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1. Introduction

High energy ball milled nanostructured Al 03 (“N”), fused/crushed conventional Al; 05 (“C”) and sintered
nanostructured Al, 03 (“S”) powders were air plasma sprayed on 304 stainless steel. The nanostructured
powder was composed of nanoparticle agglomerates, whereas the conventional powder consisted of
solid granules. The average crystal size of the powders was estimated by X-ray diffraction based methods
(the Scherrer equation and the Williamson Hall plot). Deviations between the crystal sizes calculated
by the two methods indicated high lattice strain induced by the nanopowder production technique.
Sintering of the nanopowder did not cause any considerable grain growth; moreover, the strain was
alleviated. The melting degree of the powders, reflected by the y-Al, 03 content of the coatings, depended
on their porosities. Coatings “N” presented the lowest melting degree due to the inherent porosity of the
agglomerated nanoparticles composing powder “N”. As a result, their microstructure was characterized
by high porosity and extensive microcracking. The “S” coatings exhibited higher melting degree than
that of the “N” coatings (similar to that of the “C” coatings), due to a tighter microstructure attained
by sintering. At the same time, part of the initial nanostructure had been preserved during sintering
and spraying. The “S” coatings presented the highest adhesion because they combined a high melting
degree with pockets of retained nanostructure; the latter could act as crack arresters. Increasing the spray
power led to an increase in the melting degree and, consequently, a decrease in the coating porosity and
an increase in the porosity affected properties (adhesion and hardness).

© 2009 Elsevier B.V. All rights reserved.

the latter is commonly used to produce large quantities of
nanopowders, because it is a low cost process and is applicable to

Nanostructured bulk materials exhibit considerably higher ten-
sile strength, fracture toughness, hardness and wear resistance
when compared to their microstructured counterparts. These
improvements are associated with grain sizes smaller than 100 nm
[1-4]. Various thermal spraying techniques have been employed to
prepare nanostructured oxide-based coatings, such as: high veloc-
ity oxygen fuel-HVOF (TiO, ) [5,6], vacuum plasma spray-VPS (TiO,)
[7], plasma spraying of liquid precursors (ZrO,, Al20s3, TiO;) [8],
atmospheric plasma spraying-APS (TiO,) [5], Al;03-TiO, [9-11],
Zr0O, [12]. TiO, and Al; 03-TiO, nanostructured coatings have been
reported to possess superior wear resistance, adhesion, tough-
ness and spallation resistance than their conventional counterparts
[6,10,11].

Amongst nanoparticle production techniques, such as sol-gel
synthesis, inert gas condensation and high energy milling [13-15],
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a variety of materials [15]. High energy ball milling is, by far, more
effective than conventional ball milling in reducing particle size;
however, it induces high strains to the milled particles.

Lin et al. [16] reported that sintering of alumina-3 wt¥% titania
nanopowder can increase the density of the granules and assist
spherical shape retention during plasma spraying. By sintering,
fragmentation of the granules is avoided; very fine particles would
not possess the momentum to infiltrate the flame stream or, in
the case of entering the flame, they would rapidly get melted [17],
eliminating any nanostructure. No considerable growth has been
noticed after sintering of nano- and sub-micron alumina in the
temperature range 1150-1275°C[18,19]. Chinelatto et al. [20] sin-
tered high energy milled nanostructured a-Al,O3 powder in two
stages: At the first stage (950 °C), surface diffusion occurred; it did
not cause any significant densification, but led to smoothing of
the agglomerate surface and coalescence of the finest and coars-
est particles. At the second stage (1300 °C), the density and grain
size were significantly increased. The sintering temperature for a-
Al, 03 agglomerate-free nanopowder should be about 300-400°C
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Fig. 1. The feedstock: (a) Conventional crushed and fused powder. (b) High energy ball milled nanopowder. (c) The nanopowder after sintering (1100°C, 2 h). Agglomerates

of nanoparticles, (d) as received, (e) after sintering.

lower than that for Al, 03 micropowder [21,22], because of a lower
activation energy in comparison to the alumina micropowder.

In the present work, the effect of three different types of raw
powders (high energy ball milled nanostructured Al,0s3, sintered
nanostructured Al,03 and conventional fused/crushed conven-
tional Al,03) on characteristic properties of air plasma sprayed
coatings, is studied. This work has been conducted within the
framework of investigating the potential replacement of conven-
tional alumina coatings in thread and fibre high temperature

Table 1
Crystal sizes and strains of the feedstocks.

applications with advanced coatings for improved wear and erosion
performance.

2. Experimental

The nanopowder, of particle size (—53 +10) wm, was produced by a labora-
tory high energy ball mill. The conventional powder, of nominal particle size
(—45+15) wm, was Sulzer Metco’s 105NS. Spraying was performed by a MiniGun
torch (Pyrogenesis Inc) upon 304 stainless steel coupons. Coating porosities and
microstructures were evaluated by optical microscopy (Leica DMLM) and SEM-EDX

Material Crystal size—Scherrer (nm) Crystal size—Williamson Hall (nm) Strain—Williamson
Hall (%)

Conventional powder (“C") >100 >100 0.00

Nano powder (“N”) 24 93 1.15

Sintered nano powder (“S”) 122 >100 0.20
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(Philips XL 40 SFEG and JEOL JSM 5600). Microhardness (14 measurements per coat-
ing) was measured by a Shimadzu tester. Adhesion was determined on the principle
of applying a controlled pneumatic force to a piston stud glued to the coating. Three
measurements per coating were conducted by a portable elcometer (110 P.AT.T.L),
according to the ASTM C633-01 standard. Sintering was carried out in a Nabertherm
box furnace (air, 1100°C, 2 h). X-ray diffraction patterns were obtained by a Bruker
D8 Advance diffractometer. The nanocrystalline size was calculated by two XRD-
based methods, the Scherrer equation and the Williamson Hall plot. The former is
only capable of defining crystal sizes, while the latter is also capable of calculating
lattice strain [23]. Phase percentages in powders and coatings were determined by
the XRD-based Rietveld analysis [24].

3. Results and discussion
3.1. Feedstock characterization

Fig. 1a—c illustrates the morphologies of the conventional (“C"),
nanostructured (“N”) and sintered (“S”) powders, respectively.
Powder “C” consists of solid irregular granules, whereas pow-
ders “N” and “S” consist of agglomerates of nanoparticles having
smooth shapes (a typical morphological result of the milling pro-
cess [15]). Agglomerates of nanoparticles “N” are discerned in
Fig. 1d. Macroscopically, both sintered and “green” nanopowders
present similar morphologies and particle sizes. Therefore, it is
considered that the main sintering mechanism is material redis-
tribution, aiming at decreasing the surface energy of particles by
reducing their available surface area. Indeed, on closer examina-
tion (and in compatibility with previous works [20]), smoothing of
the agglomerate surface and a decrease in the finer particles can be
discerned. The latter have either been consolidated or embodied
to the coarser ones (Fig. 1e); as finer particles have a higher area-
to-volume ratio, the spontaneity to reduce their surface energy is
higher, causing their consolidation. Coalescence occurs by neck-
ing (pointed by arrows in Fig. 1e), which is typical for alumina
[25].

The XRD patterns of Fig. 2 reveal that the main phase in the three
powders is a-Al;03. Al and «a-Fe are also detected in powder “N”
(1.1 and 1.14 wt%, respectively, as determined by Rietveld analy-
sis). The stoichiometry used in the powder production is the main
reason for the aluminium presence. The iron presence suggests
powder contamination by the tool steel balls and vials of the ball
mill. Powder “N” presents the widest peaks amongst the feedstocks,
suggesting nanocrystalline dimensions and possible non-uniform
strain exertion. Powder “S” presents narrower peaks, though wider
than the “C” powder peaks, indicating considerable presence of sub-
micron crystals. Sintering has caused oxidation of Fe to Fe,03, in
free form and in solution with Al;03.The latter is indicated by the
a-phase peak displacement at lower angles (Fig. 2).

Intensity (a.u.)

26(%)

Fig. 2. XRD patterns of the three powders and their coatings. a: o-Al, 03, y: y-Al, O3.

Table 1 lists the nanopowder crystal sizes calculated by the
Scherrer equation and Williamson Hall plot. These methods are
considered quite accurate for particle sizes less than 100 nm,;
beyond this limit, accuracy gradually decreases with size [26,27].
Therefore, they do not provide any information about the crys-
tal size of powder “C”. The quite different crystal sizes of powder
“N”, estimated by the two methods, are owing to lattice strain.
The consecutive high energy impacts during milling induced high
strain and distortion in the grains, which were imprinted on the
peak widths. The Williamson Hall method, being capable of distin-
guishing between size and strain contribution, yields more accurate
crystal size values. Table 1 also shows that sintering has caused
strain relief, serving as an annealing stage. The grain sizes calcu-
lated by Scherrer and Williamson Hall would possibly be similar
for the “S” powder, if accurate Williamson Hall calculations in the
sub-micron range were feasible.

3.2. Characterization of the deposited coatings

A major issue in spraying nanoparticles is the retention of part
of the original nanostructure in the coating, in order to maintain

50 pm

50 ym

Fig. 3. Overview cross-sections of the coatings: (a) “Cs”, (b) “N3”, (c) “S3".
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Table 2
Quantitative phase analysis and properties of the coatings.
Designation Spraying power (kW) a-Al, 03 (Wt%) v-Al,03 (Wt%) Porosity (%) Adhesion (MPa) Hardness (HVi00)
G 25 18.1-23.2 76.8-81.9 6.6+0.6 17.6+0.9 1063 +145
G 32 9.1-10.8 89.2-90.9 6.1+0.7 18.1+1.5 1078 £259
C3 39 8.3-9.9 90.1-91.7 5.5+0.8 19.8+1.6 1127 +£105
Ny 25 51.9-54.6 45.4-48.1 153+5.8 10.5+0.8 972+120
N, 32 48.0-52.0 52.0-48.0 13.2+2.0 114+13 1070+ 166
N3 39 17.1-23.3 76.7-82.9 10.0+0.1 17.7+2.4 1131+128
S1 25 14.9-19.7 80.3-85.1 732113 241421 1034 +152
S, 32 12.8-15.3 84.7-87.2 7.7+2.6 234+1.8 1065+179
S3 39 10.3-11.5 88.5-89.7 59+0.5 263+2.2 1109 +£122
its beneficial effect on the properties. On the other hand, coat- Cross-sections of the manufactured coatings are illustrated in

ings must exhibit integrity, cohesion and adhesion, which can only Fig. 3. The coatings seem uniform and fairly adherent to the sub-
be achieved by a sufficient degree of particle melting; the latter strate. Table 2 quantifies the microstructure related properties and
eliminates nanostructure. the phase composition of the coatings.
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Fig. 4. Cross-sections of coating “N” showing: (a) a pocket of semi-molten nanopar-

ticles associated with an asperity in “N;”, (b) hollow spherical particles in “N;”, Torch power (kW)

(c) a fractured surface of semi-molten particles in “N3”; low in-particle cohesion

generates their splitting. Fig. 5. Coating properties vs. torch power: (a) porosity, (b) adhesion, (c) hardness.
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3.2.1. Correlation of the powder microstructure to the coating
microstructure

The coatings consist of a-Al,03 and y-Al;03, as shown in the
XRD patterns of Fig. 2. y-Al,03 results from rapid quenching of
molten Al,03. a-Al, 03 corresponds to the unmelted a-Al, 03 frac-
tion in the powder [28]. y-Al;03 has a lower energy barrier for
nucleation than a-Al, 03 [29] leading to its preferential nucleation.

Table 2 shows that at low and medium spraying power, the a-
Al,03 content of the “N” coatings is notably higher than that of the
“C”and “S” counterparts. This suggests that, during spraying, a large
fraction of the initial nanoparticles “N” remained unmelted. The
lower melting degree of feedstock “N” is attributed to the inherent
porosity of the “green” agglomerated nanoparticles: Being compact
bodies, conventional particles (“C”) or even sintered nanoparti-
cles (“S”) exhibit higher thermal conductivity than their porous
counterparts (“N”) [30]. From a microstructure standpoint, the
low melting degree of the “N” coatings is reflected by: (a) a high
percentage of partially deformed semi-molten particles, which
are incapable of filling any asperities and gaps of the previously
deposited layers (Fig. 4 a); and (b) a high presence of semi-molten
spheroid particles with large internal voids (Fig. 4b and c). Their
formation is attributed to air impelling through internal capillaries
towards the core of the agglomerated particles (“N”) and subse-
quent heat induced expansion [31]. This phenomenon was also
encountered in the “S” coatings but at a lower extent, as the tighter
structure prevented the impelling of large air quantities.

Table 2 shows that the “S” particles have attained slightly lower
melting degrees than their “C” counterparts. The tighter structure

Det WD Exp 1 20pm
SE 65 1 ELKEME SA

Det WD Exp 1 20pum

ELKEME SA

ot Magn
) 1000x  SE 55 1

Fig. 6. Coating-substrate interfaces: (a) “N3”, (b) “S3”. The “N3” coating presents a
looser interface with notably more intensive microcracking in its vicinity.

of the “S” particles due to sintering consequences, such as (limited)
nanoparticle coalescence and increased intraparticle cohesion, has
increased their thermal conductivity, leading to melting degrees
that are comparable to those of the “C” particles.

3.2.2. Correlation of the coating microstructure to the coating
properties

Fig. 5 presents the trends of porosity, adhesion strength and
hardness vs. torch power for the three types of coatings.

As a consequence of their lower melting degree, the “N” coat-
ings present higher porosities than the “C” and “S” counterparts
(Figs. 3 and 5). Fig. 5b demonstrates that the adhesion strength
of the coatings increases with decreasing porosity; thus, the “N”
coatings present the lowest adhesion. Fig. 4c illustrates the frac-
tured surface of semi-molten deposited particles “N”: Cohesion
and not adhesion (to the substrate) failure was the actual rea-
son for the coating failure. Two factors contributed to this: (i) The
increased porosity of the “N” coatings and (ii) the loose structure
of the unmolten “N” agglomerates that was unable to maintain its
integrity under tensile forces.

Coatings “S” present significantly higher adhesion in compar-
ison not only to the nanostructured but also to the conventional
counterparts, regardless of the spraying power. This increase
in adhesion is attributed to: (a) sintering consequences, such
as increased intraparticle cohesion, particle coalescence to sub-
micron particles (Fig. 1e), as well as strain relief (Table 1); the
positive effect of sintering on the intraparticle cohesion and the

pot Magn

30 10000x

Fig. 7. (a) A semi-molten pocket in coating “S;” showing that the initial nanostruc-
ture has been retained. (b) The nanozone can hinder crack propagation in coating
“Sy”.
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consequent enhancement of the mechanical anchoring between
consecutive splats is suggested by the reduction of microcracking
in the respective coating structure (Fig. 6) and (b) nanostructure
retaining; despite the similar fractions of molten phase in coatings
“S” and “C” (Table 2), coatings “S” have retained part of the powder
nanostructure, as illustrated in Fig. 7a. The retained nanostructure
can hinder crack propagation, as demonstrated in Fig. 7b.

Table 2 shows that coatings “N” exhibit similar hardnesses with
coatings “C” and “S”. This can be explained by the employment of
a small indentation load, so that the hardness values depended to
a major extent on the intrinsic properties of the materials and to a
less extent on their extrinsic characteristics (e.g. pores, defects).

3.2.3. Correlation of the spray power to the coating
microstructure and properties

The properties of the coatings are affected by the high incidence
of semi-molten/unmelted particles, as demonstrated in Table 2.
Porosity is higher at the lower spraying energies, where the semi-
molten particles are less deformed. At higher spraying energies,
molten material of high diffusivity would fill the asperities and
gaps of the previously deposited layers, leading to lower porosi-
ties. Hardness increases with spraying power (Fig. 5¢), possibly as a
result of the porosity decrease [32]. The high increase in the adhe-
sion of the “N” coatings at the highest energy, is attributed to a
boost in particle melting, demonstrated by the large decrease in
the a-phase content (Table 1).

4. Conclusions

Characterization of air plasma sprayed nanostructured Al,03
(“N™), sintered nanostructured Al,03 (“S”) and fused/crushed con-
ventional Al,03 (“C”) powders has led to the conclusions:

1. Powder “N” consisted of agglomerates of nanoparticles of aver-
age size 93 nm and lattice strain 1.15%.

2. Sintering of the nanopowder at 1100°C for 2 h, caused surface
smoothing, limited coalescence and strain relief.

3. The low melting degree of the nano-feedstock (“N”) is attributed
to the inherent porosity of the “green” agglomerated nanoparti-
cles.

4, The relatively high melting degree of the “S” coatings is
attributed to their tighter microstructure obtained by sintering.

5. The high porosity of the “N” coatings is partly related to the large
voids in the interior of the semi-molten particles and partly to
their low deformation ability.

6. The “N” coatings presented the lowest adhesion due to the high-
est porosity and the weakest mechanical anchoring, both direct
consequences of the low melting degree.

7. The “S” coatings presented the highest adhesion because they
combined a high melting degree with zones of retained nanos-
tructure that can act as crack arresters.

8. Increasing the spray power led to a higher melting degree of the
powder and a consequent improvement of the coating proper-
ties.
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