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Solution precursor plasma spray
(SPPS) synthesis is a simple, single-step,
and rapid technique for synthesizing
nano-ceramic materials from solution
precursors. This innovative method uses
molecularly mixedprecursors as liquids,
avoiding a separate processing method
for the preparation of powders and
enabling the synthesis of a wide range
of metal oxide powders and coatings.
Also, this technique is considered to
be promising for the formation of non-
equilibrium phases in multi-component
oxide systems. This short review provides
an insight into the important aspects of
SPPS, the properties obtained in com-
parison to conventional plasma spray,
and the potential applications of the
SPPS process.

INTRODUCTION

The physical and mechanical prop-
erties of materials exhibit remarkable
improvements as their grain size is
reduced from the micrometer to the nano-
meter range. Various techniques such as
sol-gel, vapor deposition, laser ablation,
mechanical milling, flame pyrolysis, and
radio frequency (RF)- and microwave
plasma synthesis have been developed
and/or modified to synthesize nanomate-
rials. A critical look at the status of nano-
technology shows that most of the work
has been concentrated on the synthesis
of various nanomaterials, but little work
has been reported on consolidation of
these nanoparticles. Studies carried out
to consolidate nanomaterials have shown
that these powders have inherent meta-
stability and a strong tendency for rapid
grain growth, and that the conventional
powder metallurgy techniques such as
sintering and hot pressing can lead to
difficulties in achieving full consolida-
tion while preserving the nanometer
size of the starting materials. Coating

technology that combines the synthesis
and consolidation processes into a single
operation can be advantageously used
to avoid some of the problems encoun-
tered during conventional consolidation
procedures. Further, many engineering
applications such as wear resistance and
thermal barrier coatings (TBCs) require
enhanced properties at the surface only,
indicating that directly depositing as
nanomaterials can offer more surface
engineering applications than freeform
structures.

ROLE OF PLASMA IN
PROCESSING MATERIALS

The plasma spray process is a widely
used technique for producing surface
coatings for various industrial applica-
tions.! This process uses a high-tempera-
ture, high-velocity plasmajetto meltand
spray 10-100 um sized feedstock to form
anoverlay coating. In general, the plasma
spray process uses a solid feedstock and
produces fine-grained (0.5 to 5.0 um)
deposits. The feedstock is commonly
in the form of powders that need to be
prepared separately. Generally, plasma
spray processing is used for producing
protective and performance-enhancing
coatings. The plasma flame has many
special characteristics, such as a high
enthalpy density, high temperature,
high velocity, active environment, and
extremely high heating and cooling
rates. In plasma spray, these process
variables are tuned along with the powder
properties to achieve the desired coating
characteristics.

SOLUTIONS AS
PRECURSORS IN PLASMA
SPRAY

Spraying nanopowders in con-
ventional air plasma spray (APS) is
problematic, as nanoparticles have low

mass. As a result, they do not possess
the required inertia to cross the stream-
lines of the plasma spray and may lead
to segregation on its periphery without
depositing on the substrate. Nanosize
powders cannot be plasma sprayed owing
to their tendency to clog the plasma gun
nozzle. High surface friction among fine
powder particles leads to inconsistent
flow, producing non-homogeneous and
inferior coatings. An alternative to the
use of dry powders as feedstock is to use
solutions in a process known as precursor
plasma spray. Solutions can be either in
the form of sols (powders dispersed in
solvent) or homogeneously dissolved
precursor solutions. The former is known
as suspension plasma spray (SPS) while
the latter is known as solution precursor
plasma spray (SPPS).

The precursor solution used in SPPS
comprises a metal precursor in the
form of nitrates, sulfates, chlorides,
or alkoxides dissolved in a suitable
medium such as water. Upon injecting
the precursor into the plasma flame, the
products formed are directed toward the
substrate by the carrier gas. Thus, SPPS
enables the formation of metal oxides,
multi-component composites coupling
the process of material preparation and
coating into a single step. In the case of
SPPS, the precursoris a solution that can
enable the formation of nanoparticles as
coatings or powders. Since the report of
preparation of alumina, zirconia, and
yttria-stabilized zirconia nanoparticles
and deposits in 1997, SPPS has been
used to process many of the simple as
well as complex oxides delivering a
wide range of applications including
thermal barrier coatings, fuel cells,® and
phosphor,* magnetic,’ and biomedical
coatings.®® Solution precursor plasma
spray is a versatile process in forming
films and coatings for diverse applica-
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tions with varying physical properties,
as summarized in Table I.

MECHANISTIC ASPECTS
OF SPPS

In the plasma synthesis process,
first the liquid precursor is atomized
and injected into the high-temperature
plasma flame. At high temperatures, the
material undergoes a reaction to form
particles that are collected either as a
deposit on a substrate or as a powder. An
electrostatic precipitator can also be used
to obtain the material in the form of pow-
ders. When the atomized droplet enters
through the high-temperature flame and
is accelerated toward the substrate by
the carrier gas, various phenomena can
occur affecting the coating properties as
shown in Figure 1.

In the SPPS process, a coating forms
as a result of multiple sequential steps
involving a series of physical and chemi-
cal reactions of precursor droplets. The
multiple steps consist of the following:
precursor droplets form via a liquid
atomizer; atomized droplets are rap-
idly transferred into the plasma region
having high temperature and velocity;
on entering the plasma region due to
the interaction with plasma, the droplets
break into a number of tiny droplets; as
a result of the smaller size, the solvent
evaporates instantly in the hot plasma;
the remaining solute undergoes thermal
decomposition to form the corresponding
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Figure 1. A schematic representation of precursor-plasma interaction and associated
changes in various parts of the flame. Interaction in the core region of the flame leads to
adherent coating. Axial and transverse represent the solution feed direction with respect

to the plasma jet.

oxide particles; they are either partially or
fully melted, depending on the residence
time of the particle; splat formation on
impacting the substrate formation; and
the process continues, leading to a dense
coating. Depending on the mechanism
of interactions between these particles,
the formation of large particles, crystals,
agglomerates, or aggregates can result.
If the droplet spends insufficient time
within the plasma flame, incomplete
evaporation of the solvent and conden-
sation of the precursor materials occur.

Table I. Various Materials Synthesized by SPPS and Their Potential Applications*

Coating
Material Thickness Particle/Grain Porosity Potential
System (um) Size (nm) Vol. (%) Applications  References
ALO, — 10-50 — Nanopowders 2
Zr0, 20-80 — Nanopowders 2
YSz — 20-100 — Nanopowders 2
CeO, 1 30-50 — High-temperature 9,10
oxidation
resistance
Zr0,-7Y,0, 250-2,000 — 16-30 TBC 11-18
Ni-LDC 100-150 — 40-45 Fuel cell 3
LDC 5 — — Fuel cell 3
Eu® DopedTiO, — 30-83 — Optoelectronics 8
Eu* DopedY,0, 20-100 500-5,000 — Luminescent 4
coatings
Yitrium Iron Garnet - 90-110 — Magneto-optic 4
Hydroxyapatite 3-5 10-25 — Biomedical 7.8
Zr0,-AlLQ, - 10-1,000 — Metastable 19
Zr0,-Y,0,-Al,0, - 4-3,000 — Metastable 20
ceramics

*TBC = thermal barrier coatings; LDC = lanthanum doped ceria

As a result, liquid droplets splash on
the substrate surface and then undergo
further reactions, depending on time and
the availability of thermal energy, leading
to the formation of a patchy deposit.
The microstructure of an SPPS coat-
ing will be determined by the critical
parameters including original droplet
momentum, plasma and heat transfer,
flight trajectory and residence time of
droplets in plasma, and substrate tem-
perature as well. This feature isillustrated
in the scanning electron micrograph
(SEM) for cerium oxide nanoparticles
coated on mild steel substrate exhibiting
the surface morphology of fully as well
as partially melted particles along with
the micron-sized agglomerates (Figure
2). Further, splats with a typical size of
less than 1 wm are produced in the SPPS
process and a thickness of less than 10
wm can be achieved by controlling the
chemical concentration in the solu-
tion precursors and solution flow rate.
Although the SEM micrograph shows the
presence of micron-sized agglomerates,
these agglomerates were made up of
particles in the nano regime as shown by
the high-resolution transmission electron
micrograph (HRTEM) images (Figure 2,
topinset). The presence of lattice fringes
indicates the highly crystalline nature
of resultant cerium oxide nanoparticles
formed through the SPPS process.
Plasma spray synthesis is a single-
step process and all the reactions are
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driven to completion during the spray
processing itself, resulting in the forma-
tion of nanosized ceramic particles. No
post-spray calcinations or heat treatment
is required. Spray synthesis of nanoma-
terials with consistent characteristics
requires control of the size and size
distribution of atomized liquid droplets
and optimization of spray parameters.
As a result, the diameter of the atomic
nozzle, the pressure and flow rate of the
atomizing gas, and the concentration
and flow rate of the liquid feedstock
and droplet size distribution must be
monitored for optimum coating proper-
ties. The heat flux of the plasma flame
is governed by the nature of the gases.
Generally argon and nitrogen are used
as the primary gases while hydrogen is
commonly used as a secondary gas. The
size, shape, and phase composition of the
resulting nanomaterials depend strongly
on the spray feedstock.

The SPPS method for the deposition
of ceramic coatings offers several advan-
tages over the conventional plasma-
spray method, such as circumvention
of the powder-feedstock preparation
step, better control over the chemistry
of the deposit, the ability to deposit
compositionally graded coatings with

Melted non-spherical particle
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ease, the ability to deposit coatings that
are inherently nanostructured (nanome-
ter-scale grain sizes) and porous, and
processing versatility. These advantages
and the potential to deposit a wide range
of ceramics for the applications of
thermal barrier coatings (TBCs), hard
coatings, catalyst supports, biomedical
implants, and fuel cell components make
the SPPS method technologically very
attractive. Through the SPPS process,
nanostructured ceramic and ceramic-
ceramic composite films and coatings
and metal-ceramic composites are being
developed, mainly for applications in
gas turbine engines and solid oxide fuel
cells. Different features of SPPS make
the process adoptable for a wide variety
of applications.

Thermal Barrier Coatings

Thermal barrier coatings are used in
applications requiring high temperatures
in order to shield the component from
the heat, which allows the system to
run at a higher temperature, and thus
more efficiently.?! Applications for this
technology focus on turbines, which
experience high mechanical stresses and
environmental factors resulting from the
high heat where reduction of heat would

Unmelted spherical particle

Intensity (A.U.)

1234567829310
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Figure 2. A scanning-electron micrograph of ceria nanoparticles prepared by SPPS, exhibiting
the morphology of particles and agglomerates. The bottom inset is the energy dispersive
spectra indicating the presence of cerium and oxygen as major elements. The high-resolution
transmission electron microscopic image (top inset) indicates that the micrometer-sized
agglomerates are made up of nanosized particles.

extend component life.? Typically, the
main load-bearing component is a metal
superalloy which is coated with an inter-
metallic bond coat. The TBC is applied
directly to the bond coat; however, during
thermal cycling a thermally grown oxide
(TGO) grows between them.?> The TBC
lowers the temperature of the load-bear-
ing component if the TBC is thick and
durable enough to handle the temperature
condition at the surface and reduce the
gradient created from the surface to the
layersbeneath.! Ifitis sufficient, the TBC
can protect the superalloy from creep or
fatigue, thus extending the component’s
useful life.

Two typical processes for application
of TBCs are electron-beam physical
vapor deposition (EB-PVD) and air
plasma spray (APS).2* Thermal barrier
coatings applied by EB-PVD are gener-
ally stronger than APS-based TBCs due
to their lateral strain tolerance that is
derived from their columnar structure.”
These columns are arranged perpendicu-
lar to the surface, but with this enhance-
ment in strength comes an increase in
thermal conductivity. In contrast, APS
has a lamellar structure characteristic
of the splat formation which lowers
thermal conductivity.?® These flat plates
hinder heat transfer perpendicular to the
coating surface, as do the micro- and
macro-cracks created during spraying.?
Unfortunately, although this process is
less expensive and has better thermal
resistivity, itlacks the structural integrity
of EB-PVD TBC coatings. In order to
create the best material for TBC applica-
tions the advantages of both processes
would be combined, giving both high
strain tolerance and low thermal con-
ductivity. The low thermal conductivity
of SPPS coatings can be understood as
vacant dielectric material in the form of
pores or cracks. The following equation
describes theoretical porosity based upon
spherical porosity:?’

3

'[ kSpherir:al pore _ 1 _ 2
- q)Sphenz

2

Dense

Using SPPS, it is possible to create a
high-strength TBC coating due to some
unique features that can be created using
this process. The first feature is the pres-
ence of extremely small splat formation
in the SPPS coatings ranging from 1 um
to 10 um as compared to the typical APS
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of 50-100 um.?** This finer structure is
further enhanced by the columnar and
equiaxed grain structures within these
splats.?*30 The strain tolerance is
enhanced further by a unique vertical
crack formation that is normal to the
coating surface.!” These vertical cracks
manifest themselves as a “mudflat”
design when viewed normal to the sur-
face.!" Whereas in thinner coatings the
cracks are not connected and appear as
disconnected lines in the coating, as
coatings become thicker and more stable,
large columns interconnect at the surface
giving the aforementioned appearance.
These through-thickness cracks are not
reduced after thermal cycling and remain
throughout the lifetime of the coating.*
Thermal barrier coatings formed by
SPPS are associated with vertical cracks
and fewer horizontal cracks, the charac-
teristic feature of APS. Coating thickness
and microstructure, and especially poros-
ity of the coatings, governs the distance
between the adjacent vertical cracks and
the penetration depth of the cracks. Thus,
combining the features of SPPS includ-
ing small splat formation, minimal splat
boundaries, vertical cracks, non-pyro-
lyzed precursor, and equiaxed grain
boundaries, the SPPS process creates
durable TBCs as compared to the APS
process and rivaling the EB-PVD pro-
cess.!'?! Thermal cycling is another
important feature of TBCs and the effect
it has on the coating can largely change
the life of a particular part. In Table II,
the thermal cycles to failure by deposition
method are shown, with APS being the
weakest and SPPS being the strongest.
The SPPS coating’s increased strength
is based upon a microstructural differ-
ence from that of APS. In addition, the
thermal conductivity of SPPS is com-
mensurate with APS, in contrast to that
of EB-PVD which has a higher thermal
conductivity due to its higher density.
High-temperature oxidationresistance
is an important property in determining
a technology’s structural applications.
Many alloys exhibit better high-tem-
perature oxidation resistance due to the
formation of a protective oxide layer
(such as AL O, or Cr,0,) on the surface.
However, SPPS coated cerium oxide
nanoparticles on 410 martensitic stain-
less steels have shown a 50% reduction
of oxidation rate compared to that of
uncoated material. The SPPS technique

combined with nanoparticle chemistry
can lead to the development of efficient
and economic high-temperature oxida-
tion resistant coatings.

Porous Anodes in Solid Oxide
Fuel Cells

Solid oxide fuel cells (SOFCs) are
a highly efficient, pollution-free tech-
nique to produce electricity through
electrochemical and chemical reactions
between hydrogen/hydrocarbon fuels
and oxygen. However, some difficulties
associated with SOFCs, involving the
fabrication of the cell components, mate-
rials selection, high operating tempera-
tures, mechanical and electrochemical
reliability, and high production cost have
to be overcome before this technology
becomes commercially viable.* The
catalytic activity of an anode is one of
the important parameters in determining
the performance of SOFCs. A porous
microstructure with a large surface area
can enhance the interaction of incoming
fuel.

The SPPS-deposited anode layer is
highly porous, with porosity of 40-45
vol.%, and the thickness of the anode
layer is 100-150 wm. The layer consists
of anumber of submicrometer-sized par-
ticles that are partially melted and have
a near-sphere shape. Porosity analysis
indicated that the porosity distribution
varies from 20 nm to 0.5 um with a
central value of 150 nm. Unlike the case
of disk-like porosity in conventional
plasma spray using a powder feedstock,
the SPPS process produces near-sphere-
shaped pores that are formed by the
stack of the small sphere particles. In
the anode layer, it is well known that
charge transfer reaction site is located
at three-phase-boundaries (TPB) of
ionic, electronic, and gas phases. By
increasing the number of active sites at
the TPB, the catalytic property of the
anode, and hence, the efficiency of the
SOFC can be improved. Therefore, the
nanometer and submicrometer porosity
in the SPPS-formed LDC+NiO anode
layer can be beneficial for increasing
fuel gas permeability and anode catalytic

property.
Metastable Ceramic Composites
Generally, metastable ceramics are

formed by kinetically suppressing equi-
librium phases and microstructures using

rapid processing. Also, rapid solidifica-
tion leads to metastable ceramics, where
the short time scales involved suppress
long-range diffusion. However, in both
processes the resulting materials are in
the form of powders requiring consoli-
dation and subsequent sintering for the
fabrication of engineering components.
During sintering, solid-state phase trans-
formations can take place, resulting in
equilibrium microstructures in the sin-
tered parts. These metastable structures
can exist as transient phases or extended
solid solutions, and can have unusual
electrical, optical, magnetic, thermal, and
mechanical properties. Liquid-precursor
methods are assuming an important role
inprocessing metastable ceramics, where
rapid pyrolitic decomposition of liquid
chemical precursors is performed by
spraying liquid precursor into reactors.
The oxide is generated through the steps
of solvent evaporation, low-temperature
pyrolysis (or decomposition) of the
resulting gel or solid residue, and low-
temperature crystallization. The low
homologous temperatures involved in
pyrolysis and crystallization processes
(typically T/T,,<0.5) suppress the long-
range diffusion, resulting in transient
phases in the case of single-component
precursors or extended solid solutions in
the case of multi-component precursors.
Pure ZrO,, ZrO,-AlO, as well as ZrO -
Y,0,-AlO, systems were deposited by
SPPS.***Inthebinary 10 Al,0,-90ZrO,
system, two structural regimes, one with
nanostructures (1040 nm) containing
tetragonal zirconia and other of 50-100
nm with primarily monoclinic zirconia,
were found. It was shown that Al** forms
a solid solution with Zr0,, which is oth-
erwise insoluble at room temperature.

Biomedical Coatings

Hydroxyapatite [HA, Ca (PO,),
(OH),] hasbeen widely used as acoating
to improve the fixation of implants to
bone. It is known to be an osteoconduc-
tive material and can promote bone
growth at the surface of the implant. A
submicrometer/nanocrystalline HA coat-
ing was made from inexpensive liquid
precursors.” Using an organic sol-gel
solution of calcium nitrate tetrahydrate
and triethyl phosphate, porous HA coat-
ings were formed on a Ti-6Al-4V sub-
strate. The coating exhibited microstruc-
tural features typically found in solution
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Table Il. Thermal Cycles to Failure for
EB-PVD, APS, and SPPS Coating

Techniques forYSZ
Thermal Cycles
Process to Failure References
APS 40-400 32-34
EB-PVD 675 33
SPPS 400-1,000 33,34

precursor plasma spray processes; a
combination of melted and unmelted
deposits and small hollow spheres.
Nanocrystalline HA coatings can
improve the resorption of the coating in
the body, avoiding the irritant effect of
larger particles normally obtained from
air plasma spray.

Luminescent and Magnetic
Materials

Rare earth metal ions such as Eu** are
doped into oxides or semiconductors to
improve the phosphorescence properties,
but effective doping by wet chemical
methods is still difficult as the dopant
and host ions differ in ionic sizes as well
as chemical properties, leading to varia-
tions in precipitation kinetics. As aresult,
these rare earth ions might be simply
absorbed on the surface of the particles
and the observed light emission is due
to the direct absorption of rare earth ions
rather than due to the host matrix effect.
Also, very often wet chemical methods
lead to amorphous or low crystalline
particles requiring thermal treatment to
induce crystallinity. The presence of
surface functional groups such as
hydroxyls canlead to nonradiative relax-
ations limiting the applications of these
materials. Eu**-doped TiO, and Y,0,
luminescent nanocrystals,**® with effi-
cient nonradiative energy transfer from
the host to the activator Eu®* ions, were
synthesized by the precursor plasma
technique.

In the case of a titania matrix, it was
found that an increase in Eu** content
leads to an increase in rutile phase frac-
tion. The observed red emissions were
intense compared to those of the powders
prepared by other methods due to effi-
cient nonradiative energy transfer from
the matrix to Eu** ions, enabling their
applications in optoelectronic devices.*
Yttrium iron garnet (Y,Fe O, YIG) is
a well-known magnetic material used
for applications in telecommunications

and data storage. Conventional methods
used higher temperatures for processing
and resulted in wider particle size dis-
tribution. Also, maintaining the proper
stoichiometry was difficult, which
directly affects the magnetic properties.
Recently, YIG was formed through a
single-step precursor plasma process.’

Deposition Mechanism and
Modeling

Coatings by SPPS have unique prop-
erties based upon their structural differ-
ences as compared to other thermal spray
processes. The basic understanding of
the mechanism is a series of steps that
occur in order from the time the solution
is atomized into the flame to its final
impinging on a surface to become a
coating. The series begins with solvent
evaporation, gelation, pyrolysis, crystal-
lization, sintering, and possibly melting
and resolidification.® Each droplet does
not necessarily experience the complete
cycle due to the temperature of the flame,
either core or periphery, or because the
total time in the flame is not sufficient
to complete. The flame has two distinct
regions: a core (>2,000°C) and a periph-
ery (<2,000°C) where a droplet would
not experience the full thermal cycle and
could therefore be at a different stage
of crystallinity or have different size
or morphology. A sub-process of the
above thermal series can be understood
by solute migration to the outside of a
precursor droplet (~38 wm), through
evaporation of solvent becoming solid
(~8 um) and impermeable to gas. As
the temperature increases inside the hard
shell, the gas ruptures the shell creating
the 1 um adherent particles found at the
core of a SPPS coating. Stages of this
process are shown in the large hollow
spheres and powdery deposits that are
characteristic of the regions adjacent to
the core in coatings.’’

Negative effects can be avoided,
such as low deposition efficiency,
bubble formation, and non-adherence.
Deposition efficiency is a product of
the aforementioned temperature regions
whereby there is a Gaussian profile of
coating thickness. This is minimized by
altering process parameters to maximize
deposition from the core region and
minimize that of periphery or raster-
ing the spray. Bubble formation results
from segregation of solute toward the

outside, forming a solid shell which
resists particle explosion, typical of
SPPS, if it becomes too thick.?® This is
thought to occur in lower-temperature
regions where the rate of vaporization
is low and is dependent on the depth of
penetration of the precursor droplets in
the flame. Along with bubble formation,
non-adherence is found at areas beyond
the core where droplets experience lower
heat gradients and are at various stages
of crystallization or melting.?

Modeling of SPPS begins with decid-
ing upon certain basic setup criteria
including atomization location trans-
versely or axially to the flame, which
would result in less or more particles
focused at the center of the flame. Trans-
verse is the model standard. Heat and
mass transfer around individual droplets
are modeled according to velocity and
temperature. The solute amounts and
different precipitate areas are numeri-
cally modeled and predicted according
to averaged values and single, non-inter-
acting particle movement. The droplet
properties can be modeled as if inside
the plasma medium and are estimated
according to instantaneous values of
location and size. By varying parameters
and understanding both thermodynamic
and physical properties of the plasma
environment multiple calculated sce-
narios are generated.®

The limitations of modeling are
similar for any modeling process and
do not detract from the benefit in so
much as the virtual SPPS envisioned
by calculated values in only a discrete
setting. Real SPPS processing would
involve multiple mechanisms simulta-
neously and continuously interacting.
For example, droplet size is chosen as
is initial trajectory; however, secondary
drag forces are neglected and the calcu-
lated injection depth, particle velocity,
and subsequent evaporation rates based
upon particle position within the flame
are deduced from experimentally derived
plasma temperature and velocity values.
By understanding the phenomena better
optimization of process parameters can
be achieved reducing extraneous trials
to deduce parameters.*

FUTURE TRENDS

The SPPS process has many pos-
sibilities for multiple applications that
are only partially realized. Thermal
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barrier coatings already show a marked
increase in thermal cycles to failure as
compared to their APS and EB-PVD
counterparts and equivalent thermal
conductivity values as APS. In addition,
the ease of processing by removing the
powder formation/agglomeration stage
makes SPPS simpler and quicker for
TBCs. The porosity control afforded
by SPPS processing enables its usage
in catalytic applications where reduc-
tion of activation energy results in lower
operating temperatures. Therefore, the
incorporation of solution-based plasma
inindustrial applications can be expected
toincrease. The strong control of the stoi-
chiometry of SPPS opens many avenues
of exploration including biomaterials,
which should see an increased focus due
to the need for exact composition control
and porosity control. Non-equilibrium
processing, such as is needed for lumi-
nescent and magnetic materials, can be
realized at lower temperatures and with
more accuracy for single-step creation
of advanced pure and doped ceramics.
Modeling by SPPS has been essential to
understanding the complicated behavior
of particles in the flame. Since this has
been explored from the beginning of
SPPS research, expect it to be a staple
in the future of SPPS.
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