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Detonation Sprayed Coatings
for Aerospace Applications

D. Srinivasa Rao, L. Rama Krishna and G. Sundararajan

Abstract This chapter presents a concise overview of detonation spray technology
and the associated principles and applications for the aerospace industry. The most
popular feedstock powders for obtaining a wide variety of coatings with varying
composition and properties are emphasized. The strategies for obtaining improved
structure–property combinations via spray process optimization are discussed, and
also the utilization of novel powders for enhanced protection. The typical
microstructural features as a key to achieving the required mechanical, tribological
and corrosion properties are briefly illustrated with specific examples.
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22.1 Introduction

In the modern world many materials are expected to deliver multi-functional
properties and performances. The available choice window often becomes narrow
and therefore encourages non-conventional materials processing routes.

An important example is the development of thermal spray coatings. This
technology has expanded especially over the last few decades in such a way as to
significantly broaden the otherwise narrow material selection window. In fact,
thermal spray technologies have become essential for enhancing the service life of
various engineering components, and have therefore become an integral part of the
manufacturing process. For example, almost all aircraft landing gear manufacturers
have one or more thermal spray systems as part of the regular manufacturing line.
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In view of the large number of thermal spray technologies employed for various
industrial applications, including aerospace, this chapter focusses mainly on one of
the most important thermal spray technologies known as detonation spraying.

The detonation spray coating (DSC) technology (also known with popular trade
names such as D-Gun, Super D-Gun) primarily depends upon the kinetic energy of
particles-in-flight, rather than the thermal energy transferred to the particles (e.g.
unlike plasma spraying). In view of the lower thermal energy input the feedstock
undergoes skin melting or plasticizing. Therefore the oxidation tendency and
solidification stresses (tensile) are minimal. The detonation causes the particles to
bombard the substrate with high kinetic energy, leading to formation of a coating
with uniformly dense microstructure (porosity < 0.5 %) and excellent inter-splat
bonding and adhesion to the substrate.

In the aerospace industry detonation sprayed coatings are used mainly on aircraft
gas turbine components. Some of these are illustrated in this chapter and are from
the authors’ institute.

22.2 Detonation Spraying

22.2.1 The Spraying Process

While most thermal spray techniques deposit coatings continuously, DSC is a
‘pulsed’ process in which oxygen and acetylene are injected in pre-measured
quantities into the combustion chamber of a long water-cooled stainless steel barrel.
This is shown schematically in Fig. 22.1. The oxy-fuel mixture is ignited explo-
sively using a spark plug, and the combustion products expand rapidly owing to
their high specific volume and the high temperature generated by the explosion.

Upstream of the combustion process, and assisted by a nitrogen carrier gas,
metered quantities of powder (usually 5–45 lm size) are fed into the zone of
reduced barrel inner diameter where detonation waves are generated, as shown in

Fig. 22.1 Schematic representation of the detonation spray coating process
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Fig. 22.1. The powder particles interact with the surrounding combustion products
and undergo physico-chemical changes while travelling towards the open end of the
barrel.

The thermal and kinetic energy transport rate primarily depends upon the relative
ratio of oxygen to fuel (acetylene) and the total volume of the gas mixture. The
particles are accelerated to supersonic velocities that can be as high as 1200 m/s.
The temperature and velocity of the particles exiting the barrel depend upon the
size, density and thermo-physical properties of the particles.

The particles ejected in each detonation cycle impact the substrate to form
layer-by-layer coatings. By manipulating the movement of the barrel (and the part
being coated), a uniformly thick coating can be deposited. More details about the
process fundamentals and coating formationmechanisms are described inRefs. [1–3].

One interesting feature which distinguishes the DSC process from most other
thermal spray methods is its ability to spray metals, ceramics and cermets very
effectively by way of creating neutral, oxidizing or reducing environments, simply
by altering the relative oxygen/fuel ratio.

22.2.2 Equipment Characteristics

The DSC technology was proprietary until the last decade. However, commercial
systems based on the original design from the former Soviet Union are now
available. The typical water-cooled stainless steel barrel illustrated in Fig. 22.1 is
1350 mm long and has a 22 mm internal diameter, see Fig. 22.2 also.

A variety of powder feeder designs are available, based on the application needs.
For instance, multiple powder feeder systems may be used to allow spraying dif-
ferent powders; or sequential spraying that permits formation of coating layer
gradients with varied composition in each layer.

The spray process is usually controlled and monitored remotely via a panel
located outside the spray booth, which is sound- and dust-proof. A typical spray
booth is shown in Fig. 22.2b.

22.3 DSC Technology Compared with Other Thermal
Spray Techniques

Although DSC was initially meant for depositing wear-resistant carbide coatings,
its ability to deposit dense ceramic coatings has enabled it to secure an equivalent
position with respect to high velocity oxy-fuel spray coating (HVOF). Also, the
thermo-kinetic energy transport of powder particles is better controlled in the DSC
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process than in the well-established thermal spray technologies APS and VPS (air
and vacuum plasma spraying).

HVOF is the chief alternative to DSC. The HVOF combustion gases are dis-
charged through a confined cooled nozzle at high gas flow (up to Mach 3 velocity),
and the resultant particle velocities, especially for carbide powders, are similar to
those of DSC (up to 1200 m/s). The HVOF coatings also have similar densities to
those produced by DSC: both types of coating are much denser than plasma sprayed
coatings.

In fact, most wear-resistant carbide coatings are sprayed using either the HVOF
or DSC systems with identical aerospace quality specifications. This demonstrates
wide acceptance of these techniques as being equivalent. (However, since DSC is
only recently commercially available, HVOF has been the only option for
depositing dense, wear-resistant carbide coatings on a large variety of aircraft and
helicopter components.)

DSC is very versatile: it can accommodate a wide variety of spray grade pow-
ders including metals, alloys, ceramics, cermets and composites with low melting
point binders [4–9]. Also, the number of spray grade powders being formulated and
manufactured has steadily increased, such that a wide variety of DSC coatings is
potentially available.

Fig. 22.2 a Typical
configuration of DSC systems
and b spraying in progress
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Although DSC can deposit almost any material that melts without decomposi-
tion, the size of the gun prevents complete internal coatings. Internal cavities
connected to the outer surface can be coated only via line-of-sight. Therefore,
utilizing the 45° angle of deposition, it is possible to provide internal coating of a
cylindrical object to a length equal to its diameter.

Other competing technologies are powder flame spraying, wire flame spraying
and wire arc spraying. These find limited use at present, although they have the
advantages of moderate equipment costs and are portable for on-site repairs and
refurbishments. Recent developments such as the introduction of solid ceramic rods
as feed in wire arc spraying systems have increased their potential for relatively
non-critical and corrosion-resistant aerospace applications.

22.4 DSC Coating Applications in Aerospace

22.4.1 Tungsten Carbide/Cobalt (WC–Co) Coatings

Tungsten carbide/cobalt (WC–Co) coatings are the main thermal spray coatings
used in aerospace. These coatings possess a unique combination of extreme
hardness (12–14 GPa), high modulus (350–400 MPa), high indentation toughness
(5–7 MPa√m) and low porosity (0.5 %), and have excellent resistance to fretting
wear, corrosion and rolling contact fatigue. Such wide-ranging properties are
attributed mainly to a uniform distribution of extremely hard (24 GPa) WC cuboids
in the softer (2.5 GPa) cobalt matrix, which typically constitutes 20 vol% of the
coating [10]. The cuboids have a typical size range of 0.5–6 lm.

Unlike plasma spraying, both the HVOF and DSC processes can maintain
reducing atmospheres within the combustion gas stream, making these techniques
particularly suited to depositing carbide-based coatings. The DSC process has some
advantages over HVOF in (i) its flexibility to employ a wide range of oxy-fuel
ratios while maintaining a reducing atmosphere, and (ii) the use of a much longer
barrel that enables better thermo-kinetic energy transfer to the particles. Thus DSC
coatings are often preferred to HVOF coatings, especially when close control over
the final coating microstructure is essential.

An illustration of the DSC flexibility is given in Fig. 22.3: using the same WC–
12Co feedstock powder, the DSC technique can significantly alter the coating
microstructure simply by varying the oxy-fuel ratio [10].

Decarburization: Whichever technique is used, a common issue is the decarbur-
ization of WC cuboids during spray deposition. On the one hand, the powder
particle temperature during spraying needs to be sufficiently high to attain cobalt
melting and therefore achieve higher inter-splat cohesion. But on the other hand,
higher particle temperatures lead to decomposition or decarburization of WC,
whereby W and C dissolve into the cobalt matrix [11]. Therefore the temperature
and oxidation potential of the gas stream needs to be balanced to achieve a practical
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balance of these opposing phenomena. Also, the finer the WC-cuboid size in the
WC–Co powder, the greater is the extent of decarburization during the coating
process, while too-large cuboids lead to relatively poor cohesion with the cobalt
matrix [12].

Particle changes during deposition: It is noteworthy that decarburization cannot
be completely eliminated, since the Co matrix has to melt to impart sufficient
inter-splat bonding. At the same time, formation of the harder W2C phase
(30 GPa—harder than WC itself) should be minimal because W2C embrittles the
coating, see Ref. [10]. The presence of W2C can be easily identified in the coating
microstructure by the formation of typical W2C shells around the WC cuboids
[10, 11]. Since the solid solubility of both W and C in the Co matrix decreases
rapidly as the splat cools down, precipitation of W2C around the WC cuboids and
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Fig. 22.3 WC–12Co
coatings deposited by DSC at
various oxy-fuel ratios. a 1.16
b 1.5, c 2.0
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W in dendritic form can be observed in the coating microstructure, as schematically
illustrated in Fig. 22.4b.

Also, while the primary goal is to retain the typical composite structure of WC
cuboids distributed in the Co matrix, the cuboids will eventually reduce in size, and
the shape changes to non-cuboidal (with rounded edges) due to WC loss from the
sharp edges, as also indicated in Fig. 22.4.

It should be noted that the extent of retention of dissolved C in Co is determined
by the rate at which C is lost from the Co matrix owing to the formation of CO2/CO
during the rapid solidification when the particles impact the substrate [14].

In view of the above-mentioned physico-chemical changes that are likely to
happen during spray deposition of WC–Co coatings, it is very important to
understand the influence of all possible interacting factors to arrive at the optimum
process parameters, including the inter-splat cohesion. Any compromise in
inter-splat cohesion will have a deleterious effect on the fracture toughness and
wear resistance of the coatings. Experience has shown that an oxy-fuel ratio of 1.3–
1.5 is the optimum for obtaining the best property combinations.

Wear resistance: As already mentioned, WC–Co coatings have excellent resis-
tance to wear and rolling contact fatigue. They also have a high erosion resistance:
erosive media, e.g. sand, usually have grain sizes much larger than the WC cuboids,
and so the WC–Co composite modulus provides a high resistance to erosion
damage. This can be explained with the aid of Fig. 22.5 [15]. This shows the
formation of lips on the WC–Co coating surface, implying a ploughing mechanism,
which is a common feature of ductile materials undergoing and resisting erosion.

Rounded, 
smaller WC

C (in Co) + O2 = CO2 

Co with W, C
in solid solution

Original WC cuboids in powder

W dendrites

WC
W2C

(a)

(b)

Fig. 22.4 Schematic
illustration of physico-
chemical changes in WC–Co
powder particle a during
spraying, b during splat
solidification: Refs. [12, 13]
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WC–Co coatings also provide excellent protection under abrasive and sliding
wear modes [16–19]. In addition, these coatings significantly enhance service life
by resisting fretting wear, erosion–corrosion and rolling contact fatigue [20, 21], as
was also mentioned earlier.

Gas turbine applications: The exceptional combination of properties obtainable
from WC–Co coatings has resulted in numerous applications in aircraft gas tur-
bines. In the turbine section these include actuator piston rods and fuel pump
impellers in the afterburner; combustion chamber positioning pins; gear box sup-
port pins, bushings and lugs; labyrinth seal fins and seal teeth; gears; oil pump
scavenge and breather tubes; bearing housings and seal assemblies; and exhaust
fairing pins and bushings.

In addition, WC–Co coatings are used to meet the functional requirements of
numerous parts in the compressor section, e.g. bevel gears; gear box drives; bleed
manifold expansion joint liners and sleeves; fan and compressor blades; case
flanges; hubs; discs; rotor tubes and sleeves; diffusers; impellers and vane sectors;
and variable vanes.

Figure 22.6 depicts some aircraft parts that have been coated with the two most
popularly employed coatings, viz., WC–12Co and WC–17Co.

Helicopter applications: WC–Co coatings to combat wear, corrosion, fretting and
sliding wear damage are applied to a wide selection of helicopter components
including main rotor shafts, rotor blade extension sleeves, blade bolts, transmission
gears, damper housings, swash plates, tail rotor hubs, pinion gears, blade radius
rings, cylinder assembly plungers, inner race bearings, spur gears, bearing retaining
nuts, bevel drive gears, and conical and input gears.

Fig. 22.5 Eroded surface of
WC–Co coating showing lip
formation [15]
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22.4.2 Modified Tungsten Carbide/Cobalt (WC–Co–Cr)
Coatings

A slightly modified WC–Co coating chemistry is the WC–10Co–4Cr composition,
which is recognized as an actual and potential replacement for hard chrome elec-
troplating [22], thereby avoiding the environmentally hazardous chemicals used in
the plating process.

Although WC–Ni and WC–Ni–Cr coatings have also been extensively studied,
the WC–Co–Cr coatings demonstrate superior corrosion and erosion resistance.
Also, these coatings are superior to hard chrome electroplate with respect to pitting,
spalling and cracking under stress [23, 24]. Further, it should be noted that these
coatings are more rapidly deposited via DSC/HVOF routes as compared to the
electroplating process.

Owing to their superior erosion and corrosion resistance, the WC–Co–Cr coat-
ings are now used to effectively provide functional property enhancement of
numerous landing gear components; piston rods and swash plate sliders; low- and

Fig. 22.6 a WC–17Co coated compressor disc and b–c WC–12Co coated nozzle parts
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high-pressure turbine shafts; pinch locks; bearing housings; and front- and
rear-compressor hubs of aircraft and helicopter gas turbines.

22.4.3 Cr3C2–NiCr Coatings

Besides WC-based coatings, DSC-deposited Cr3C2–NiCr coatings are widely used
to provide high thermal stability, excellent resistance to wear [25], oxidation,
fretting, corrosion and high temperature wear, especially in the harsh operating
conditions of an aircraft engine. Also, the solid particle erosion resistance at low
angles of impingement is better than that of special grade stainless steels, and the
coatings are well-bonded to the substrate (bond strength *70 MPa [26]).

The relative proportion of NiCr ranges from 20–40 at.%, although Cr3C2–

25NiCr (50:50 at.% Ni–Cr solid solution) is the most popular spray grade powder
[27]. The Cr3C2–NiCr coating exhibits a typical plate-like lamellar structure ori-
ented roughly parallel to the substrate, as shown in Fig. 22.7. The microstructure is
characterized by a dense skeletal network of fine chromium carbide (Cr3C2) and
chromium oxide (Cr2O3) bound within the NiCr ductile matrix [28]. With such a
microstructure and a coating hardness in the range of 750–950 HV, the high
temperature wear resistance up to 980 °C is excellent, especially under moderate
load, dry frictional conditions [25, 29].

Owing to the above-mentioned specific properties, the Cr3C2–NiCr coatings are
being used for seals, flaps, nozzle segments and spray bars of afterburner sections;
sealing rings, spacers, air seals, shrouds, blades and vanes in turbine sections;
clamps, liners, nozzle nuts and fuel swirlers in combustion sections; and seal seats
and spacers of bearings. As an illustration, a Cr3C2–NiCr coated turbine blade is
shown in Fig. 22.8.

It should be noted that the Cr3C2 phase in Cr3C2–NiCr powder undergoes
decarburization during the spraying process. Hence a proper selection of the
spraying parameters is essential. Decarburization of the Cr3C2 phase leads to

Fig. 22.7 Typical lamellar
microstructure of a
325-m-thick Cr3C2–NiCr
coating deposited by the DSC
process
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formation of lower carbides such as Cr7C3 and Cr23C6 phases, thereby negatively
influencing the coating properties [25].

22.4.4 Abradable Coatings

Abradable coatings are mostly deposited by vacuum plasma spraying and HVOF
processes. The DSC process is also capable of depositing abradable coatings, and
owing to its better thermal management during spraying it is used for specialized
abradable applications on various aeroengine components.

Unlike wear-resistant coatings, abradable coatings should preferentially wear
away, and the debris should not damage the mating surfaces. Besides good
abradability these coatings should have high resistance to gas and particulate ero-
sion, good thermal properties, be self-lubricating, and have minimum affinities with
the substrate materials. In view of these requirements, abradable coatings are mostly
combinations of metals (e.g. Al–Si and MCrAlYs, where M=Ni, Co, Fe or a
combination of these elements) with polyester and solid lubricants such as
hexagonal boron nitride (h-BN), bentonite or graphite [30].

Al–Si–polyester, Ni–graphite and Ni–Cr–Al–bentonite can withstand engine
operating temperatures up to 325, 450 and 815 °C, respectively [31]. The abrad-
ability requirements are met by introducing controlled porosity in the coating
microstructure, thereby reducing the overall cohesive strength; while the substrate–
coating bond strength is designed to be higher than the inter-splat cohesive strength.

22.4.5 Thermal Barrier Coatings (TBCs)

Components such as blades, vanes, combustion chambers, liners and domes in the
hottest parts of gas turbines are usually provided with thermal barrier coatings

Fig. 22.8 Aircraft engine
turbine blade coated with
Cr3C2–NiCr for corrosion,
oxidation and fretting wear
resistance
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(TBCs) to better resist corrosion, oxidation or excessive heat loads [32]. The most
used TBC, yttria-stabilized zirconia (YSZ) containing 7–8 wt% Y2O3, serves as a
functional topcoat, and is usually deposited by plasma spray or electron beam
physical vapour deposition (EB-PVD) [33].

EB-PVD provides the most sophisticated TBC, since it builds up a columnar
YSZ microstructure that has better strain tolerance and resistance to cracking and
spalling. However, the success of TBCs also relies on a good bond coat between the
YSZ and the substrate. The bond coat provides the main resistance to high tem-
perature oxidation and corrosion.

Bond coats are MCrAlYs, and are deposited by thermal spray variants such as
vacuum plasma spray (VPS), low pressure plasma spray (LPPS), air plasma spray
(APS), HVOF or DSC [34]. Sufficient aluminium content in the MCrAlY bond coat
allows formation of a thin Al2O3 layer (thermally grown oxide, TGO) between the
bond coat and YSZ topcoat: the TGO hinders further oxidation of the bond coat.

A NiCoCrAlY TGO-forming bond coat is the most generally used, since it
provides the best cyclic oxidation resistance. Recent research has shown that a
DSC-deposited NiCoCrAlY bond coat outperforms a similar HVOF-sprayed bond
coat under cyclic oxidation testing [35].

22.4.6 Coating Refurbishments

Refurbishment of previously coated and damaged or worn components by thermal
spraying is most important, since it extends the service lives of many expensive
parts and assemblies, notably in aircraft gas turbines. Refurbishing usually entails
completely stripping away the original coating by mechanical or electrochemical
means (or both), followed by surface preparation (e.g. grit blasting) and recoating.

The versatility of DSC technology enables it to be used for refurbishing various
parts. For example, Fig. 22.9 shows a refurbished blade and the entire assembly of
a low pressure compressor module, where the faces of the snubber abutments
(interlocking mid-span supports) have been DSC sprayed with a WC–17Co coating.

Other examples are given in Fig. 22.10, which shows high-pressure compressor
spacers after refurbishing with a plasma sprayed NiCr bond coat and DSC Al2O3

top coat as abradable coating.

22.5 Other Coating Processes

Combustion flame spray: This process, with its flame temperature of 3000 °C and
relatively lower particle velocity (90–180 m/s), is used for depositing metallic
coatings (molybdenum) and self-fluxing coatings.
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Plasma spraying: This is performed via three principal techniques: air plasma
spraying (APS); argon-shrouded plasma spraying (ASPS); and vacuum plasma
spraying (VPS) or low pressure plasma spraying (LPPS).

The principal limitation of the APS technique is the incorporation of air in the
plasma jet, thereby slowing it and simultaneously causing some oxidation of
metallic or alloy powders, resulting in higher oxide contamination in the coating.
The particle velocities are higher in the VPS technique (400–600 m/s), leading to
formation of relatively denser coatings with good adhesion and significantly
reduced oxide content.

Typical uses of VPS–LPPS in aeroengines include M–Cr–Al–Y systems
(overlays and thermal barrier bond coats), hot gas path seal systems, TBC coatings
on afterburner liners, seals, flaps, nozzle segments and numerous combustion
chamber parts [31]. Apart from these applications, TBCs are also employed on a
wide variety of high pressure turbine blades and vanes, whereby both the bond coat
and the TBC YSZ topcoat are applied via plasma spray.

EB-PVD: With the advent of EB-PVD technology, many of the critical applica-
tions have been shifted from plasma coating to EB-PVD bond coat + EB-PVD
topcoat, while the bond coat market is also popularly shared with platinum–alu-
minide coating by chemical vapour deposition (CVD) [36, 37]. Figure 22.11 shows
a high-pressure turbine vane with a CVD platinum–aluminide bond coat and
EB-PVD topcoat.

Ion vapour deposition: Another popular process in the aerospace industry is ion
vapour deposition (IVD) of aluminium as a replacement for cadmium plating [38–
40]. The largest use of IVD aluminium is for corrosion protection of low-alloy steel
parts such as cylinders, retainers, caps, retainer rings, spacers, strikers, springs,
bolts, brackets, standoffs, links, flap tracks, rings, outboard actuators, strut

Fig. 22.9 Refurbished compressor module. a individual blade with snubber abutment face coated
with DSC-sprayed WC–17Co coating, and b the assembled module
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Fig. 22.10 High-pressure
compressor spacers pertaining
to a stage-1, b stage-2 and c 7
spacer stages in an assembled
module
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terminals, blower impellers, stops, screw assembly ball nuts, plates, housings leg
bolts, fasteners, nuts, covers, housings, etc.

Selected aluminium alloys are also IVD aluminium-coated for corrosion pro-
tection and to eliminate a fatigue debit associated with anodizing aluminium parts:
anodizing high-strength aluminium alloy parts can cause surface pits that nucleate
fatigue cracks.

22.6 Summary and Concluding Remarks

Engine design concepts are moving towards greater thermal and propulsive effi-
ciency. Materials and especially coatings will continue to play an important role in
advancing performance, efficiency and reliability. Future engines are expected to
operate at much higher temperatures and speeds; hence the need for extended
component lives as well as reduced costs will grow [41]. With respect to coatings,
reduced costs need to be realized via a compatibility and commonality of coating
processes and compositions, and also the ease of coating repair and refurbishment.

Processing methodologies will be essential in creating new generation coating
systems. For a given coating system it will be necessary to have more rigorous
optimization schemes, such that even minor improvements in coating properties
should be seen as an important opportunity. Sub-systems should also be developed
to incorporate new and modified coatings with minimal alterations in existing
production facilities.

As an example, Fig. 22.12 shows that Cr3C2–NiCr powders of almost identical
median size (20 ± 5 lm) but manufactured via different routes give DSC coatings
with widely differing porosity levels and hardness [25]. Although Fig. 22.12 shows
that the blend (B) powder delivers the best combination of porosity and hardness,
further refining or re-optimizing the process parameters may enable higher coating
hardness from pre-alloyed and blended powders. In any event, the data in

Fig. 22.11 High pressure
turbine vane with platinum–

aluminide bond coat and
EB-PVD TBC YSZ topcoat
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Fig. 22.12 highlight the need to optimize the process parameters separately for each
powder.

An altogether new set of properties is achieved from composite coating struc-
tures, see Ref. [2]. Thermal spray systems and in particular the DSC and HVOF
technologies should be evaluated with respect to achieving through-thickness
graded or layered coating architectures. Recent world-wide R&D activities in
developing multiple powder feeding systems indicate the interest in such coatings.

Finally, spray system automation to enhance the robustness of the processes
needs to be increased. For example, the present authors have recently taken the
initiative to completely replace all the mechanically moving parts of earlier
designed DSC systems by using advanced flow metres and process controls. This is
being done to improve the deposition efficiency, deposition rate, coating integrity
and overall process reliability [42].
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