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ABSTRACT

Thermally sprayed coatings are produced from the repeated
deposition of particles that are in the dianeter range of 10 to 120
m crons. The coating structure nay be described as being of |anellar
nor phol ogy. These coatings are used in high tenperature, corrosion,
tribological and conponent reclamation applications. This paper
relates the material properties of coatings to their service
performance. It is intended to establish criteria whereby the unique

characteristics of thernally sprayed naterials can be wused to
advant age.
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| NTRODUCTI ON

Thermal Spray technologY has distinctive processing
attributes; such as the ability to coat nost materials
with an alnost unlimted range of ceramcs. It is also
possible to produce thick coatings from 0.1 to 2 mm
routinely and to control the precise coating formulation
and chemstry for a specific application

The principal professional groups who have an
interest in thermal spray technologY are listed in Fig.
1. The topics of interest often overlap for these groups.
For instance, it is difficult to distinguish between the
experience (or "art") of a thermal spraying contractor
and the well-defined procedures that an engineer nust
devel op.

The maj or forum for t her nal sprayers and
technologists to neet since 1956 has been at the
International Thermal Spray Conferences (1-4). The first
seven of these neetings up to 1973 were Kknown as
International Mtal Spraying Conferences. Since the mid-
80's several other neetings have been convened. These are
the National Thernmal Spraying Conferences (organized by
ASM International) (5,6), the Plasma-Technik neeting (7)
(a Swi ss conpany) and the Advanced Thermal Spraying and
Allied Coatings Synposium (8) (organized by the Hgh
Tenperature Society of Japan). Several books (9,10) and
reviews (11-13) have al so summarized the literature.

The different disciplines encompased by thermal spraying
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Figure 1. Thermal spray interest groups and areas of
experti se.



STRUCTURE AND PROPERTIES OF COATINGS

Thermally  sprayed coati ngs have a lanellar
mcrostructure (14). The layered structure forns due to
the repeated deposition of nolten and sem-nolten
particles. Porosity and mcrocracks can be distinguished
wthin single splats. Figure 2 illustrates the features
of a well-nelted powder that has forned a coating. The
resultant lanellar .dinensions are about 60 mcrons in
diameter and from 1 to 2.5 mcrons thick (15). Every
coating structure is highly oriented with the |anellae
parallel to the surface of the substrate.

Figure 2. Surface features of a well-nelted ceramc
coating.

It has been estimated (15) that the real contact
area of Jlanellae with the substrate and wthin the
coating is 30% of the available boundary area. D rect
neasurenents (16) of the interlamellar porosity have
shown that the porosity is about 10 to 100 nm in size.
Unnolten particles becone incorporated into the coating
and these, along wth the interlanellar boundaries and
orosity, constitute regions of poor bonding which nay
ead to failure of the coating system |In cross-section
the structure is |ayered, Fig. 3

Thermal |y sprayed ceramc coatings are used with a
0.1-0.2 mm-thick netallic layer which is applied to the
substrate prior to the ceramc coating. Such |ayers
(17,18) inprove the bonding property of the ceramc |ayer
whi ch is deposited and the term "bond coat” is used. Bond
coatings are based on alloys of nickel, chromum
nol ybdenum and alumnium wth some additions of yttrium
In special cases. Mst ceramc coatings include a bond



coat. This ‘bond coat can be considered as a conpliant
| ayer that conpensates for stresses which my arise from
the ceramc overlay. A model for the coating profile is
presented in Fig. 4.

Figure 3.Cross-section of a fractured thermally sprayed
coating.

SCHEMATIC OF A OUPLM COATNG STRUCTURE

CERAMIC S0 C XS 22
COATING S 2

0.38 mm T TS = .
(0,05 in. ) SN ~< >

=5
BOND COAT 3 %@d&ﬁf‘\%@# >

0.13 mm

X in.) -.‘ ]
= RS

oo N DUHBHBBMBTISIS

Figure 4. Sketch of coating cross-section.




The material properties of coatings are a direct
consequence of their conplex structure; and this, in
turn, determnes the overall coating behaviour (19-21)
Not all coatings are used in their as-sprayed condition.
Coatings which are used in wet environnents (such as for
punp sleeves or bearings) may be filled wth an epoxy
prior to machining and polishing. The additional epoxy
treatnent fills any surface porosity that may ave
al l owed environnental ingress and thereby have expedited
the breakdown of the coating. Oher post-processing
surface treatnents such as |aser-glazing (22-24) and hot
isostatic pressing (25) have Dbeen wused to densify
coati ngs.

Coatings are suited to specific applications
because t hey retain sone intrinsic mat eri al
characteristic of the original coating powder. However it
nust be enphasized that "bulk" ceramc performance can
not be directly correlated to any property of the
coating. The structure of a coating is quite dissimlar
to that of a material produced by a bulk fabrication

rocess. The material properties of the coating that may

imt its wutility include the nechanical, thermal and
electrical properties. An additional property of great
interest is adhesion to the substrate (26,27) since It is
crucial for the coating to remain attached throughout its
I nt ended service life.

Table 1 lists thermal spray processes (28,29). Those
which are based on simlar technol ogical principles or
whi ch have equivalent nanes are grouped onto separate
lines. The choice of process or nmaterial depends on the
engineering application. Ceramcs generally require
Processes with higher velocities and tenperatures than

ow nmelting point materials. Therefore, plasma, D gun and
HVOF are the preferred techniques for deposition at high
rates. The deposition of ceramcs is nore sensitive to
spray paraneters than is the deposition of netals.

Table 1. Thernmal spray processes.

Oxy-acetyl ene gas flanme spraying, flane spraying

At nospheric pl asma spraying, APS

Low pressure plasnma spraying, LPPS, ves

Det onati on gun sprayl ng, D-gun

Ceram ¢ rod process, Rokide process

Fuel air repetitive explosion process, FARE gun

Hyper soni ¢ pl asma spraying, dianond jet gun (DJ gun),
Jet Kote, High velocity oxy-fuel process (HVCF), J-
''gun, Topgun, Nova-jet, Plazjet

8. Arc netallization

9. Wre spraying

10. Wre expl osi on process

NoRWNE

CLASSI FI CATI ON OF APPLI CATI ONS

Table 2 presents the range of applications that may
take advantage of thermal spray technology. Mjor usage



areas for coatings . are conponent reclanation and
corrosion control. The coating structure and character
are a complex relationship between powder variables (Eg,
particle size, norphology and chemstry) and thernal
spray parameters. Figure 5 (adapted from reference 30)
sunnagizes sone of the interdependencies between these
vari abl es.

Table 3 shows the range of industries that use
thermal spray technology. Sonme of these industries rely
on the thermal spray process for primary processing; for
exanple to manufacture powders; whereas others use
coatings in a secondary industry either as a comodity
material or for an engi neering application.

Powder Characterigics Spraying process Coating Char acterigics

_Powder type | Spray parameters | _Coating quality
Chemical composition Energy Mechani cal properties
Impurities - Gases > Thermal properties
Particle size/ distribution < Nozzle t ype < Chemical properties
Morphology Powder feed Thickness
Density spray distance Porosity
Phases Rdiability

| Melting Behaviour ing formation
Heat transfer Médtingpoint Cheni cal composition

Figure 5. Variables during thernal

Table 2. Applications of thernal

Heat conductivity Time in plasma Microstructure
Cocff. O thermal cxp. Thermal Sability Phases
Droplet acceleration Substrate preparation

sprayi ng processes.

spray coati ngs.

1. Rebuilding and sal vagi ng wor n conponent s

2. Electronic materials, insulating surfaces,
dielectrics

3. Thermal barriers and thermal insulation naterials

4., Bioceramc naterials

5. Hard and wear resistant materials

6. Hot corrosion control

7. Wt corrosion control

8. SuPerconducting material s

9. Solid lubricant material s

10. Cavitation control

11. Near-net shape processing, manufacture of conposites

12. Abradabl e and abrasive materials for sealing

appl i cations
13. Plasma processing of nmaterials
14. Magnetic shielding, radio-frequency shiel ding



Table 3. Industries that use thernally sprayed nateri al s.

RAerospace | ndustry

Aut onoti ve industry

The mlitary sector

Bi onedi cal 1 ndustry

Powder production

Steel making industry

O f -shore engi neeri ng

Nucl ear and power generation industry

Heavy industries (papernaking, mning, textile,
Erni nting)

gi neer ng nai nt enance
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APPL| CATI ONS FOR CERAM C CQOATI NGS

~Not all coating applications will be covered. Table
4 lists specific uses of coatings. Several applications
W Il be described in which these coatings are preferred
t o ot her engi neering sol utions.

Tur bi ne applications

Thermal barrier coatings (TBCs) consist of alloys of
zirconia Wwth stabilising oxides such as yttria,
magnesia, calcia or ceria (31-39). These coatings are
used on the conpressor, conbustion chanber, fuel
vaporisers, nozzle guide vane platforns and turbine
aerofoil conponents of aero-engines. The coatings are,
for exanple, deposited to 0.38 mm thickness over the
airfoil surface of turbine bl ades.

Coat i ngs whi ch are based on WC-Co powder conposites
are applied to the conpressor fan and disc md-span
stiffeners to prevent wear; and to the conpressor
airfoils to control particulate erosion (40). These
coatings are forned from cernet conposite powders that
may be produced by a micro-pelletization process.

Sone aero-engine parts require good sealing between
the rotating and stationar%/ conponents to maintain hi ?h
conpression of gases. In these applications an abradable
coating is forned on the stationary conponent, such as
the conpressor, and an abrasive material may be coated
onto the tip of the turbine blade or onto the disc
spacer, (40,41). Thus the turbine wll mnmaintain the
mni mum cl earance between the rotating conponents and
t her eby achi eve oPti mum engi ne efficiency. The abradabl e
coatings are nmanufactured as conposites of graphite with
either nickel or alumnium or they may consist of
ni chrome wth a pol yester or pol yurethane. Figure 6 (40)
Illustrates two applications of abradable and abrasive
coatings to seal airfoil systens which have rotating
conponents. The coating system nmay be multi-layered and
Fig. 7 shows an exanpl e where a conbi nati on of 4 coatings
provide a thermal barrier and an abradabl e coating (40).
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Figure 6. Sealing applications for thermally sprayed
coatings. The two sketches show the use of
abradabl e coatings on (a) conpressor housings
and (b) labyrinth fins; and abrasive coatings
on (c) disc spacers (adapted from reference
40) .
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Figure 7. Coating system for a thermal barrier and
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D esel engi ne applications *

Thermal barrier coatings have also been used in
di esel engines (42-46). The zirconia-yttria alloy
coatings may inprove fuel ef ficiency bK i nsul ating the
conbusti on chanber area of the engine, ereby recovering
the 8 to 15% of the energy that is attributed to heat
| osses. The coatings have been applied to the cylinder
head, the valves, the piston, and the liner top (to 1.5
mm thickness), Fig 8. A nolybdenum coating can be
ﬁplled to |ston rings to ensure long term sealing of
e conbustlon chanber. Figure 9 shows the thickness
varlat|on in the bow area of a piston crown which has
been coated with a zirconia ceramc alloy (43) .

Valve seat

Ceramic thermal
barrier coating

Ceramic
wear coating

Piston rings

Cylinder liner

Figure 8. Ceram c usage wthin autonobile engines (after
ref erence 46

0.121 in.

0.113 in.
PISTON TOP 0.129 in.

0.128 in.

Figure 9. Coating thickness variation of zirconia ceramc
on piston crown (43).



Bioceramic coati ngs

Coatings based on the apatite system have been used
to inprove the'fixation of prosthetic appliances to the
human anatony (47-51). This work has evolved from the
pioneerin?] research of Brown et al. (52-56). Ceramcs
such as hydroxyapatite can be thermal spray deposited
onto the stens of artificial hips and then the
engi neering assenbly directly inserted into the prepared
fenoral bone. The prine advantage is that it is not
necessary to use an epoxy to glue the prosthesis into
place. It has been established that epoxy leads to
necrosis of the imedi ately surrounding bone tissue and
this may cause |oosening of the prosthesis (and cloain)
over the lifetime of recipient. On the other hand the
porous nature of the hydroxyapatite coating allows the
natural bone to grow into the bioceramc coating. It is
postul ated that the hydroxyapatite coating IS gradually
resorbed and this <change in ceramc function 1is
progressively accomodated by new bone formation, Fig.
10.

This bioceramc application relies on two materi al
properties which are wusually thought to Ilimt the
conponent life; these are the porosity and environnental
degradation. Thus a major design requirenment is to
manuf acture a coating with a specific porosity size and
distribution (49,58). The coating nust also be gradually
resorbed into the body so that natural osteo-integration
can proceed.

Srength
(%) A

100

6 |Implantationtime
(months)

Figure 10. Strength vs. tinme behavi our of bone and re-
sorbable ceram c (adapted fromreference 57).



Heavy industry applications

~The nost .commonly' used coatings are based on
al um na. For  exanple  alumna, alumina-zirconia
conposites, .alumna-nagnesia (spinel), alumna-silica

(mullite) and nagnesi um zirconate (Mngo§) have been used
(59) as 1 mmthick coatings to prevent sYag attack on the
refractory 1linings of slide gate plates, stoppers,

tundish nozzles and crucibles in the steel naking
industry. It is a prine requirenent for the coating to
have | ow porosity so that the slag has a m ni num surface
area over which to react. Qher inportant specifications
are related to a high bond strength of the coating, good
wear characteristics and the ability to resist therma

shock. The requirenment for a high bond strength is not

considered essenti al for the coating to perform
satisfactory since materials with strengths of 5 Mpa are
gui t e successf ul

Al um na, alumina-titania and alumina-nichrome
materials have been used (60) to form coatings that
extend the life of hot extrusion dies. The coatings
prevent heat |oss through the die during the extrusion
process and control wear of the die naterial. De life
I ncreases by a factor of 7 and inproved productivity (it
is clainmed) by 100% since production runs are no |onger
halted by frequent die changes. The product quality was
al so inproved since the tolerances and surface finish of
the product are naintained for |onger periods.

Rolls are wused throughout heavy industries to
transport material; for exanple in a steel plant, or to
shape and process materials such as in the textile,
chem cal anc Printing i ndustries. The thermal spraying of
WC-Co naterials hy hl%? velocity processes such as D gun
(61,62) and Jet Kote has found increasing use since the
late 1970's. The coatings protect gate valves, seal

sur¥afes, conpressor rods, wire drawing capstans and die
profiles.

Plasma spraying  of alumna-zirconia conposite
material has been applied to the cooling rolls in
continuous annealin lines. (63). These coati ngs
successfully replaced electroplated chromum and they
were superior to thermally sprayed carbide coatings. It
was established that 0.2 mm thick coatings exhibited an
appropriate heat transfer coefficient. This allowed
uniform cooling of the sheet steel product and the
coatings were reliable in terms of good wear and thernal
shock resi stance.

Bl ast furnace tuyeres operate under an extremnely
demandi ng environnent and have a limted life due to
thermal overl oading, nechanical abrasion, nmanufacturing
defects, and hot slag and liquid netal attack. Their life
has been extended (64) by the application of a three
| ayer system of netal-ceramc conposite materials. The
initial layer is applied directly to the copper tuyere by



pack diffusion of alumnium Then two layers are .
thermally sprayed and consist of (i) 65wt% NiCrAl (of
conmposition 74:20:6, respectively) - 35wt% pagnesium
zirconate; and then, (ii) a ceram c-ceramc conposite of
75wt% zirconia and 25wt% magnesi a.

Alumna and rutile have been plasma sprayed onto
gl ass coated steel tanks to repair defects in the sodium-
silicate lining (65 . These tanks are used to prevent
corrosion in the chemcal industry and the reclamati on of
the tank represents a major economc and productivity
gain. The major factor in the preparation of these
coatings was to keeF. the surface tenperature of the
substrate (ie, the silicate glass) between 500 to 600°cC.
This thermal spraying paraneter was controlled by the
powder feed rate and the spraying distance. The tensile
strength of the repair coating at higher substrate
tenperatures was unacceptable due to thermal shock
cracking of the silicate substrate. No bond coat

pﬁpcidures were necessary to obtain coatings 0.3 mm
t hi cK,

Power generation plant applications

The flane, |lasma and arc netallization processes
are well suited for the spraying of netal |ayers which
conmbat high tenperature corrosion in power generation
pl ant applications (66-68). Ceramcs and cernets are
al so sprayed by the D-gun process (69). The best coat!ng
was a conposite of chrom um carbide and ni chrome applie
0.3 mm thick. This conposite coating behaved nore
favourably than coatings of alumna, zirconia and
tungsten carbi de-cobalt under service conditions which
control erosion due to fly ash

El ectrical industry applications

El ectrically i nsul ating coatin?s have been
fabricated out of alumna (70,71), spinel, cordierite and
forsterite (71). Coatings of silicon have been sprayed
for the manufacture of solar cells (72,73) and resistors,
which are based on NioO-Fe304 mxtures, have also been
satisfactorily thermally sprayed and tested (74).

El ectrically conductive coatings resistant to wear
(75) have been nmanufactured fromtitaniumdiboride in an
alumnium bronze matrix and zirconium carbide in
al um ni um bronze matrix. Zirconiumcarbide in copper base
conposite al so denonstrated good conductivity.

CONCLUDI NG RENMVARKS

~ The agﬁlications of thermal spray technology are
vari ed. er mal spray coati ngs are sonet i nes
di sadvantaged as a process since they are forned by a
| i ne-of -sight process and therefore conponents nay not be
suitably shaped for uniform coating deposition. For
exanple Fig. 9 reflects this drawback since coatings for



pi ston crowns are of variable thickness and this nay not
suit the application. In sone instances the thermal Sspray
coating can- be applied in the field without renoval to a
specialized reclamation facility. It is now standard
procedure for coatings to be applied in the original
equi pment manufacture resulting 1n significant economc
gai n.

It is difficult to separate netal and ceramc
applications for thermally sprayed coatings since these
materials are often used together. The nmetal may act as a
bond coat to inprove adhesion or the netal can be co-
sprayed with the ceramc to forma cernmet conposite. The
powders may be premxed in a nechanical fashion or a
conposite powder can be manufactured. which has the
di fferent conponents bound together in each particle.
The two powders may also be feed to the thermal spraying
torch by two different delivery systens.

Areas that have not been covered in this article
include the manufacture of near-net shapes, conposite
technol ogy and superconductors. In sone cases the
aﬁplications are well-established (76); for instance in
t he manufacture of free standing al um na radones. However
the long term utility of this technology relies on the
devel opment of nore advanced manufacturing processes
whi ch 1 nvol ve conposite technology. This includes the co-
deposition of continuous (77,78) and discontinuous (79)
fibres into a thermally sprayed matrix. The research area
of high tenperature superconductors (80-82) is also not
covered since it has not, to date, shown a conmmercial
advant age over other processes. The prime shortcom ng of
the thermal spray route is that the so-forned coatings
exhibit low critical current densities that are not
conpetitive with thin filmtechnol ogy.

The coating mcrostructure and phase distribution of
thermal |y sprayed coatings are dissimlar to those of the
bul k constituents. Therefore nmaterial properties of the
coating; such as thermal diffusivity, mechanical strength
in tension and shear, and wear characteristics will be
different fromthe properties of the bulk material. Thus
the mcrostructure' of coatings determne their utilit
and this recognition enables the wuser to take ful
advant age of coating properties.
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