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Nanomaterial Deposits Formed by DC Plasma Spraying of
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An experimental system consisting of an axial feed plasma
gun, a variablerateliquid delivery system, a liquid atom-
izer -feeder, and a substrate movement and control system
was designed and assembled for preparing nanograined
ceramic deposits. Sprayed depositswere produced with dif-
ferent spray and sol feed parameters and investigated in
both the as-sprayed and heat-treated conditions. As-
sprayed depositswer e predominately hydr oxidephasesand
were grongly adherent to the substrates. Postspray heat
treatment at 873 K led to conversion of the alumina and
zirconia deposits to y-alumina and tetragonal zirconia
phases, respectively. Subsequent heat treatment at 1273 K
resulted in densfication of the deposits and formation of
high-temper aturephases. A small increasein thegrain size
was observed with heat treatment, but the specimens still
retained nanosized grains.

. Introduction

ERTAIN physical and mechanical propertiesof materialsex-

hibit remarkable improvements as their grain size is re-
duced from the micrometer to the nanometer range.!~> Attrac-
tive features include the ability to sinter and densify at low
temperatures, hardness, ductility, and unique magnetic, optical,
and dielectric properties. These features are expected to find
applications in many advanced industries. Hence, during the
last 10 to 15 years, many laboratoriesin the United States,’
Japan,® and Germany” have investigated nanoscienceand tech-
nology. Varioustechniquessuch as sol-gel,® vapor deposition,®
laser ablation,'® mechanical milling,? flame pyrolysis,'! and rf
and microwaveplasmasynthesis'2!3 have been devel oped and/
or modified to synthesize nanomaterials. A critical look at the
status of nanotechnology'~!* shows that most of the workers
have 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 metastability and
a strong tendency for rapid grain growth, and that the conven-
tional powder metallurgy techniques such as sintering and hot
pressing can lead to difficultiesin achieving full consolidation
while preserving the nanometer size of the starting materi-
als.'*1> Coating technology which combines the synthesis and
consolidation processes into a single operation can be advan-
tageously used to avoid some of the problems encountered
during conventional consolidation procedures. Moreover,
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many engineering applicationssuch as wear resistancecoatings
or thermal barriers require enhanced properties a the surface
only. This, coupled with the high cost of manufacturing and
processingof nanomaterials,indicates that nanomaterial depos-
its will find engineering applicationsin many industries before
the monoliths can be industrially employed.®

The plasma spray process!® is one of the widely used tech-
niques for producing overlay coatings for various industrial
applications. This process uses a high-temperature, high-
velocity plasma jet to melt and spray 10-100 pm sized feed-
stock to form an overlay coating. In general, the plasma spray
process uses a solid feedstock and produces fine-grained (0.5
to 5.0 wm) deposits. When finer-sized particlesare used as the
feedstock material, coatings with thinner lamellaand improved
properties are obtained.!” Hence, if the solid particles are re-
placed by atomized liquid droplets, further reduction in the
grain size can occur and lead to the formation of nanodeposits
having superior properties. However, plasma spray processing
of liquid precursorshas not been reported in the open literature.
This article presents a study carried out to produce nanomate-
riad deposits by a technique, termed as plasma spraying of
liquid precursors (PSLP).

As a technique for producing nanodeposits, the PSLP has
many advantages such as simple processing, versatility to pro-
duce amost any deposit over any substrate, capability to pro-
ducethick film deposits, high deposition rate (>5 pm/min), and
flexibility to produce complex composite deposits using liquid
mixtures or multiple feeders. The PSLP is an aerosol process,
and it has some advantagesover the conventional plasma spray
process. In conventional plasma spraying, since deposits are
produced with 10-100 pm sized particles, they have variation
in chemical compositions over distances of tens of microme-
ters.!® In the PSLP process, each droplet of theliquid feedstock
contains the stoichiometric composition of the desired final
product, and hence deposits with compositional homogeneity
are produced.!®

II. Experimental System

The PSLP system consists of aliquid feeder, aliquid atom-
izer—injector, an atmospheric plasma spray system, and a sub-
strate holder—manipulator (Fig. 1(a)). Theliquid feeder delivers
measured quantities of the feedstock to the atomizer—injector,
which produces atomized droplets of the feedstock and injects
them into the high-pressure plume of the plasma jet, An axial
feed plasma spray?® torch (electromagnetically coalesced
plasma spray gun, Flame-Spray Industries, NY), with a modi-
fied powder injection port to incorporate the injector, is used to
produce the high-temperature plasma flame. As the droplets
enter the plasma plume, heat and momentum transfer from the
plasmainto the droplet lead to the evaporation of the solvent,
condensation of the precursor, and plasma chemical reactions,
resulting in the formation of a dense and coherent deposit.

The liquid feedstock feeder, shown in Fig. 1(b), is a pres-
surized chamber incorporating a stirring mechanism. The de-
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Fig. 1. (a) Schematic d the plasma Soray processing sysem: (1) gas supply, (2) control console, (3) power supply, (4) liquid feeder, (5) EMC
plasma gun, (6) liquid atomizer injector, (7) subgtrate manipulator, and (8) subgtrate. (b) Schematic d the liquid aomizer-injector.

livery rate of the liquid can be varied in the range of 26.2 to
51.0 mL/min by varying the gas pressure from 0.1 to 0.3 MPa.
Solenoid valves, pressure regulators, and gauges, installed at
the pressure vessel and at different locations along the flow
paths, are used to measure and control the pressures and flow
rates of both fluids.

The liquid atomizer—injector works on the two-fluid atomi-
zation principle?! with nitrogen as the atomizing gas. Ascan be
seen in Fig. 1(b), this injector has four thin-walled coaxial
tubes. Liquidisinjectedinto theinnermost (tube A) tube (1.525
mm diameter and 225 mm long). An atomizing gas, flowing
through the coaxia outer (tube B) tube (2.350 mm diameter
and 212 mm long), atomizes the liquid and injects it into the
plasmajet. Injector cooling water flowsin and out of the third
(tube C) and fourth (tube D) tubes, respectively. The outermost
(tube D) tube (6.250 mm diameter and 200 mm) contains the
adapter for mounting the injector onto the plasma gun.

The axial-feed gun used in this work consists of four pilot
plasma torches which operate in a conventional manner. The
plasmaflame exiting from each of these torches converges on
a point located at the inlet of a main anode nozzle assembly
(seeFig. 1(a)). The magneticfield surrounding each of the pilot
plasmas electromagnetically coalesces them into a central
plasma. Simultaneously, an electric current is established be-
tween the pilot plasmas and the main anode nozzle. The feed-
stock injector (liquid atomizer), incorporated along the axis of
the gun, inserts the feedstock into the core of the plasma.

HI. Experiments

(1) Materials and Spray Feedstocks

Aluminum isopropoxide and 16 wt% zirconium acetate so-
lution in acetic acid were used as metalorganic precursors.
Commercially available alumina sol (Dispal 23N4-20, Vista
Chemical Co., Houston, TX) was used to prepare the high-
concentration alumina sol. Liquid feedstocks for spray opera-
tion were prepared by dissolving the precursors in distilled
water. Inconel and mild steel coupons of dimensions50 mm x
15 mm x 4 mm were used as substrates, and aluminagrit (10
mesh) was used to grit blast the substrates prior to spray coat-
ing.

One percent molar concentration alumina sol was prepared
asfollows. A quantity of 300 g of deionized and distilled water
was heated to 353 K and then 34.01 g of auminum isopropox-
ide was slowly added, stirring vigorously. The solution was
then stirred for 20 min, and 1.5 mL of concentrated nitric acid
added such that the slurry had a molar ratio of acid/hydroxide
of 0.154. The dlurry temperature was maintained at 353 K for
ancther 6 h for the peptization to be completed and to produce
a clear sol. High-concentration alumina sol (10%) was pre-
pared by diluting 100 mL of the Vista sol with 100 mL of
distilled water. Similarly, 1000 g of zirconium acetatein dilute
acetic acid was further diluted with 520 mL of distilled water
to obtain 2 wt% zirconiafeed liquid.
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(2) Characterization of the Liquid Atomizer | njector

The laser scattering technique,?? which uses the intensity of
the scattered laser light to record the size distribution of the
scattering media, was used to study the performance of the
liquid atomizer—injector. The feed rate of the liquid and the
pressureof the atomizing gas were variedin the ranges of 15.0
t050.0 cm3min and 2.0 t0 5.0 bar, respectively, and their effect
on the droplet size distribution of the atomized fluid was re-
corded. These experiments were carried out in atmospheric air
using water and compressed air as the atomized and atomizing
fluids, respectively.

(3) Deposit Preparation and Heat Treatment

Initial efforts to produce deposits by injecting a liquid jet,
instead of an aerosol, into the plasma jet resulted in severe
erosion of the copper nozzle and produced deposits with copper
and copper oxide contamination. Henceall subsequent deposits
were produced with aerosol feeding only. A series of spray
experiments were carried out to establish the optimum spray
parameter values which yield quality deposits at a reasonable
deposition efficiency. Optimized spray parameter values for
spraying both alumina and zirconia sols, established from the
results of these experiments, are presented in Table I.

Sprayed specimens were heat-treated at low (873 K) and
high (1273 K) temperatures for 1.0 h in air with heating and
cooling rates of 5 K/min. As-sprayed and heat-treated speci-
mens were subjected to investigations to determine the varia
tion in phase composition and microstructure of the specimen,
and to establish the chemical reaction routes.

(4) Specimen Characterization

Microstructural features of the specimenswere studied using
optical and scanning electron microscopes (Model JSM 5300,
Joel, Tokyo, Japan). X-ray diffraction (Model PW 1729, Phil-
lips) was used to establish the phase composition of the speci-
men. XRD was also used to estimate the deposit grain size as
follows.23-2> The diffraction pattern of the specimen was re-
corded at aspeed of 0.01°/s using CuKa radiation with a nickel
filter, and the full widths a half-maximum (FWHM) of the
diffraction peaks were measured. Contributionsdue to Ko, and
Ko, were deconvoluted, and only the Ka, peak widths were
used for calculation. XRD of a standard silica specimen was
used to measure instrument broadening, and Ziegler’s method
was used to remove the instrument broadening for obtaining
the true crystal broadening.?* Using the Scherrer relationship
for size effect and Cauchy’s correction for stress effects, the
following relationship is obtained:

B cos0 = K\/D +4AdAd sin 0) (1)

where D is the size of the crystallite, K is the shape constant
(close to unity), A is the wavelength of the radiation, 8 is the
corrected true FWHM of the diffraction peak, 8 is the diffrac-
tion angle, and Ad and d are the average lattice strain and
dimension, respectively.

Tablel. Parametersfor Spraying Aluminaand

ZirconiaSols
Parameter Alumina Zirconia

Power (kW) 25.2 (low) 29.0 %Iow)

41.0 (high) 41.0(high)
Plasmagas 1 (Ar-SLPM) 55.0 380
Plasma gas 2 (Ar-SLPM) 0.0 120
Stand-off distance (mm? 80.0 100.0
Atomizer gas pressure (kg/cm?) 30 40
Feedstock concentration (%) 1.0 (low) 20 EI ow)

10.0 (high) 5.0 (high)
Feedstock flow rate (mL/min) 30.0 (low) 30.0

50.0 (high)
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Fig.2. Droplet sizedidributiond liquid atomizer—injector produced
aero0l.

The parameter 8 cos 6 was plotted versus sin 0, and as
shown by Eq. (1), astraight line is obtained with the intercept
given by the crystal size and the slope revealing the stress
effect. However, it should be noted that the experimental tech-
nique, correction procedure, and deconvolution process
strongly effect?3-25 the estimated grain size, and hence the
XRD estimated grain size should be treated only as an estimate.

Typical deposits were removed from the substrate, ground,
mounted onto carbon-coated copper TEM grids, ion beam
thinned, and then investigated using TEM (Model CM 12,
Philips). However, the specimens were found to be unstablein
the TEM specimen preparation procedure and only qualitative
results could be obtained.

V. Realts

(1) Atomizer

Typical results of the laser scattering studies (Fig. 2) show
that the atomizer has produced an aerosol with a wide range of
droplet sizes, varying from 1.0 to 100 wm with mode and
median values of 29 and 27 pm, respectively. Variation of the
atomizer parameters such as atomizing gas pressure and the
liquid flow rate resulted in small variationsin the size distri-
bution, but the size range and median valuesdid not show large
variations.

(2 Alumina
Typical SEM images of as-sprayed specimens are shown in
Fig. 3. The deposit presents a dense and coherent microstruc-

50 um

—d

Fig. 3. SEM image d atypicd dumina specimen.
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Fig.5. Scherer plots d dumina gpecimens.

ture, but does not possess the characteristic lamellar structure
of athermal spray deposit. XRD of typical deposits prepared
under various processing conditions (Fig. 4) indicates that the
deposit consisted of pseduo-boehmite as the dominant phase.
The deposit XRD also contains the diffraction peaks of the
substrate material, indicating that the deposit is discontinuous.
Thediffraction peaksof thedepositsareall broad, showing that
the deposits produced with liquid feedstocks have ultra-fine-

grained structures. The XRD of the liquid-jet-produced deposit
shows copper (from the plasma gun nozzle) and copper oxide
as the mgjor phases. The XRD also shows that, in contrast to
the aerosol feeding, liquid jet feeding resulted in the transfor-
mation of the AIOOH phase into y- and a-alumina phases.

Figure5 presentstheresults of the Scherrer-Cauchy analysis
(Eq. (1)) of typical specimens, and the grain sizes calculated
from thesefigures are presentedin TableIl. However, it should
be noted that the specimen XRDs contained overlapping pesk
patterns of the deposit and substrate materials, and correction
and deconvolution processes of these XRDs have led to errors
in the measurement of the FWHM values. This error was par-
ticularly large in the case of liquid-jet-fed deposits that con-
tained copper, copper oxide, a-alumina, and y-alumina, and the
heat-treated specimens that contained a mixture of y- and 6-
aluminas. This error is reflected in the large scatter of the data
pointsin Fig. 5. Hence, as noted in Section III(4), the XRD
estimated grain sizes, given in Table II, should be treated as
estimates only.

Table IT shows that increasing the concentration of the sol
leadsto perceptiblegrain coarsening of the deposit from5to 10
nm. An increase in the sol feed rate resultsin a small increase
(from4 to 5 nm) in grain size, but the deposits still retain their
fine grain structure. When the mode of sol injection is changed
from atomized dropletsto aliquid jet, afourfold increasein the
average grain size is observed.

The effect of heat treatment is presentedin Fig. 6. The low-
temperature heat treatment has changed the phase composition
of the deposit from pseudo-boehmite into y-alumina. Oxidation
has led to the formation of magnetite (Fe;O,) on the substrate
surface. Heat-treating the specimen at 1273 K transformed the
material into 6-alumina. The Scherrer analysis (Table II)

TableIL. Scherrer-Cauchy Grain Size of AluminaSpecimens
Feedstock Grain
Feed Conen Feed rate Heat size
Specimen mode (%) (mL/min) treatment Phase (nm)
1 Atomized 10 30 Aspray AIOOH 4
2 Atomized 10 30 Asspray AIOOH 5
3 Atomized 10.0 30 Asspray AIOOH 10
4 Liquid jet 10 30 Asspray y-Alumina 21
5 Atomized 1.0 30 873K, 1h y-Alumina 7
6 Atomized 10 30 1273 K, 1h 6-Alumina 19
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showed that the low-temperature heat treatment resulted in a
grain size increase from 4 to 7 nm, and high-temperature heat
treatment resulted in grain coarsening to about 19 nm.

(3 Zirconia

Microstructural investigationsindicated that zirconia depos-
its also show a dense, coherent, and thermally unstable micro-
structure, but do not show the characteristic lamellar structure
of a plasma-sprayedcoating. Figure 7 presents the microstruc-
tures of typical specimens. The low-temperature heat treatment
fragmented the deposit and produced a globular structure with
many pores, voids, vertical cracks, and horizontal delamina-
tions along the substrate—deposit interface. High-temperature
(1273 K) heat treatment removed most of the vertical cracks
and led to densification of the deposit.

X-ray studies (Fig. 8) showed that the as-sprayed deposits
are predominantly amorphous zirconium hydroxide with a
small amount of tetragonal (t) zirconia as the minor phase.
These diffraction patterns also contain the diffraction peaks of
the substrate material indicating that the deposits are discon-
tinuous. Variationsof the process parameters, such as the feed-
stock concentration and power level, had no marked effects on
the sprayed deposits. Heat-treating the specimen at 873 K for
1 htransformed the material from amorphousZr(OH), phaseto
a crystallized zirconia phase. Deconvolution of the XRD
showed that the material was tetragonal zirconia, which could
be identified by the presence of a complete tetragonal peak
pattern and the absence of corresponding cubic peaks. For in-
stance, as theinset in Fig. 8(b) shows, the XRD contains both
tetragonal peaks (004) with I/, of 4 at ad valueof 1.312 A and
(400) with /I, of 8 at 1.281 A, but does not contain the cubic
(400) peak at ad valueof 1.270 (/I of 5). Scherrer analysis
showed that these specimens had =7 nm grain size.

High-temperature (1273 K) heat treatment resulted in the
conversion of most of the tetragonal zirconiagrainsinto mono-
clinic zirconia, and the specimen phase structure changed to
predominantly monoclinic zirconia with tetragonal zirconia as
the minor phase. The Scherrer analysisindicated that the crys-
tallite size of the monoclinic zirconia (68 nm) was about an
order of magnitude larger than that of tetragonal zirconia (8
nm).

The TEM specimen preparation procedure, in particular the
ion beam thinning of the specimen, led to reactions and phase
transformationsin the specimen, often damaging the specimen
itself. A bright-fieldimageof atypical specimenis presentedin
Fig. 9. The specimenis electron opagquein most regions, but, at
the edges, individual particlesof size 50 to 150 nm (shown by
arrows) can be seen which reveal the nanosized grain/particle
structure of the specimen.

Fig. 7. Topogr d Zzirconia oedmens (@) asrayed, (b) heat-
treated a 873 K for 1.0 h, and (c) heat-treated a 1273 K for 1.0 h.
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V. Discusson

Results have shown that the PSL P produces dense hydroxide
deposits strongly adherent to the substrates and that the com-
position and properties of the deposit vary depending on the
feedstock, processing conditions, and the heat trestment pa-
rameters. In the following sections, the results are discussed
based on a simple modd.

(1) Modeing of the Deposit Formation

As shown schematically in Fig. 10, by proper design of the
aomizer and by varying the atomizer and plasma parameters,
aerosol fed depositscan be obtained at four different locations,
A, B, C, and D.!1:1926-29 \When thereisless heat transfer to the
droplets, as when the substrateis placed at location A, incom-
plete evaporation of the solvent and condensation o the pre-
cursor materialsoccur. This resultsin liquid droplets splashing
on the substrate surface and leads to the formation of a patchy
deposit. Chemical reactions occur at or near the substrate sur-
facea location B, leading to an essentialy chemical deposition
coating, which is dense and adherent. At location C, solid
particleshave aready been formed, but unlikeatypica plasma
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Fig. 10. Schematic of the plasma spray synthesis and deposition process.
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spray process, they are not molten. Hence, a powdery deposit
is obtained when the substrate is placed at thislocation. When
sufficient heat is transferred by the plasma to the plasma-
synthesized particles, they are heated, molten and sprayed onto
the substrate, forming a typical thermal spray coating at loca
tion D. Thus, high-quality coatings are obtained at positions B
and D, while the powder collection is more efficient at loca-
tion C.

(2) Atomizer

As noted in Section V(1), the morphology and structure of
the sprayed nanodeposit can be varied by controlling the ther-
mal history of the deposited material, and this can be achieved
by varying the design and operating parametersof the atomizer
to produce different sized droplets. Experiments were per-
formed to produce deposits at the four locations shown in Fig.
10, and they showed the following results:

Efforts to produce a patchy deposit (typically at A
iné%asi ng the qut?id feed ratpgtr&ngt%% noz(ng eros}ll on of)t%
plasmatorch.

(b) Optimum operation of the atomizer for producing
nanosized powder requiresthe atomizer parametersto be set so
that it will produce 1-10 pm sized droplets. However, as-
sprayed powdery deposits do not have sufficient adhesive and
cohesive strengths, since mechanical keying-in, generated
when the molten dropletsimpinge and spread on the substrate,
cannot occur in this case. High-temperature heat treatment is
required for enhancing the deposit properties.!219:26:29

(c) Plasma spray beams operate at high jet velocities and
pressures.!” Measurement of the temperatureand velocity pro-
filesof dropletsinjected into the spray jet*? has shown that the
feedstock has ashort residence time of only afew milliseconds
inside the high-temperature plasma. Hence, even before fully
reacted dense particlesare formed by nucleation, diffusion, and
reactions, they are sprayed away from the hot zone. Thus, these
particles cannot be melted by the plasma beam to produce
deposits with a lamellar microstructure.

(d) When the atomizer produced aqueous droplets of tens
of micrometersin size, the plasma beam could evaporate the
water and condense the solid precursor material. The plasma
could also drive the decomposition and hydrolysisreactionsin
the feedstock material a or near the substrate, leading to the
formation of chemically deposited layers.

As noted in Section IV(1), the atomizer used in this work
produced awide range of droplet sizes, with alarge fraction of
them being >20 pm in diameter. These droplets resulted in the
formation of chemically deposited hydroxide deposits, which
were strong, dense, and adherent to the substrate.

(3) Alumina

When aluminum isopropoxideis heated, it isfirst converted
to boehrnite and other pseudo-boehmite (AIOOH) phases and
then transformed to various alumina phases at different tem-
peratures; ie., y a -800 K, 6 at -1100 K, 6 at -1300 K, and
a at —1400 K3 Though the plasmais at very high temperature,
as noted in Section V(1), the residence time of the dropletsin
the high-temperature zone is only afew milliseconds, and this
leads to the formation of the aluminum hydroxide deposit.

The phase transformation from AIOOH to y-aluminais ac-
companied by about a 35% volume shrinkage, which produces
alarge number of cracksand pores, requiring densification heat
treatment at around 1273 K.3%-32 Thus, the as-sprayed coherent
and dense pseudo-boehrnitedeposit converts into a porous y-
alumina coating by low-temperature heat treatment, and the
deposit densifiesinto 8-alumina after the high-temperature heat
treatment.

Thegrain sizesof they- and 8-alumina phases, 7 and 19 nm
respectively, compare favorably with the particle/grain size of
nano-aluminaspecimensreported by variousauthors,”3? estab-
lishing that EMC plasma spraying of atomized liquid feed-
stock, followed by heat treatment, is a promising techniquefor
producing nanograined alumina deposits.
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(4) Zirconia

Zirconia is polymorphic with monoclinic, tetragonal, and
cubic phases stable at low, medium, and high temperatures,
respectively. However, the tetragonal phase is thermodynami-
caly stable even at room temperature, if the crystals are
smaller than a critica size.33-3* When the as-sprayed amor-
phous Zr(OH), deposit was heat-treated at low temperature, it
produced nanosized grains, and size stabilization resulting in
tetragonal zirconia. This result isin agreement with the results
of various authors*-37 who have reported the formation of
tetragonal zirconiain nano-zirconia materials. High-tempera-
ture heat treatment of highly active nanograins, in general,
causes rapid grain growth,3-37 resulting in the transformation
of those grains which have grown larger than the critical size.
Thus, the weight fraction of tetragonal zirconia present in
nanosized zirconiavarieswith the thermal history of the speci-
men and itsinitial microstructure.33-37 Hence, the formation of
monoclinic zirconia as the predominant phase in the high-
temperature heat-treated specimen shows that considerable
grain coarsening has occurred during the densification treat-
ment. The results of the Scherrer analysis confirm this obser-
vation, showing that the grain size increases by an order of
magnitude.

The grain sizes of the zirconia deposits compare well with
the particle/grain Sizes of nano-zirconiaspecimens prepared by
different techniques,?>-3? confirming the feasibility of produc-
ing plasma-sprayed nano-zirconiadeposits.

VI. Condusions

Nanostructured deposits have been prepared by plasma
spraying of liquid precursor feedstocks. The results of this
study can be summarized as follows.

(1) Nanodeposits can be produced by injecting atomized
liquid droplets of precursor solution into the EMC plasma
flame.

(2) Plasma spraying of aqueous feedstock solutions leads
to the formation of dense and adherent hydroxide deposits.
Postspray calcination at 873 K, followed by high-temperature
heat treatment at 1273 K, produces dense and strong oxide
deposits with nanosized grains.

(3) Spray, feedstock, and heat treatment parameters
strongly influence the grain size, microstructure, and phase
composition of the nanodeposits.
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