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Status of Thermal Spray
Technology in Japan

K. Tani and H. Nakahira

This article summarizes the present status and prospects for future progress of the thermal spraying busi-
ness and technology in Japan. Organizations that have supported thermal spraying business and technol-
ogy consist of coating contract shops, producers and suppliers of spray equipment and consumables, and
large companies that have been using thermal spray technology in their production lines, Moreover, out-
side, noncommercial vrganizations such as vniversities, government, or local industrial institutes and
academic societies for thermal spraying are reviewed. In terms of thermal spraying equipment, in
particiular, the installation of atmosphere-controlled plasma spray and high-velocity oxygen/fuel spray
(HVOF) are investigated. Typical examples include industrial applications that are performed mainly by
coating contract shops and large companies. In emerging spraying process technologies, synthesis of new
materials using atmospheric plasma spray and atmosphere-controlled plasma spray, laser-assisted

spraying, and new plasma torches are presented.

1. Introduction

THERMAL spraying in Japan is currently developing into one of
the most effective surface-modifying techniques for industrial
applications. This technique is widely used for various pur-
poses, including for example, cathodic protection for steel struc-
tures such as bridges and offshore structures and wear and cor-
rosion resistance for industrial machinery components.
Furthermore, functional coatings for advanced technology are
also being developed. To achieve this, the performance and
property retention abilities of sprayed coatings composed of me-
tallic, ceramic, or cermet materials are becoming increasingly
important. Research and development for industrial applica-
tions has been carried out primarily due to the cooperation of
end users and coating manufacturers,

In this article, a thorough review of the profile of the thermal
spray business, developments in industrial applications, and the
fundamental research for thermal spraying in Yapan are summa-
rized.

2. Profile of the Thermal Spray Market

In discussing the trends in thermal spraying technology in Ja-
pan, one of the most salient issues to be considered is the market
size of the thermal spray industry. It generally comprises the fol-
lowing activities: contract coating jobs, the production and sup-
ply of spray equipment and consumables, and in-house
production and application of coatings by large companies in the
automotive and aircraft industries. It is reported that approxi-
mately 160 or more companies practice thermal spraying, and
most of them are coating contract shops.[*} As yet, not all of the
figures for this industry have been included in the statistical data
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in this market survey, only those of individual companies, and
therefore, the sales totals of contract coating jobs, spray equip-
ment (including consumables such as powder, wire, and rod),
and in-house production by large companies have not been iden-
tified precisely. However, in 1990, an investigation was carried
out by an economic research organization,[*) in which the sales
figures in the thermal spray industry were estimated (Fig. 1).

The estimated annual sales, except for spray equipment in-
cluding consumables, was about $758 million (US dollars) in
1990. In this estimation, the sales of coating contract services of
the top ten shops reached $133 million (US dollars), and that of
the lower ranking 150 or so shops was $217 million (US dol-
lars). The remainder, which is estimated at $406 million (US
dollars), is presumed to be the value of in-house production jobs
by large companies. According to another source,! the sales of
thermal spray equipment, systems, and consumables such as
powder, wire, and rod reached about $154 milhon (US dollars)
per year in 1989. This achievement was due to the good business
climate of the preceding 4 or 5 years in Japan in which the
growth rate of the thermal spray business was 10 to 13%/year.
However, the business situation deteriorated in the latter half of
1991, so that the growth rate for the next 1 or 2 years will drop to
less than 10%/year.
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Figure 1 Estimated sales in the thermal spray industry.12!
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3. Activities of Business Circles and
Professional Societies

The thermal spray industry is generally considered to be
composed of two circles: the business sector and academic so-
cieties that support the scientific base of thermal spray technol-
ogy. Figure 2 shows their activities. The thermal spray business
has developed from the achievements of coating contract shops
and suppliers of equipment and consumables, which have
jointly organized a group named the Japan Thermal Sprayers
Association. This group consisted of 66 companies as of Feb
1991, almost all of which were small or medium in size. Some
shops have developed thermal spray techniques through con-
tract jobs that have evolved into industry-wide standards. More-
over, some shops have their own capabilities for research and
development and for the exchange of technical information
overseas. Producers and suppliers also play an important role in
developing new information on thermal spraying.

Basic scientific research on spraying phenomena and on the
characterization of sprayed coatings, etc., are essential to devel-
oping the thermal spraying industry. Besides coating contract
shops, large companies such as steel manufacturers (e.g., Nip-
pon Steel and Kawasaki Steel) and heavy-machinery companies
(e.g., Hitachi, Ishikawajima-Harima Heavy Industries, Mit-
subishi Heavy Industries, and Toshiba) have also researched and
developed the technology. Moreover, they regard thermal spray-
ing as a component technology. For heavy-machinery manufac-
turers, the purpose of thermal spraying is not only for the surface
treatment of machine components, but also for the development
of new materials using spraying technology. For example,
automakers have been developing original applications in vari-
ous engine components (e.g., oxygen sensors, turbochargers,
and disk brakes).

Many professional societies have promoted research and de-
velopment in thermal spray technology by contributing funda-
mental research. Significant contributors include:

e High Temperature Society of Japan

o  The Iron and Stee! Institute of Japan

e  The Japan Institute of Metals

e Japan Society of Corrosion Engineering

e  The Japan Society of Mechanical Engineers

| COATING CONTRACT SHOPS
. [ mAkERs & suppLIERS OF APPLICATION
BUSINESS : | £QuIPMENT & CONSUMABLES RESEARCH
[ LarGE companiEs
| UNIVERSITIES & COLLEGES
BASIC
ACADEMIC: | GOVERNMENTAL & LOCAL INSTITUTES RESEARCH

I PROFESSIONAL SOCIETIES

Figure 2 Activities of business sectors and academic societies.
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e The Japan Society for Precision Engineering

Japan Thermal Spraying Society
e  The Japan Welding Society

The High Temperature Society of Japan is one of the major
academic societies for thermal spray research and development.
Its thermal spray division is composed of three committees:
technical information on thermal spray, testing and charac-
terization, and corrosion engineering. Technical meetings are
held twice a year. This society is the leader of the organizing
committee for ITSC’95, which will be held in Kobe. The Japan
Thermal Spraying Society and the Japan Welding Society are
also major organizations in the thermal spray field, and technical
meetings of each society are held twice a year.

Technical articles and information have been contributed to
various transactions and journals, and therefore, the work and
impact of academic societies is growing. Thus, although thermal
spraying has developed as an effective surface-modification
technique, its systematization has been perfected solely through
experience, in contrast to more disciplined and established tech-
nologies. Theoretical analysis of coating quality and spray phe-
nomena should be systematized technologically. By increasing
the technical potential of thermal spraying, up and coming tech-
nical fields will be required to be integrated with thermal spray
technology. The character of thermal spraying technology
should be considered to be interdisciplinary to bring about the
integration of science and technologies such as materials sci-
ence, physics, chemistry, mechanical engineering, etc., and to
assist in the development of the industry.

This situation has been recognized so clearly that research
and development are performed in organizations, including both
coating manufacturers and academic organizations such as uni-
versities, colleges of technology, national laboratories, and gov-
emment or local industrial research institutes. For example,
high-energy thermal spraying technologies using low-pressure
plasma spray, high-velocity oxygen/fuel spray, and a laser
source are being researched at the Welding Research Institute of
Osaka University. The invention of functionally gradient mate-
rials (FGM) is being researched at the National Research Insti-
tute for Metals and at the Steel Research Laboratories of Nippon
Steel. Radio-frequency plasma spray process combined with
conventional DC plasma also are being studied at the University
of Tokyo.

4 Installation of Atmosphere-Controlied
Plasma Spray and HVOF

Plasma spraying in a controlled atmosphere is known by sev-
eral terms including vacuum plasma spray (VPS™), low-pres-
sure plasma spray (LPPS™), or low-pressure plasma spray
coating (LPC). More than 20 units have been installed in Ja-
pan.*] The equipment is mainly used by heavy-machinery
manufacturers, steelmakers, and a few coating contract shops
and is classified by its two uses: research and development and
commercial production.[*] A variety of research and develop-
ment themes are followed, whereas commercial applications at
present primarily involve the MCrAlY coating used on compo-
nents in aeroengines and stationary industrial gas turbines.

Journal of Thermal Spray Technology



Some of the commercially used HVOF equipment is Jet
Kote™ and Diamond Jet™. Jet Kote™ has been used mainly to
produce WC cermet coatings for over 6 years. Diamond Jet™
was introduced to Japan in 1989 for its high-velocity combus-
tion flame. More than 40 units have been installed, mainly in
coating contract shops. Its typical application is in the deposi-
tion of WC cermet coatings. Other types of HVOF equipment
have also been introduced from Europe and the United States;
however, these have not been commercially used for production
in coating contract shops. Detonation gun equipment developed
in Russia has also been installed in a few companies. It has been
reported that one of its applications is a chromium carbide cer-
met coating for heat exchanger tubes in coal-fired boiler facili-
ties for erosion resistance against fly ash.[5!

5. Coating Applications

5.1 Steel and Nonferrous Industries

The major industrial sectors for which thermal spraying has
been applied are

e Steel rolling and finishing

®  Aluminum rolling and finishing
¢ Pulp and paper

®  Aeronautics

e  Energy

e  Automotive

o  Others

The steel industry is a large market. Various types of rolls are
used in steel rolling and finishing facilities. Typical applications
include the continuous annealing line (CAL), continuous an-
nealing and processing line (CAPL), and the continuous galva-
nizing line (CGL). Figure 3 illustrates a typical layout of a
continuous annealing line.'%) Many thermal sprayed hearth rolls
are presently in use in heat treatment furnaces. Table 1 provides
a few examples of their coating specifications. An important
function of the coating is promoting buildup and pickup resis-

261.860m
Heat Treatment Furnaces

——

tance for roll surfaces against steel sheet at elevated tempera-
tures. In Japan, the surface quality and mechanical properties of
cold rolled or galvanized sheet are highly developed in response
to the severe specifications of customers such as automakers.(”]
Consequently, the quality of roll surfaces is essential to keeping
productivity high. For these reasons, plasma sprayed cobalt- or
nickel-based superalloys, oxide/metal composites, and a chro-
mium carbide cermet are used.!8]

A HVOF sprayed tungsten carbide cermet coating also is
widely used on the process rolls in a continuous galvanizing line
for wear and pickup resistance. The WC-Co coating has excel-
lent durability against the molten zinc-aluminum hot dipping
bath. Figure 4 shows the typical layout of a continuous galvaniz-
ing line.[%] Protective coatings for the rolls in a galvanizing pot,
such as the sink roll, have been developed, !0 and they have
contributed to the production of high surface quality galvanized
sheet products.

Besides applications in the steel industry, similar ones have
been established in nonferrous metal rolling industries. For ex-
ample, in aluminum rolling processes, WC cermet coatings are
effective for buildup or pickup resistance against aluminum
sheet productst!!:12lwhen they are applied on the bridle and de-
flector rolls. The coating contributes to the performance reten-
tion of roll surfaces and increases productivity by decreasing
downtime at such facilities.

5.2 Aeronautical Industry

The principal use of sprayed coatings in the aeronautical in-
dustries are applications in various turbine engine components
for commercial aviation. An atmospheric plasma sprayed zir-

Table 1 Examples of Coating Specifications for
Hearth Rolls

Maximum service
Composition temperature, °C
Co-based alloy-Cr,O3 cermet.........c.ovceevveennncvcucnneenennns ~1100
Co-based alloy-ZrO,-SiO, cemmet....... ~1000
Co-based alloy-oxide-carbide cermet ~1050
CraCy-NiCr.u..o vt ~950
Z109- 8107ttt st ~900

Entry
Looper

(i

(L1

]

Pay-off
Reel

Tension
Reel

o : Examples of Coated Hearth Rolls.

Figure 3 Schematic of a typical layout of a continuous annealing line facility.[6]
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Delivery Looper

-

Galvanneal Furnace

Heat Treatment Furnace

-

Entry Looper

Tension Tension SPM
Reel Leveller

Zn Pot

@ : Examples of WC Cermet Coated Rolls.

Figure 4 Schematic of a typical layout of a continuous galvanizing line facility.!?!

NiCrAlY/ZrO2-MgO
COMBUSTION (THERMAL BARRIER)
CHAMBER CraC2-25NiCr
(WEAR RESISTANCE)
CoNiCrAlY/DIFFUSION TREATMENT
BLADE NiCrAlY/2Ca0-SiO3-nCa0-Zr0,
VANE ’ (HOT CORROSION RESISTANCE)

CoNiCrAlY/ZrO5-8Y>03
(THERMAL BARRIER)

Figure 5 Coatings for heavy-duty gas turbine components.

comnia ceramic coating is widely accepted as a thermal barrier
coating. A plasma sprayed copper-nickel-indium coating is
commonly used to help minimize fretting wear. However, these
specifications have already been completed to the achievements
of major engine manufacturers in the United States and Europe.
A vacuum plasma sprayed MCrAlY coating for engine blades
and vanes is also used in the same applications.

Currently in Japan, few engine manufacturers have devel-
oped turbine engines themselves. Consequently, new aspects in
the development of sprayed coatings for aeroengines are not ex-
pected. However, surface-treated blades and vanes are used ex-
tensively as components in heavy-duty gas turbines for power
generation.[!3] Figure 5 shows examples of coatings applied to
components in heavy-duty gas turbines. These components are
sprayed with a NiCoCrAlY alloy by low-pressure plasma spray-
ing followed by diffusion heat treatment.

Recently, an advanced thermal barrier coating composed of a
2Ca0-$10,-nCa0-Z10, bondcoated with NiCrAlY! 4 has been
developed. It uses vertical microcracks in the coating to improve
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thermal shock resistance. Moreover, an amorphous phase
(Si0,) and a coexisting CaO compound are effective in corro-
sion resistance against ashes such as vanadium compounds and
sodium sulfates. Stationary industrial gas turbines are required
to use a lower quality fuel oil containing impurities such as sul-
fur and vanadium compounds, and therefore, this coating is con-
sidered a new thermal barrier and hot corrosion-resistant coating
for turbine components.

5.3 Paper Industry

In the paper industry, mirror-finished WC cermet coatings
have been applied to the rolls at the coater section of a paper-
board-making facility.['3 This application was developed to re-
place hard chromium plating. The WC cermet coating, which is
superior to chromium plating in wear resistance, has made it
possible to install doctoring blades onto the roll surface at all op-
erating times. The retention of a dust-free surface has been sig-
nificantly advanced.! %) The retention of surface cleaniiness for
rolls in paper mills is still a serious problem; consequently, a hy-
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Figure 6 Ceramic coatings for oxygen sensors in the automotive engin&“g}

Compressot housing

Clearance
impeller ¥

Air ~ Sprayed coating

MATERIAL : PLASMA-SPRAYED Al-Si/ POLYESTER

Figure 7 Abradable coating for turbocompressor housing.!19]

brid snrface coating combined with wear-resistant materials and
cohesion-preventing ageunts is being developed.

Surfaces of yankee dryer cylinders for tissue papermaking
facilities are coated with a molybdenum matrix nickel alloy. The
coated surface is wear resistant against doctor blades and exhib-
its heat conduction behavior that is more uniform than a cast iron
substrate. This coating technique!!”) was introduced from the
United States in 1990. A yankee dryer is so large that the spray-
ing and finishing processes are generally required to be per-
formed on site.

5.4 Automotive Applications

Thermally sprayed coatings are widely used in automotive
engine components, and automotive companies have developed
original applications in house. A typical component is an 0Xygen
sensor composed of a sintered zirconia solid electrolyte for de-
tecting the oxygen concentration 10 exhaust gas. A schematic
view of the cell and a diagram of the control system are shown in
Fig. 6.1181 A platinum elecirode of the cell is coated with plasma
sprayed zirconia or magnesia-alumina spinel for protection
against gas stream erosion.[!%!]

Thermally sprayed abradable coatings have been used in air-
craft engines for the air seal and improvement of turbine effi-
ciency. Their application in the compressor housings of
automobile turbochargers was also developed in 1989119 Fig-
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ure 7 shows a view of the turbocompressor housing in which an
abradable coating has been applied."2”! The optimum coating
material is an aluminum-silicon/polyester composite.!2!} Com-
mercial automobiles incorporating this new type of turbo-
charger have been on the marke since 1989.22]

6. New Process Technology

6.1 Development of Functional Materials

National institutes and laboratories and large enterprises
have been researching the application of thermal spray as a na-
tional project. Some of the components of the solid oxide fuel
cell (SOFC), which is used in power generation, are formed by
thermal spray.(?3! The performance of spray-formed compo-
nents, such as their gas permeation and polanization behavior,
are being researched.!2*-251The invention of functional gradient
materials that have properties including a chemical composition
that gradually varies are also being investigated.(2®! In thermal-
spray methods, the practicability of two types of processes has
been researched. One is the separate spraying of zircoma-yttria
and NiCrAlY using a dual-torch system!27} and the other is zir-
conia-yttria and 80N120Cr using the same torch in a reduced at-
mosphere (20 torr).[28]

6.2 Reactive Low-Pressure Plasma Spraying

The synthesis of composite materials is performed by reac-
tive low-pressure plasma spraying, which forms a nitride by a
plasma-assisted reaction. For example, titanium nitride/tita-
nium composite coatings that improve wear resistance and
strength at elevated temperatures,?%lan aluminum-based hybrid
material thatis reinforced with aluminum nitride and silicon car-
bide whickers,!*®) and intermetallic compound coatings (IMC)
that are composed of an intermetallic compound matrix and ni-
tridet?!) have been developed. One intermetallic compound
coating material is being examined as a high-temperature oxida-
tion-resistant material 32! For example a titanium-palladium al-
loy coating is being developed for titanium bulk material using
an argon aimosphere vacuum plasma spraying process. An ex-
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cellent wet corrosion resistance comparable to titanium bulk
material has been reported.(33]

6.3 Radio-Frequency Plasma Spray

Radio-frequency (RF) plasmas have a large high-tempera-
ture zone of several centimeters in diameter. The process is per-
formed in an ambient atmosphere, and the velocity of the plasma
stream can be as low as several meters per second.!3*] When
used for plasma spraying, a sufficient melting of sprayed parti-
cles similar to a conventional DC plasma is obtained.33] More-
over, combining the RF technique with conventional DC plasma
may minimize the formation of porosity within a coating. For
example, the synthesis of TiAl;, MoSi,,[2%as a functional gradi-
ent material, and spray-formed yttria-stabilized zirconia as a
solid electrolyte, and LaCoOj3 and NiO as electrodes for solid
oxide fuel cells!3>) are being researched using this process.

6.4 Laser Spray

The modification of sprayed coatings by a laser source is also
one of the important themes for research and development or-
ganizations in Japan. One is the deposition of a reactive metal
such as titanium;[37] another is the modification of deposited
layers by remelting or diffusion with a substrate.[33-42]As an ex-
ample of precision thermal spraying, a laser spraying process
and a micropowder feed unit are being used in the fabrication of
electronic circuitry by depositing thin films of metal and/or ce-
ramics onto a circuit card.[43]

6.5 Multi-Electrode Plasma Spray

The development of a central powder feed plasma gun is the
ultimate achievement, and such a major breakthrough is needed
to bring plasma spray coating to new levels of acceptance. A
three-electrode plasma torcht44] and gas tunnel plasma spraying
are being researched.[43]

7. Miscellaneous

7.1 Research on Spraying Phenomena

The analysis of spraying phenomena is important in optimiz-
ing spraying conditions. One of the prevailing research themes
is measuring the velocity of plasma jets and sprayed parti-
cles.[#6-47] Flame-temperature distribution and impact force of
sprayed particles are also being studied. The relationship of the
plasma jet temperature and its length, the influence of melting
conditions of particles, and the influence of particle velocity on
adhesion strength have been quantified.[48]

7.2 Testing and Characterization

There are many unknown factors in the characteristics of
thermally sprayed coatings. The determination of cohesive
strength between sprayed particles, adhesive strength to the sub-
strate, and residual stress in a coating are typical targets of re-
search. In these fields, newly emerging testing and
characterization techniques have been researched. The evalu-
ation of adhesion strength using a glue-free tensile pin test pro-
cedurel*9! and a centrifugal device combined with an acoustic
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emission testing method have been proposed.[>*IResidual stress
analysis is also performed using X-ray diffraction methods.[31]
Physical properties such as thermal conductivity and anisotropy
are active research topics.[52-331These values are very useful for
the design and evaluation of gradient materials.

8. Conclusions

The status of business sectors and academic societies that are
the supporting and driving force for the future of thermal spray
science and technology has been reviewed. Spray coating appli-
cations and the profile and future prospects were investigated.
The thermal spray market in Japan has been estimated at more
than 100 billion yen (about $770 million US dollars) per year in
the firsthalf of 1992. It is certain that present thermal spray tech-
niques have advanced to the point where they are now lodked
upon as reliable manufacturing processes. Up to now, the pro-
gress of thermal spraying in Japan has owed a lot to the technolo-
gies of the United States and Europe. However, in the
steelmaking and automotive industries, Japan has superseded
the technologies of other countries in the area of thermal spray-
ing. Therefore, thermal spraying activities in Japan may have to
develop more innovative applications based on the above
achievements to maintain a leadership role.
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