hard and it resists 
wear due to abrasion, fretting, cavitations and particle 
erosion. Typical erosion models emphasize that 
erosion rate is a function of target material properties 
like hardness, fracture toughness and target material 
density. When striking particles are assumed as non-
deforming, the applicability of the model [16] is 
limited to soft targets. Wang Jun  et.al discussed the 
advantage that a detonation wave provides is the 
uniformity of the thermodynamic and flow conditions 
created behind the wave that the particles are exposed 
to, which provides a unique advantage over other 
processes [17]. 
 
B Venkataraman et.al (2001) compared the effect of 
grinding on the erosion behaviour of a WC-Co 
coating deposited by HVOF and D-Gun spray 
processes on mild steel. The coatings in both ‘as- 
coated’ and ‘as-ground’ conditions were tested for 
solid particle erosion behaviour. The erosion 
experiments were carried out using an air jet erosion 
test rig with silica erodent at a velocity of 80m/s. it 
was concluded that in ‘as-coated’ condition the micro 
hardness of the WC-Co coating deposited by D-Gun 
spray process was slightly higher than that deposited 
by a HVOF process. It was possibly due to slightly 
higher density in D-Gun spray. Furthermore, it was 
found that erosion resistance of the D-Gun coating 
was higher as compared to that of the HVOF coating 
in the ‘as-coated’ condition. This was possibly due to 
higher micro-hardness, lower porosity, and higher 
residual compressive stresses of the detonation 
coating. [18] 
 
D.K.Dwivedi et.al (2006) studied the influence of a 
post spray heat treatment on the microstructure,micro 
hardness  and abrasive wear behaviour of the flame 
sprayed Ni-WC(EWAC 1002 ET) coating deposited 
on the mild steel. Coatings were deposited by using 
an oxy-acetylene flame spraying torch. The wear 
behaviour of the coating was evaluated using a pin on 
disc wear system against SiC abrasive medium. It 
was observed that the influence of normal load on 
wear is governed by the microstructure,hardness and 
abrasive grit size. The heat treatment increased 
average micro hardness of the coating. It was also 
observed that the hardness does not correctly indicate 
the abrasive wear resistance of Ni-WC coating in an 
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as-sprayed and heat treated condition. The heat 
treatment of the coating improved its abrasive wear 
resistance against fine abrasive medium while the 
wear resistance against the coarse abrasive was found 
to be a function of a normal load. At low-normal load 
(5 and 10 N) the heat treated coating showed lower 
wear rate than as sprayed coating while at high-
normal loads (15 and 20N) heat treated coating was 
subjected to higher-wear rate then as sprayed coating. 
It was concluded that an increase in normal load 
increased the wear rate. The scanning electron 
microscopy study revealed that the wear largely takes 
place by groove formation and scoring of eutectic 
matrix and the fragmentation of the carbide 
particles .[19] S.Harsha et.al (2007)  studied the 
influence of the addition of chromium carbide(CrC) 
on the microstructure, microhardness and abrasive 
wear behaviour of flame sprayed Ni-Cr-Si-B coatings 
deposited on low carbon steel substrate. It was 
observed that the wear behaviour is governed by the 
material related parameters (microstructure, micro 
hardness of coating) and test parameters (abrasive grit 
size and normal load). It was concluded that the 
addition of CrC reduces the wear rate three to 
eightfold. Wear resistance was greater against coarse 
abrasives at high loads then against fine abrasives.[20] 
B .Venkataraman et.al (2007) deposited Cr3C2-
20(NiCr) coating powder on low carbon steel by 
pulsed detonation spray gun technique. The coated 
samples were heat-treated at 600oC for 1.5 hr. and 
allowed to cool in air. It was concluded that 
crystallization of the amorphous phase into one of the 
nanocrystalline composite combined with better 
bonding between the adjacent splats through sintering 
contributes to improved hardness, fracture toughness 
and wear resistance of the heat treated coating. The 
deformation characteristics of the binding phase, 
amorphous vis-à-vis crystalline, also influence the 
wear behavior of the coating.[21] 
  
Kamal et al. evaluated the cyclic hot corrosion 
behaviour of detonation gun sprayed Cr3C2–
25%NiCr coatings on nickel- and iron-based super 
alloys. Cr3C2–NiCr cermets coatings were deposited 
on two Ni-based super alloys, namely superni 75, 
superni 718 and one Fe-based super alloy superfer 
800H by detonation-gun thermal spray process. The 
cyclic hot-corrosion studies were conducted on 
uncoated as well as D-gun coated superalloys in the 
presence of mixture of 75 wt.% Na2SO4 + 25 wt.% 
K2SO4 film at 900 °C for 100 cycles. Thermo 
gravimetric 
technique was used to establish the kinetics of hot 
corrosion of uncoated and coated super alloys.[22] 
B.E. Bodger  et.al studied  aircraft landing gear 
manufacturers are considering tungsten carbide ŽWC. 
thermal spray coatings applied by the high velocity 
oxy-fuel ŽHVOF. process as an alternative to hard 
chrome plating. The question to be answered is if the 
performance of the alternative candidate is at least 

comparable to results obtained for hard chrome 
plating. Comparisons of experimental data showed 
better corrosion resistance for several HVOF coatings 
with respect to chrome plating. In the case of fatigue 
and friction tests, the results were acceptable, 
indicating interesting perspectives on the use of 
tungsten carbide coating to replace chrome-plating 
[23].  
 
W. Coulson et.al analyzed the wear performance of 
tungsten carbide coated samples in the presence of air, 
aqueous and aqueous abrasive media indicated better 
results in terms of volume loss and change in surface 
roughness than for the mild steel substrate [24]. 
 
II. XRD and SEM Analysis 
 
Manpreet Kaur et.al studies were conducted to 
ascertain the role of detonation-gun sprayed WC-Co 
coatings to combat high temperature corrosion of a 
boiler steel namely SAE-347H (347H). High 
temperature corrosion performance of the uncoated as 
well as coated boiler steel has been evaluated in an 
aggressive environment of Na

2
SO

4
-82%Fe

2
(SO

4
)

3 
salt 

under cyclic conditions at an elevated temperature of 
700°C by the weight change technique for 50 cycles. 
X-ray diffraction (XRD), scanning electron 
microscopy/energy-dispersive spectroscopy (FE-
SEM/EDS) and X-ray mapping techniques were used 
to analyze the corrosion products. The uncoated 
boiler steel suffered marginal spallation in the form of 
fine powder and showed loss of weight during the 
entire period of study. Whereas, after the deposition 
of the WC-Co coating, the steel showed some 
spallation during the initial cycles of the study and 
showed an overall weight gain. 
XRD Analysis 
 
The XRD analysis of the D-gun spray WC-Co coated 
347H boiler steel has been compiled in Fig. 3. The 
XRD peaks reveal the presence of WC as a very 
strong phase. This result might have been believed to 
be due to higher flame velocity and lower flame 
temperature of the D-gun process, which would limit 
the decomposition process of the carbide phase. 
Similar peaks have also been observed by Sidhu et al 
[22], Stewart et al [23], and Sahraoui et al [24] during 
their studies on ferritic boiler steels, mild steels and 
gas turbine shafts respectively. 
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III. FE-SEM/EDS Analysis 
 
The SEM micrograph [Fig.4] for the hot corroded 
347H steel reveals an oxide scale consisting of 
globules, having, by and large, uniform size 
distribution. The matrix of the scale is consisting 
mainly of Fe, O and Cr (point 2) along with Na. The 
scale is having a significant amount of Na (22%) at 
point 1, along with O, Fe and Cr as other dominant 
constituents. On the other hand, the hot corroded 
WC-Co coated 347H steel has an oxide scale 
consisting of flake-like particles embedded in the 
matrix [Fig.5]. The flake size distribution varies 
widely as we move from one region to the other of 
the scale surface [17]. 
 

 
Fig. 4 

 

 
Fig. 5 

 
CONCLUSION 
 
In this study we found that to improve the wear 
resistance of the hot working die material (H-13{C-
0.35% Cr-5% V-1% Mo-1.5%}),D Gun process can 
be used. Detonation sprayed coatings helps in 
protecting materials and alloys from wear and 

corrosion phenomena. Work has been done by 
various researchers to investigate the performance of 
detonation sprayed coatings. However more research 
is needed to evaluate the performance of detonation 
sprayed coatings in actual environment. Process 
parameters of detonation spraying influence the 
microstructure, mechanical and other properties of 
the coatings. Research is needed in optimization of 
the process parameters of detonation spraying process. 
Detonation gun separation device designed by 
researchers resulted in good performance of the 
detonation gun spraying in high performance 
requirement.  
The D-Gun process is best among all the thermal 
spraying techniques and also heat treatment processes 
like nitriding, tempering. The table below shows the 
comparison between all the thermal spray processes: 
[The tables provided by: SVX POWDER M 
SURFACE ENGG.  Pvt. Ltd. (ISO 9001:2008 
CERTIFIED COMPANY)]  
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