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Abstract: The recent global trend of materials R&D is shifting from “monolithic” to “mate-
rials system” and from “bulk” to “thin film and coating”. It is thus a natural consequence that
plasma spray processing, as an affordable and effective thin film and coating technology, is
attracting global attention in materials engineering. Unfortunately, however, the current
plasma spray technology for thin film and coating seems to not yet reach the sufficient tech-
nological level to meet the requirements from the fields where this technique was not appli-
cable in the past. In this context, this paper will point out the disregarded but important is-
sues involved in conventional plasma powder spraying to fit for high technologies and infer
the future potential of novel plasma spray processing with the use of extended feedstock like
gases, liquids, and various-sized powders. In particular, special attention will be given to re-
cent challenges aiming at a development of a co-deposition process of droplets and vapors,
namely, comprehensive plasma spraying. 
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INTRODUCTION

In recent years, the global trend in the field of materials R&D is shifting from “bulk” to “coating” tech-
nologies. It also goes without saying that the primary factor in materials development is “affordability”,
without which, efforts are only the research of materials for the sake of research. Even for the process
development, affordability must be considered unexceptionally. In this regard, it is a natural conse-
quence that plasma spraying is attracting attention globally. However, considering the future advance-
ment of materials processing, the current level of plasma spraying technology is not sufficient to re-
spond to the demands in the fields where plasma spraying has not been applied in the past. In fact,
judging the current situation on the basis of the development of this field over the last 30 years, it can
be said that the level of rapid advancement desired in fields such as electronic, automotive, aerospace,
biomedical, and the next-generation nanocoatings cannot be met if only the currently available tech-
nologies are used. I wonder if I am the only one who believes that new viewpoints and principles re-
garding the fundamental research concept should be introduced. In reality, compared to the number of
reports on application research, the number of reports on basic research carried out to derive universal
principles is extremely small. This is one of the characteristics of research trends in this field. Regarding
the lack of basic research, I occasionally read review papers that describe the difficulty of performing
basic research in the plasma spraying process because of 500 or more combinations of parameters in-
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volved in the process. Even if this is the case, research performed in universities and institutes should
not adopt the same methodologies as those applied in private industries. 

In the first half of this article, therefore, I will point out the disregarded but important issues in-
volved in the advancement of plasma spraying technology. The future potential of novel plasma spray
processing will be reviewed in the second half, by referring our recent projects aiming at a development
of novel deposition processes for silicon films by maso-plasma chemical vapor deposition (CVD), and
of thermal barrier coatings (TBCs) by novel comprehensive plasma spraying.

PLASMA SPRAYING IN A BROAD SENSE

The term “plasma spraying” is somewhat ambiguous. The primary meaning of this term may be “in-
jection plasma processing”, in which raw materials are injected either in the liquid, vapor, or powder
form and subjected to physical, chemical, or both reactions in the plasma. According to the different
interactions of injected materials with plasma and/or environment, this technique can be classified into
three elemental processes as summarized in Fig. 1: (i) plasma spray synthesis in which various vapor
mixtures are created via decomposition and/or chemical reactions of gas or liquid raw materials,
(ii) plasma flash evaporation in which fine powders are injected and decomposed completely to form
high-temperature vapor mixture, and (iii) plasma spray melting in which rather coarse powders are in-
jected in the plasma and melted completely to form droplets. When one introduces effective quenching
or cooling process to each case, i, ii, and iii can be applied for the production of nanoparticles and for
spheroidization of powders. In practice, these processes have been used in industry. In any elemental
processing, the fundamental role of the plasma is to provide reactive or inert “extreme high-tempera-
ture” environment and its “flow”. The thrust of “plasma spray processing” is therefore an effective use
of “high-temperature gas flow” that is not achievable by combustion flame. In some cases, the power
input part itself is utilized. However, the “flow” should be controlled if the unique characteristics of the
thermal plasma are to be used effectively. Further potential of thermal plasma will be exerted not sim-
ply from the role as a heating medium but from the use of the physical and chemical phenomena dur-
ing heating/cooling in the plasma or plasma/ambient boundary. In this respect, the fundamental ap-
proach to the plasma spray processing is essentially different from that generally considered in
low-pressure plasma processing. It is, however, difficult to control the plasma flow magnetically except
the electrically conducting path in the plasma. Alternatively, the plasma should be controlled based on
fluid dynamics. In addition, power units, plasma torch, and plasma flame all have to be taken as im-
portant “cogs” in the “plasma system” as they are cooperatively interacting with each other from the
plasma control point of view. In other words, individual components of the plasma system have to be
developed considering the overall performance as a whole system, which is particularly critical when
scaling-up the plasma facilities. In the application of thermal plasma to industry, additional attention
has to be paid to the material amounts requested by industry, with respect to the capacity that specific
plasma technology can accommodate. Therefore, a treatment of volatile organic compounds (VOCs) at
a rate as fast as 100 kg/h is regarded as an innovative progress of this technology [1]. This in turn indi-
cates that a 100-kW-class thermal plasma system can treat the powder, liquid, or vapor at 1, 10, and
100 kg/h, respectively, if it is of economical worth. 
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PLASMA SPRAYING FOR COATING TECHNOLOGY

The incorporation of additional functions with coatings to bulk base materials is becoming more im-
portant in view of the current technological trends described by “nanotechnology”. Figure 2 summa-
rizes typical thin film technologies as a function of production speed and values achieved. Plasma pow-
der spraying can be classified as a leading coating technique due to its extreme fast production rate and
affordability. In contrast, the CVD and evaporation attain films with added functions despite slow dep-
osition rates. The future technology, therefore, may be the one that possesses both high rate deposition
capability and high functional values, with “viable”, “sustainable”, and “affordable” aspects. Taking
these values into account, the arrows shown in the figure will be the directions in which the current tech-
niques should evolve as the next generation of film/coating technologies. It is plasma spraying that re-
alizes such technological directions by adopting substrate in the plasma tail flame. In this context, the
above-mentioned elemental steps i–iii in the plasma spraying can be redefined as (i) plasma spray CVD
(PS-CVD), (ii) plasma spray physical vapor deposition (PS-PVD), and (iii) plasma powder spraying,
respectively, as shown in Fig. 3. Note that the key role of plasma is to change the deposition principle
of the conventional CVD and PVD by alternating the precursors to be deposited in the extremely non-
equilibrium boundary layer originated from the plasma–surface interaction.
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Fig. 1 Various elemental processes in plasma spraying with different feedstocks.

Fig. 2 Classification of coating technologies with their functional values and processing rates. 



PLASMA POWDER SPRAYING

Reexamination of research related to plasma powder spraying

A plasma powder spraying system can be classified into the following three regions: (1) plasma torch
region; (2) heating, melting, and acceleration region of powder particles; and (3) deposition region.
Plasma-sprayed layers are typically comprised of splats with variable levels of flatness, spherical parti-
cles, unmelted particles, and various forms of pores, as a result of the combination of the above three
regions (1–3). In other words, the plasma-sprayed layer is a coating consisting of an aggregate of par-
ticles each having different trajectories and thermal histories. The approach to plasma spraying research
greatly depends on whether we accept these coatings as they are. In my opinion, many application-ori-
ented researchers have accepted the coating technologies as they are without considering the strengths
and weaknesses of the two approaches. However, it is very natural to believe that if we were able to
have an ideal spraying technology with which the trajectory and thermal history could be completely
and homogeneously controlled, we would obtain a coating completely different from such an inhomo-
geneous structured coating. I think we cannot expect to realize new development in plasma spraying
technology without introducing this approach. For this reason, from the standpoint of the people who
did not accept the spray coatings as they were, I briefly describe the origin of the above distributions
for each region (1–3).

The distribution in region 1 is caused mainly by the method of powder supply to the plasma and
the sharp gradients in the radial direction of temperature and velocity fields present in plasma.
Generally, the powder is supplied perpendicular to the plasma flow direction. Thus, even if the injected
particles are of the same size, a velocity distribution of particles develops owing to the carrier gas ve-
locity distribution and in-homogeneity of plasma. As a result, different trajectories and thermal histo-
ries are generated. The most effective means for controlling the distribution is axial injection of the
powders. In practice, there have been several attempts for the development of a plasma torch in which
powders are injected in the axial direction, although these are still in the research stage. Over the last
few years, the high-velocity oxy fuel (HVOF) system, whose industrial use is rapidly increasing, can be
considered to be a series of distribution control technologies for the use of axial directional feeding.
Furthermore, with the dc plasma torch method, it has been clarified that 10–3 s order periodic variations
in plasma intensity always develop owing to the arc discharge characteristics. Therefore, dc plasma can
be considered in reality to be a pulse discharge of 1 kHz. The real issue is that the fluctuation period is
almost the same as the time required for injected particles to be heated and melted. Accordingly, even
if the distribution related to powder injection is controlled, the heating history distribution cannot be
controlled in the spraying method utilizing a dc plasma torch, unless some kind of relaxation process is
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Fig. 3 Elemental processes in various plasma spraying for deposition on substrates.



installed in the later stage. The distribution in region 2 is mainly caused by the rolling-in of the ambi-
ent gas together with the distribution of composition, temperature, and flow velocity of the plasma jet,
and the heating characteristics are also different. In particular, in the case of a plasma jet in a turbulent
flow state, many masses of low-temperature gases are present sporadically as floating clouds in the
plasma [2]. Therefore, the generated plasma is not uniform, causing amplification of the dependence of
the heating characteristics on trajectory. Figure 4 shows the relationship between the residence time and
the impinging velocity of particles for plasmas generated by various types of plasma torches for spray-
ing. It demonstrates the strong dependence of spraying parameters on the type of plasma generator, and
the state of distribution is also strongly dependent on the type of plasma generator. Therefore, it is im-
portant to understand each plasma flow characteristic. The causes of distributions in region 3 are con-
sidered to be related to the surface conditions of the substrate, which influences the deformation and
solidification of droplet particulate. The research on this topic is in the preliminary stage. In particular,
heat transfer between a liquid droplet and a solid which are at a temperature difference of 2000–3000 K
occurs through a nanoscale heat-transfer region. Hence, at present, even in the simulation described
later, it is necessary to introduce the contact thermal resistance as a parameter.

Thus far, I briefly discussed the factors related to distribution; the developmental process of
plasma generators for spraying in the past 10–15 years can be understood easily if it is reviewed in
terms of trajectory and heating history distribution control. For instance, over the early stage of the in-
troduction of low-pressure dc plasma spraying systems, the high particle speed over 400 m/s was the
selling point of the system. In reality, however, the particle velocity was not so high. That is, the main
effect of the pressure reduction is considered not to increase the particle velocity but to narrow the dis-
tributions mentioned above owing to expansion of the plasma tail flame, together with relaxation of the
pulsing fluctuations of the plasma jet and uniform heating capability of the substrate. In recent years,
in order to further control the various distribution parameters, the use of a radio frequency (RF) plasma
torch is being considered in industries. The most notable feature of this system is that a plasma is gen-
erated in a fairly large diameter of 20–50 mm, and the powders can be fed in the axial direction into the
plasma [3]. Therefore, the distribution due to the variation of trajectories and thermal histories can be
made very narrow, and the spraying yield remains as high as 80 %. The dc-rf hybrid plasma spraying
technology [4], which will be explained below, belongs to this group.

On the basis of the above background knowledge, the research stages of the spraying process can
be classified into the following three phases.
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Fig. 4 Dwell times and velocities of droplets in different types of plasmas. (RFPS: radio-frequency plasma
spraying, HYPS: hybrid-plasma spraying, APS: atmospheric plasma spraying, LPRFPS: low-pressure radio-
frequency plasma spraying, LPPS: low-pressure plasma spraying).



• First phase: Experimental and theoretical studies to analyze a series of processes including ther-
mal history and trajectory in which single particles are injected into a plasma jet, heated, and ac-
celerated, and accelerated droplet particles collide with the substrate, and deform, solidify, and
adhere to it.

• Second phase: Systematic study of plasma surface mutual reactions and various types of spray-
ing parameters during the formation process of the sprayed coating of a single-phase substance
due to a series of above-mentioned individual phenomena, and evaluation of the structure, com-
position, internal stress, and adhesive strength of the coating.

• Third phase: Evaluation of overall concurrence of spraying process and above-mentioned ap-
proach from the viewpoint of materials science for highly advanced application areas such as for
composite materials including fiber-reinforced materials (FRM), multilayered material, graded
materials, and cermets.

Unfortunately, the tragedy in the study of plasma spraying is that there have been only a few no-
table research results over the past 30 years for the first phase, and most of the research shifted to the
second and third phases. To make matters worse, in the last two phases, significant results in the area
of applications have been accomplished. The background on this is, first, there is a world-renowned
spray apparatus manufacturer monopolizing the market since the spraying apparatus has been mainly
developed hand-in-hand with aviation industries, and it is certain that we are behind in this area.
Actually, there are not many reports on basic research that include the development of spraying systems.
One of the reasons for this is that many studies end with the evaluation of the characteristics of the
sprayed coating using parameters whose values are restricted owing to the use of conventional spray-
ing apparatus. Second, it is essentially difficult to control various distributions such as those of particle
injection velocity to plasma, thermal history, and trajectory arising from nonuniformity of plasma and
acceleration using a traditional dc plasma spraying system. The coating layer represents the results of
convolutions of these factors. Thus, researchers have refrained from the study of phase 1, perhaps be-
lieving that the fruits from phase 1 research are not worthy of the efforts required for such a difficult
task. As described before, it is obvious that the difficulty in controlling the distributions has limited the
application fields of conventional spraying processes. Therefore, if we can develop a method that re-
duces the degree of the above distributions, there is no doubt that we can steadily progress toward the
advanced spraying technologies.

Velocity and size of spraying particles

Many engineers working in this field seem to consider there is a close relationship between the spray-
ing particle velocity and the quality of the coating, i.e., the faster the spraying particle velocity, the
higher the coating quality. However, on observing the deformed ZrO2 particles in Fig. 5, it is obvious
that the particle velocity does not affect the deformation solidification process as much as the extent the
engineers believe. The particle velocity, at the maximum, is 70 m/s in this case, however, the ratio of
the splat diameter to the droplet diameter was as high as approximately 5.0. This means that a particle
of 50-µm diameter deforms to a splat of 250-µm diameter and 1-µm thickness. Naturally, the spraying
particle velocity cannot be too slow for solidification to occur before impacting the substrate. Hence,
there should obviously be a lower limit for the sprayed particle velocity. Now, what determines the
upper speed limit? It is the speed that causes splashing, which deteriorates the quality of the coating.
The upper and lower limit values are determined by the physical properties of particles and heating his-
tory as well as the temperature and surface conditions of the substrate. In line with the fact that all
process parameters have optimal values, there is an optimal value for spraying particle velocity.
However, the splashing phenomenon is observed when the partially solidified particles are impinging.
Therefore, it goes without saying that the complete melting is the premise.
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Figure 6 shows the classification of plasma spraying processes in terms of impinging particle ve-
locity and the particle size to be used. The latter is the size of a particle at which the particle is melted
completely but not evaporated. Obviously, the novel and conventional plasma spraying processes are
characterized as the low-velocity large-diameter particle spraying process and high-velocity small-di-
ameter particle spraying process, respectively. For example, with the RF plasma spraying process, the
residence time is long, 5–10 ms; it is advantageous as the spraying of large particles is possible.
However, when a material with a high melting point is used for spraying, the particle with velocity of
the order of 20 m/s or so may solidify before impinging to the substrate. This is one of the drawbacks
of this method. With the dc-rf hybrid plasma spraying method, in which the low particle velocity prob-
lem in the RF plasma spraying method is compensated, and the particle velocity immediately above the
substrate is controlled, ranging 40–70 m/s even at the atmospheric pressure by adjusting input power to
the dc plasma jet. In the spraying of the Ti particles on a stainless substrate, the larger the particle size,
the stronger the adhesion strength. With the regularly used 30-µm particles, adhesion strength of only
40 MPa was reported, whereas we obtained a result as high as 200 MPa with 120-µm particles [5]. This
result was considered to be caused by the diffusion effect due to the substrate temperature increase im-
mediately under the splats. This is an important case study in point, revealing the future of the spray-
ing method in terms of industrial applications, and also suggesting the possibility of realizing a very dif-
ficult spraying process by using large-grain particles even under atmospheric pressure conditions.

On the other hand, how impinging velocity, particle size, and temperature affect the deformation
and solidification processes has not yet been analyzed systematically. But, if we restrict our discussion
to the case where particles deform to a disk shape without splashing, it may be said that these factors
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Fig. 5 Optical image of a YSZ splat; (a) top view and (b) bottom view through glass substrate. 

Fig. 6 Typical ranges of powder sizes and velocities achieved in various spraying techniques.



do not affect the extent of deformation so much in a sense that they are similar in terms of shape.
However, they greatly affect the solidification process. In other words, for the particles having some
level of velocity, the temperature and size are more important parameters than the velocity. In particu-
lar, when the solidification process is controlled by the heat transfer in the thickness direction, the de-
formation and solidification processes are naturally dependent on the thickness of the deformed parti-
cles, namely, the size of the particles. The quantitative understanding of velocity, size, temperature, and
contact thermal resistance is an issue to be resolved in the future [6]. On the other hand, several results
have recently been reported that there is a threshold temperature for the substrate that determines the
occurrence of splash- and disk-type deformation. These are new topics in this field [7].
Phenomenologically, when solidification advances from the points of contacts of liquid droplets with
substrate, splash-type deformation seems to develop. In the meantime, when solidification begins at the
peripheral regions of the splat, disk-type deformation develops. In other words, when the contact ther-
mal resistance is small, splash-type deformation develops. The detailed analysis of this behavior re-
quires an understanding of nanoscale heat transfer; however, in general, the issue of this splash-type de-
formation is not a big problem if the substrate can be heated up to the temperature within the
permissible range. 

Simulation and in situ measurements

Through the recent re-recognition of an importance of the first-phase research, the number of reports
on simulations and in situ measurements related to the deformation and solidification processes of sin-
gle spraying particles has been increasing [8]. However, many case studies are conducted independently
by people who belong to the heat engineering fields and to the measurement fields, and there has been
no report of an integrated understanding from both two approaches. For example, in nanoscale heat
transfer, normal contact thermal resistance is not applicable in the heat conduction analysis, as a tem-
perature difference of 2000 K or higher is present at the interface between the liquid droplet and the
substrate. Thus, it is essential that in the future, information obtained by measurements should be used
in numerical analyses to determine the physical quantities to be measured, i.e., an approach from both
sides is essential.

Recently, researchers have succeeded even in modeling up to pore formation using stochastic ap-
proaches for coating formation [9]. However, it is important to understand that all of these models as-
sume equilibrium solidification in which the contact thermal resistance is introduced as a fitting pa-
rameter, in a certain sense. Regarding the simulation, I would like to point out the necessity of clarifying
the relationship between the deformation and solidification process of sprayed particles under the state
of supercooling, since the phenomenon of supercooling, which should be naturally taken into consid-
eration in the field of metallurgy in relation to solidification phenomena, has been neglected in the mod-
elings reported so far. Figure 7a shows a part of the calculation results, in which the viscosity is repre-
sented in terms of a function of temperature, and supercooling solidification phenomenon is
incorporated into the simulation [10]. Although the details of the calculations are not presented here,
when the supercooling phenomenon is included, the extent of deformation dependence on particle tem-
perature can be described by linear extrapolation of the equilibrium solidification curve. However, it has
been demonstrated that the initial solidification rate differs by approximately one order of magnitude
from the case of equilibrium solidification (Fig. 7b). In other words, even if the shape of deformation
is the same, the metallurgical solidification structure differs greatly, and as a result, the coating charac-
teristics may differ greatly, too. 
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There is much to learn from the calculations related to deformation and solidification processes
during the collision of not only single sprayed particles but also multiple particles with the substrate,
and we are amazed when we observe graphically dynamic images. However, if we examine the calcu-
lation conditions in a little more detail, I feel it necessary to mention that there are many incidences in
which conditions do not match those in actual processes. Naturally, simulations and experiments are
complementary, and for achieving progress in this field, “beautiful measurement experiments” are es-
sential. Especially, I would like to stress here that “average or mean values” of the velocity, tempera-
ture, and size of droplets have little help for understanding the actual deposition phenomena. The rea-
son may be sufficient to show the fact that you will observe wider distributions of them even when you
select the particles by inserting the plate with 1-mm hole just in front of the substrate. Accordingly, at
this stage, it is strongly anticipated to gather the data relating 1:1 correspondence between the velocity,
temperature, and size of a single droplet just before impinging and the morphology and structure of the
splat [11]. We are moving from an era in which study of the dependence of external parameters yields
some information, to an era in which new information is obtained only from the quantitative studies on
the dependence of internal parameters. Furthermore, we are in the era in which such a study is possible
by novel instruments.

PLASMA SPRAY CVD AND PVD

In PS-CVD, gaseous or liquid reactants are injected and completely dissociated to the atom elements as
precursors. In most of the cases, as the substrate temperature is significantly lower than that of the tail
flame, the rate-limiting step of the deposition is considered to be in the plasma/substrate boundary.
Therefore, unlike surface reaction observed in the conventional CVD, the prominent feature of PS-CVD
is transport of high radical flux. For some cases, cluster deposition is expected as an additional impor-
tant feature, especially when extremely high rate deposition is attained [12]. For example, SiC coatings
have been successfully deposited by PS-CVD from SiCl4 + CH4 gas mixture at a rate of 1 mm/h with
the deposition efficiency of over 70 %, due possibly to the CHx radical formation and also to the
thermophoretic effect in the plasma/substrate boundary [13]. By using hybrid plasma, microcrystalline
Si with a defect density of 7.2 × 1016/cm3 was produced from SiH4 + Ar plasma at an ultrafast rate of
over 1000 nm/s, which is about 2000 times faster than that achieved by the conventional CVD [14].
Computer simulations have suggested the effective roles of clusters with the size of ~1 nm and of the
thermophoresis in the plasma/substrate boundary to achieve such ultrafast depositions [15,16].
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Fig. 7 Variation of deformation degree with the initial impinging temperatures for various droplets (a) and
comparison of solidification velocity of a supercooled and superheated droplet (b).



Furthermore, the deposition of complex oxides such as optical materials was also attained by this tech-
nique, supporting the possibility of high rate deposition assisted by hot cluster formations [17]. On the
other hand, in the case of diamond synthesis, it is plausible that molecules such as CH3, C2Hx are the
precursors and the deposition rate is controlled by extraction of hydrogen near the surface. As a result,
despite the deposition efficiency of only several percent, high deposition rates faster than 10 µm/h is re-
alized by the high flux of atomic hydrogen [18]. Commercially, large-area diamond films with a diam-
eter of 6 in and thickness of 1~2 mm are already produced by a 300 kW dc plasma system. Another in-
teresting example is that thick (over 20 µm) cBN films were obtained by using BF3–Ar–H2 gas mixture
plasma under 50 Torr with the PS-CVD method although the thickness of cBN films hardly reaches
1 µm by the conventional low-pressure (several mmTorr) deposition [19].

In contrast, PS-CVD at medium pressure of around several Torrs can be a unique approach to ex-
pand the potential of plasma spray processing. The effectiveness of this processing may be in that var-
ious precursors can be created stably through chemical reactions in the plasma, promoting the func-
tionalities of the products. In addition, owing to the characteristics of medium-pressure plasma, such
precursors are transported/treated in rather high-density plasma flow, which increases the throughput
and thereby retains the potential of plasma spraying as an affordable process technique. Because of such
characteristics different from those of low-pressure and thermal plasmas, this plasma process may be
distinctively called “mesoplasma” spraying. The deposition of the epitaxial silicon films at high rates
via mesoplasma CVD is a recent example [20]. As such, a variety of developments in mesoplasma
spraying technology are highly expected as a key technology in the future.

In the PS-PVD method, atoms or clusters are utilized as precursors through evaporation of fine
powders injected. Therefore, the most important feature in this method is the ability to vaporize pow-
ders completely (generally as small as 10 µm in diameter) and continuously in the plasma. Along with
the merits of the analogous “flash evaporation” technique that facilitates deposition of the compounds
with totally different vapor pressures, the advantages of PS-PVD processing are its flexibility and the
minimum formation of by-products. In addition, higher vapor fluxes can be achieved by an increase in
the powders to be injected, with increasing the plasma power inputs. However, the sizes of the powders
have to be carefully selected according to their residence time in the plasma, since rather large particles
may remain at the liquid phase without being evaporated. Furthermore, high rate carrier gas is in gen-
eral required to inject smoothly finer particles, intending complete evaporation within the plasma flow.
This gas velocity, however, needs to be carefully controlled since the plasma is remarkably disturbed
and becomes unstable, deteriorating inevitably the quality of the coatings [21]. This method has been
employed to deposit a variety of materials, including 123 oxide superconductors. In particular, an in-
teresting result observed is that hot cluster deposition facilitates the epitaxial growth of the 123 phase
[22], although such peritectic phase formation from incongruent melt is in general difficult to be con-
trolled in the case of the powder spraying technique. Similarly, PS-PVD has successfully demonstrated
the deposition of thick SiC films at rates well greater than 300 nm/s, using ultrafine SiC powder as a
starting material. Such SiC has shown the enhanced thermoelectric properties by N-doping [23]. This
process is often compared to the laser ablation process. Several makers have tipped that the PS-PVD
will become advantageous over laser ablation owing to its “large area” and “ultra-fast” characteristics,
once fine powders with high fluidity and precisely controllable powder feeding system both become
conveniently accessible.

COMPREHENSIVE PLASMA SPRAY PROCESSING: CASE STUDY FOR THERMAL
BARRIER COATINGS

The development of novel TBCs by twin hybrid plasma spraying (THPS) is one of the best case exam-
ples of integrating all the potentials of different plasma spraying techniques, that is, composite coating
production with the plasma powder spraying and PS-PVD processes. The use of TBCs together with
the development of super alloys and cooling systems enables the continuous improvements in the effi-
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ciency and durability of gas turbine engines. Practically, the thickness of over several hundreds of mi-
crons is required for TBCs, so that deposition rate and cost-efficiency have become the momentous cri-
teria in choosing the proper manufacturing method. Over the last decade, various processes have been
adopted for TBC deposition and are divided into two main types; one is vapor deposition technique,
such as electron-beam PVD (EB-PVD), plasma-enhanced CVD, and laser CVD, and the other is molten
particle deposition typically represented by atmospheric plasma powder spraying. In short, TBCs made
by the former are characterized by columnar microstructures, while splat structures are commonly ob-
tained by the latter. Owing to this structural difference, the thermal and mechanical properties of such
TBCs vary considerably. The vapor-deposited TBCs have the merits of excellent strain tolerance, ex-
cellent surface finish, good erosion resistance, and relatively long lifetime. However, these merits are
gained at the expense of rather high thermal conductivity and high production cost. On the other hand,
molten-particle-deposited TBCs exhibit the lowest thermal conductivity, high processing efficiency, and
low cost, but are less durable. Thus, the coatings with all the above advantages as added values will be
the next-generation TBCs. In this respect, thermal plasma spraying is an attractive, promising, and nat-
ural choice for novel coating technologies as it inherently possesses the potential to achieve all the char-
acteristics by both molten particle spraying and vapor deposition. 

In a hybrid plasma [24], the large recirculation eddy present in the conventional RF plasma is ex-
tinguished by the high-velocity channel of the arc jet. The central channel of the plasma is also heated
by the high-temperature jet, and the dc plasma jet can act as a lasting igniter and a strong propulsor to
enable the axial injection of powder, which may improve the uniformity of the powder thermal history
compared to the radial feeding method. A more homogeneous plasma flow than that of conventional RF
plasma is another merit of the hybrid plasma, as is found in the temperature and axial velocity fields in
a 100-kW hybrid plasma estimated by computer simulation shown in Fig. 8. Such high power capacity
of the hybrid plasma system enables the full melting and/or evaporation of yttria-stabilized zirconia
(YSZ) with high melting temperature and utilizes its unique chemical and physical properties for TBC
topcoat. On the other hand, as powders are used for both plasma powder spraying and PS-PVD
processes, composite coatings can be formed by one torch deposition owing to inevitable distributions
of powder size, velocity, and plasma conditions, i.e., the combination of melting and evaporation
process of the injected powders. However, real engineered composites should be obtained by a precise
and active control of the film structures, and this was made possible with a novel 300-kW THPS sys-
tem shown in Fig. 9a. This system is equipped with two hybrid-plasma torches in a chamber, and sub-
strates on a rotary substrate holder are exposed by turns to the two plasma flames, which is capable of
plasma powder spraying and PS-PVD process. That is, an alternate layering of the intended structures
with any materials can be realized by assigning different processes separately to each of the two hybrid-
plasma torches. Figure 9b shows the photograph of the as-deposited YSZ coating by this cyclic depo-
sition technique. It is seen that YSZ coating was performed on the 8 substrates simultaneously, ex-
hibiting uniform top appearance over the 5 × 5 cm substrate. 
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The critical parameters to achieve a specific structure by the use of a single-torch system are iden-
tified. In the case of plasma powder spraying, empirically, a better adhesion strength is achieved by
rather large powders if full melting of the constituent is maintained. As shown in Fig. 10, both com-
puter simulation and experiments on large YSZ (with size of 63~88 µm) powder spraying confirms that
a flattening degree as large as 5 was reached when the droplet size is near 100 µm in a 100-kW hybrid
plasma [25]. The good agreements between the numeric simulation results and the single splat defor-
mation experiments in turn confirm that the viscosity and thermal resistance value obtained from in situ
measurement [11] are reasonable. On the other hand, in the PS-PVD process, powder-feeding rate is
found to be the first important parameter that affects the evaporation degree of powders. Figure 11
shows the variation of the deposition rate and coating structures with the powder-feeding rate and dis-
tance from the torch [26]. At a relatively high powder-feeding rate of 4 g/min, the coating was com-
posed mostly of splats as a result of complete melting of the powders and deposition at the liquid state.
Whereas, when the powder-feeding rate was lowered to 1 g/min, only the aggregation of nanoparticles
is observed, which is the typical structure of vapor deposition by PS-PVD. This variation in micro-
structure demonstrates clearly the powder-loading effects. On this basis, when the powder-feeding rate
was controlled to 2 g/min, a peculiar layered composite structure was achieved, in which the sprayed
splats are enweaved between the PVD structure layers. A more interesting result is that the PVD struc-
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Fig. 8 Temperature (left) and axial velocity (b) field of a 100 kW hybrid plasma. The white lines denote the 3-turn
coil positions. The central high temperature and high velocity channel is caused by the dc jet.

Fig. 9 Schematic of a 300-kW THPS system (a) and photograph of the as-deposited YSZ coatings on a rotating
holder (b).



ture is achieved at a quarter of the deposition rate for the sprayed films, when reducing the feeding rate
to one-fourth of that for the spraying. This is clear evidence of quite a good deposition efficiency of
PS-PVD. A denser microstructure was also achieved in the thick PS-PVD coating of YSZ with a thick-
ness of around 550 µm deposited on water-cooled stationary substrate at ultra-high speed of over
150 µm/min as shown in Fig. 12. It is interesting to note that interlaced structures were revealed in such
dense YSZ coating after etching with 50 % HF for 3 min. From transmission electron microscopy
(TEM) observations, a similar interlaced twin variant structure was observed clearly and identified as t'
phase. More detailed analyses are required to understand the formation mechanism of such structures.
Nevertheless, the coating with this interlaced structure has higher nanohardness and elastic modulus
than those of powder-sprayed and EB-PVD coatings [27]. Another important result is that the coating
has shown much higher reflectivity against the infrared than the powder-sprayed coating, due probably
to the layering structure at several micron intervals, parallel to the coating surface [28]. This suggests
that the coating can reflect the infrared light effectively and therefore suppress radiation heating of
underlying base materials particularly when exposed at elevated temperatures. 
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Fig. 10 Effect of droplet diameter on the flattening degree (substrate temperature = 723 K): (a) numerical
simulation and (b) experimental results.

Fig. 11 Variations of deposition rates and the coating structures with the powder-feeding rates at different torch-to-
substrate distance.



In twin torch depositions, composite coating with the combination of PS-PVD Al2O3 and plasma
powder spray YSZ was produced. Figure 13a shows the well-flattened YSZ splats (white) in the vapor-
deposited Al2O3 matrix (black) [26]. Understanding the individual droplet deformation and solidifica-
tion in the middle of the coating is as important for the structure control purpose as the first splat for-
mation behavior at the splat/substrate interface mainly for the adhesion control purpose. This technique
facilitates the direct observation of such droplet deformation in the coating with ease. Figure 13b shows
the peculiar layered structure attained in the YSZ/YSZ composite coating deposited by plasma powder
spraying and spray PVD with small powder. Such porous YSZ composite was deposited at high rate of
>50 µm/min × 500 cm2 and achieved significantly reduced thermal conductivities of 0.7 W/mK.

SUMMARY

We have only entered the beginning stage for the basic study of spray coating technology. This means
that it has potential for further development. In this sense, it is not appropriate to determine the present
position of spraying technology in terms of currently available technologies, especially in fields where
high-level coating processes are required. Even so, it is surprising that there are many analytical stud-
ies on the performance of the coatings produced by the currently available technologies. As mentioned
in the beginning, for the development of the novel coating process, it is essential to adopt an integrated
approach from the fields of processes, evaluations, analysis design, and so on. I strongly feel the ne-
cessity of the launch of a joint industry and academia project with participants from many different
fields with various specialties. In this sense, discussions among researchers from different fields will
become more important in the future.

T. YOSHIDA
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Fig. 12 FE-SEM micrograph of PS-PVD YSZ after etching (a) and TEM image without etching (b).

Fig. 13 FE-SEM micrograph of PS-PVD Al2O3 and powder spray YSZ composite coating (a) and layered YSZ
coating deposited by PS-PVD and powder spray using twin torch deposition (b).
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