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Enhanced ductility in thermally sprayed titania coating
synthesized using a nanostructured feedstock
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Abstract

Nanostructured and conventional titania (TiO2) feedstock powders were thermally sprayed via high velocity oxy-fuel (HVOF). The mi-
crostructure, porosity, Vickers hardness, crack propagation resistance, bond strength (ASTM C633), abrasion behavior (ASTM G65) and the
wear scar characteristics of these two types of coatings were analyzed and compared. The coating made from the nanostructured feedstock
exhibited a bimodal microstructure, with regions containing particles that were fully molten (conventional matrix) and regions with embedded
particles that were semi-molten (nanostructured zones) during the thermal spraying process. The bimodal coating also exhibited higher bond
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strength and higher wear resistance when compared to the conventional coating. By comparing the wear scars of both coatings (
electron microscopy and roughness measurements) it was observed that when the coatings were subjected to the same abrasive
wear scar of the bimodal coating was smoother, with more plastically deformed regions than the conventional coating. It was con
this enhanced ductility of the bimodal coating was caused by its higher toughness. The results suggest that nanostructured zon
distributed in the microstructure of the bimodal coating act as crack arresters, thereby enhancing toughness and promoting hi
depth of cut, which provides a broader plastic deformation range than that exhibited by the conventional coating. This work provide
that the enhanced ductility of the bimodal coating is a nanostructured-related property, not caused by any other microstructural a
Crown Copyright © 2005 Published by Elsevier B.V. All rights reserved.
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1. Introduction

1.1. Ductility in nanostructured materials

Ductility is defined as the ability of a material to change
shape without fracture. It is of critical importance during the
processing of materials. Usually it is considered that materi-
als may be strong or ductile, but rarely both at once. However,
from a phenomenological point of view, nanostructured ma-
terials may exhibit both characteristics. Nanostructured ma-
terials have structural features, such as grain sizes, that are
less than 100 nm in dimension[1]. The Hall-Petch empirical
relationship points to the potential of improving the mechan-
ical properties of materials when decreasing the grain size
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[2]. In terms of yield strength and hardness, the expres
are:

σy = σ0 + kd−1/2 (1)

H = H0 + k′d−1/2 (2)

whereσy andH refer to the yield strength and hardness o
material, respectively, the subscript 0 relating to the mate
infinite grain size;kandk′ are constants representing the g
boundary as an obstacle to the propagation of deform
(metal) or crack (ceramics); andd is grain size.

Superplastic behavior, which is defined as the ability
crystalline material to undergo large elongations (on the
of hundreds or thousands of percent) prior to failure, can
be related to the material’s grain size[3,4]. The equation
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given by:

•
ε = A

σn

dp
exp

(
− Q

RT

)
(3)

whereε
•

is the strain rate,A is a constant,σ is the stress,n
is the stress exponent,d is the grain size,p is the grain size
exponent,Q is the activation energy,R is the gas constant and
T is the temperature.

Eqs. (1)–(3) show that when reducing grain sizes from
conventional levels (i.e., <10�m in metals and <1–2�m in
ceramics) to nanostructured levels (i.e., <100 nm) the me-
chanical strength and ductility of materials can be consider-
ably enhanced.

It has been demonstrated that nanostructured metals, in
some cases, may exhibit high strength while maintaining very
good ductility[5]. The mechanisms by which high strength
and ductility coexist in metals are still under discussion and
it is not yet clear what particular microstructures or deforma-
tion mechanisms are responsible for the good ductility[5–8].
A new approach for high strength–high ductility materials
was given by Wang et al.[9]. In that work a nanostructured
copper was produced by rolling the metal at liquid nitrogen
temperature and heating it to around 180◦C. The result was
a bimodal structure of micron-sized grains embedded in a
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ramic material. Mayo[14] arrived at the same conclusion
with TiO2 and ZnO. Therefore the predicted enhanced duc-
tility in nanostructured ceramics at temperatures significantly
lower than 0.5Tm has not been achieved.

1.2. Nanostructured ceramics and thermal spray
coatings

In addition to bulk samples, the study of nanostructured
ceramics has been extended to coatings processed using the
thermal spray technique[15–18]. During the thermal spray-
ing of ceramics using the traditional approach it is necessary
to melt the powder particles in order to achieve the necessary
physical conditions for coating formation, i.e., the cohesion
and adhesion of the thermally sprayed particles on the sub-
strate surface. If nanostructured powder particles are fully
melted during thermal spraying, any nanostructured-based
property of the feedstock is lost. Therefore it is paramount to
engineer thermal spray parameters (i.e., distributions of par-
ticle temperature and velocity in the thermal spray jet) that
allow partial melting of the powder particles during spraying.
The particles that were fully molten in the thermal spray jet
will surround the semi-molten particles during coating for-
mation, thereby maintaining coating integrity. For this reason
the microstructures of ceramic thermal spray coatings made
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atrix of nano-sized material. The material exhibited h
trength and retained its high ductility. It was believed
he nano-sized grains provided strength, whereas the em
ed large grains stabilized the tensile deformation of the

erial [9]. Despite this observed enhanced ductility in so
anostructured metals, there has been no evidence of
lasticity at room temperature.

High ductility at low temperatures in nanostructured
amic materials is a subject that has generated conside
ebate in the scientific community. Mayo et al.[10] showed
y using indentation techniques that nanostructured ti
xhibited higher ductility at room temperature when c
ared to a conventional sample. However, the nanostruc

itania sample employed was not fully dense, wherea
onventional sample was a dense single crystal. Plast
ormation and toughness results from indentation tests
ormed on porous samples may be of questionable v
orosity may allow materials to appear to deform plastic
nderneath an indenter, when in fact the material is m
ensifying by the fracture, rearrangement and sliding of

icles into the pores[11–14]. A porous material showing th
apparent ductility” would not necessarily exhibit low te
erature plasticity or high toughness in the fully dense s

n order to measure meaningful ductility values in nanos
ured materials, near pore-free samples are required[13].

Cottom and Mayo[11] employed nanostructured and c
entional samples of ZrO2–Y2O3 for fracture toughness me
urements via Vickers indentation. The samples exhi
ensities higher than 90% of the theoretical density. Th
ults implied that there was not a significant room temp
ure ductility mechanism peculiar to the nanostructured
-

-

rom nanostructured ceramic powders exhibit a bimodal
ribution [15–18]. The semi-molten nanostructured partic
nanostructured zones) are embedded in the convention
rix formed by the particles that were fully molten in the th
al spray jet.
Different authors[17–20] have demonstrated that th

ally sprayed coatings made from nanostructured cer
eedstock powders exhibit superior wear resistance w
ompared to conventional counterparts. Using indent
echniques it was found that the coatings made from na
ructured powders exhibited higher crack propagation/gr
esistance or relative toughness when compared to the
entional coatings[17,18,20]. It was observed that the sem
olten particles (nanostructured zones) in the bimodal

ngs acted as crack arresters, enhancing coating toug
nd thereby increasing wear resistance. These finding

o one of the first attempts of “real world” utilization
anostructured-related materials in structural applica

17,19].
Although higher toughness was observed for the bim

oatings, consideration was not given to the possibilit
he existence of an enhanced ductility at room tempera
ell et al.[17] observed that the wear scars of the bimo

oatings were smoother than those of the conventional
ngs, however, further considerations on a supposed h
uctility of the bimodal coatings were not sought.

In the present work, nanostructured and conventiona
ia feedstock powders were thermally sprayed. The obje
as to produce coatings with some key spraying and
rostructural similarities, such as, similar distribution of p
icle temperature and velocity in the thermal spray jet, hi
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dense coatings (porosity <1%) and similar phase composi-
tion. It was believed that if these similarities were achieved,
a fair comparison of the mechanical performance of the two
materials could be made, and even a possible enhanced duc-
tility at low temperatures for the bimodal coating could be
considered (if present) and observed.

2. Experimental procedure

2.1. Feedstocks

Nanostructured and conventional titania (TiO2) feedstock
powders were employed in this work. The nanostructured ti-
tania feedstock (VHP-DCS (5–20�m), Altair Nanomaterials
Inc., Reno, NV, USA) was (according to the manufacturer)
agglomerated and sintered and exhibited a nominal particle
size range from 5 to 20�m. The conventional titania feed-
stock (Flomaster 22.8(99)F4, F.J. Brodmann and Co., Har-
vey, LA, USA) was (according to the manufacturer) fused
and crushed and had a nominal particle size range from 5 to
20�m.

2.2. Thermal spraying and in-flight particle diagnostics
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were cut with a diamond saw, vacuum impregnated with a
low viscosity epoxy resin and polished to a mirror finish with
diamond and alumina particles.

The porosity of the coatings was measured via image anal-
ysis and SEM. Ten images per coating were analyzed in or-
der to determine the porosity levels. X-ray diffraction (XRD)
(Cu K� radiation) was used to determine the phases present
in the coatings. A 2θ diffraction angle ranging from 20◦ to
80◦ (using a step size of 0.05◦ and step time of 2.5 s) was
employed.

2.4. Microhardness and crack propagation resistance

Vickers microhardness measurements were performed un-
der a 300 g load for 15 s on the cross-section of the coatings.
A total of 10 microhardness measurements were carried out
for each coating. The crack propagation resistance was deter-
mined by indenting the coating cross-section with a Vickers
indenter at a 5 kg load for 15 s, with the indenter aligned such
that one of its diagonals would be parallel to the substrate sur-
face. The total length of the major crack (2c) parallel to the
substrate surface that originated at or near the corners of the
Vickers indentation impression was measured. Based on the
indentation load (P) and 2c, the crack propagation resistance
was calculated according to the relation between load and
c 3/2
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The two feedstock powders were thermally sprayed
he high velocity oxy-fuel (HVOF) technique using an o
ropylene based HVOF torch (Diamond Jet 2700-hyb
ulzer Metco, Westbury, NY, USA). The coatings were
osited on low carbon steel substrates that had been
lasted to roughen the surface before spraying. Initially

ng HVOF spraying, various O2/propylene flow ratios wer
ested by monitoring particle temperature and velocity
ng a diagnostic tool (DPV 2000, Tecnar Automation, S
runo, Que., Canada). The diagnostic tool is based on

ical pyrometry and time-of-flight measurements to mea
he distribution of particle temperature and velocity in
hermal spray jet. The parameter sets that produced s
istributions of particle temperature and velocity in the t
al spray jet for both feedstock particles were selecte

oating production. A total of 5000 particles for each fe
tock were measured at the centerline of the thermal spra
here the particle flow density was the highest. The par
etector was placed at the same spray distance as used
epositing the coatings, i.e., 20 cm from the torch nozzl

During the spraying process a cooling system (air jets)
pplied to reduce the coating temperature, which was m

ored using a pyrometer. The maximum surface temper
or both coatings was approximately 260◦C.

.3. Structure and phase characterization

The nanostructural and microstructural features of
eedstock particles and HVOF-sprayed coatings were
ated via scanning electron microscopy (SEM). The cr
ections of the coatings for SEM analysis (and indenta
n

rack lengthP/c [21] whereP is in Newtons andc is in
eters. All indentation cracks were significantly larger t

he diagonal length of the indentation impression (2a), i.e.,
≥ 2a. Therefore it is assumed that these cracks had
enny geometry[21]. All the indentations were perform
ery near the centerline of the cross-section and the av
f five indentations was taken for crack propagation re

ance calculations.

.5. Abrasion resistance and bond strength

The abrasion resistance of the coatings was tested ba
he ASTM standard G65-00 (procedure D – modified)[22],
lso known as the dry sand/rubber wheel test. In this test,

ionary coated sample was pressed against a rotating ru
oated wheel (228.6 mm diameter; 200 rpm) with a forc
5 N. Silica sand (212–300�m) was fed (300–400 g/min) b

ween the coating and rubber wheel until the wheel trav
ver the equivalent linear distance of 1436 m. Prior to

ng submitted to this test, the surfaces of the coatings
repared by grinding with diamond wheels to produce a
urface. Two samples were tested for each coating prod
n this study. The volume of the material abraded away du
he test was measured via optical profilometry. It is im
ant to point out that the abrasion test was performed at
emperature. The typical coating thicknesses for this test
30–580�m.

The bond strength of the coatings was tested usin
STM standard C 633-01 for determining the adhesio
ohesion strength of thermal spray coatings[23]. A total of
ve samples were tested for each of the two different coa
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types produced in this study. The typical coating thicknesses
for this test were 390–450�m.

2.6. Surface of the wear scar

The wear scars formed in the coatings during the abra-
sion tests were analyzed via SEM in order to observe the
differences in scar smoothness and to identify regions of plas-
tic deformation and fracture. During SEM the samples were
tilted at 50◦ in order to obtain a better perspective of the scar
morphology. The arithmetic mean roughness value (Ra) of
the wear scars was measured perpendicular to the abrasion
direction to quantify the smoothness. The arithmetic mean
roughness value is the average deviation of a surface profile
from the centerline over the measuring length, defined by:

Ra = 1

L

∫ x=L

x=0
|y(x)| dx (4)

wherey is the deviation of the surface profile from the cen-
terline andL is the measuring length. A total of 10 roughness
measurements were performed for each coating.

3. Results and discussion
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was approximately 15% higher than that of the nanostruc-
tured particles, the following sections will demonstrate that
this higher average velocity did not translate into a significant
difference in the microstructure or a significant improvement
in the mechanical performance of the conventional coating.

It is important to point out that the average particle tem-
perature of the HVOF-sprayed nanostructured feedstock par-
ticles (1814± 158◦C) was close to the melting point of tita-
nia (1855◦C) [25]. This temperature distribution close to the
melting point of titania will contribute to keeping intact part
of the original nanostructure of the feedstock embedded in
the coating microstructure, i.e., not all particles will be fully
molten.

3.2. Feedstock particles

Fig. 2a shows a typical particle of the nanostructured ti-
tania feedstock. It exhibits the typical donut shape of spray-
dried particles. When analyzed at high magnification it is pos-
sible to observe the nanostructure of the feedstock (Fig. 2b).
Each microscopic feedstock particle is formed by agglom-

Fig. 2. (a) Titania feedstock particle formed by the agglomeration of indi-
vidual nanosized particles of titania. (b) Particle of (a) observed at higher
magnification; individual nanosized titania particles.
.1. In-flight particle characteristics

Fig. 1 shows the temperature and velocity distributi
or the particles in the thermal spray jet for the two feeds
owders. It is possible to observe that the shapes of th

ributions are similar, however, the distribution of veloc
or the conventional feedstock is somewhat shifted to hi
peeds. The average particle temperature and velocity f
anostructured feedstock particles was 1814± 158◦C and
47± 101 m/s, respectively. The average particle temp

ure and velocity for the conventional feedstock particles
811± 177◦C and 751± 117 m/s. Both these average vel

ties are quite high and very typical of HVOF systems[24].
lthough the average velocity for the conventional parti

ig. 1. Particle temperature and velocity distributions in the thermal s
et for the nanostructured and conventional titania feedstock particles
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eration via spray-drying of innumerous individual nanosized
particles of titania. All individual nanosized particles of ti-
tania are smaller than 100 nm. Therefore it is confirmed that
this feedstock is nanostructured.

Fig. 3a shows a typical particle of the conventional titania
feedstock. It exhibits flat surfaces and sharp edges regularly
observed in fused and crushed particles. SEM at high magni-
fication shows (Fig. 3b) that the particle is highly dense, not
exhibiting nanostructural characteristics, which confirms the
conventional character of this feedstock.

3.3. Bimodal and conventional coatings

Fig. 4shows the cross-section of the titania coating made
from the nanostructured feedstock. It is possible to observe
that the coating microstructure is very uniform, not exhibiting
the typical layered or lamellar structure of thermal spray coat-
ings [26]. It may be stated that this coating has an isotropic
microstructure. By looking at the microstructure ofFig. 4a
at high magnification, a nanostructured zone is observed
(Fig. 4b). The nanostructured zone is formed by a feedstock

F
P
c

particle that was partially melted in the thermal spray jet. The
nanostructured zone (Fig. 4b) is comprised of an agglomera-
tion of individual nano-sized particles of titania with diame-
ters less than 100 nm and it is possible to observe the similari-
ties between this nanostructured zone and the nanostructured
feedstock particle (Fig. 2b). The nanostructured zone is very
well embedded in the conventional matrix formed by the feed-
stock particles that were fully molten in the thermal spray jet.
The particles that were fully molten in the thermal spray jet
lost their nanostructural character and therefore it is assumed
that when they resolidify they will exhibit the same behavior
as conventional thermally sprayed ceramic particles.

It is important to point out that the nanostructured zones
like that of Fig. 4b are uniformly dispersed throughout the
coating microstructure. Therefore it can be stated that the
titania coatings made from the nanostructured feedstock ex-
hibited a bimodal structure. This bimodal structure has also
been observed by other authors who thermally sprayed nanos-
tructured ceramic feedstock powders[15–19].
ig. 3. (a) Conventional fused and crushed titania feedstock particle. (b)
article of (a) observed at higher magnification; absence of nanostructural
haracter.

F
t
t
j
m

ig. 4. (a) The cross-section of the titania coating made from the nanostruc-
ured feedstock. (b) Higher magnification view of (a) showing a nanostruc-
ured zone (formed by a particle that was semi-molten in the thermal spray
et) embedded in the conventional matrix (formed by particles that were fully

olten in the thermal spray jet), i.e., bimodal structure.
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Fig. 5. The cross-section of the titania coating made from the conventional
feedstock.

Fig. 5shows the cross-section of the titania coating made
from the conventional feedstock. This coating is also very
uniform and isotropic-like, not exhibiting the typical layered
or lamellar structure of thermal spray coatings[26]. The pres-
ence of semi-molten particles embedded in the coating mi-
crostructure is also possible, however, due to the character of
the feedstock, the conventional characteristics of the coating
will remain unchanged.

It is important to point out that the bimodal and conven-
tional coatings are very dense, with porosity content less
than 1% (Table 1). Therefore the objective of producing very
dense coatings was achieved, and, as mentioned by others
[11–14] and discussed in Section1, dense microstructures
are paramount when measuring or analyzing materials to de-
termine meaningful ductility and toughness values and char-
acteristics.

3.4. Phase content

Figs. 6 and 7show the XRD patterns of the bimodal and
conventional coatings, respectively. For both coatings, rutile
is the major phase and anatase is the secondary phase. The
conventional coating also seems to contain some amorphous
titania. All the peaks of rutile and anatase observed in the
bimodal coating are also observed in the conventional coat-
i two
c por-
t ical

T
P atings
m ders

C n

B
C

Fig. 6. XRD pattern of the coating made from the nanostructured feedstock
(bimodal coating).

performance and draw conclusions based on microstructural
differences.

3.5. Hardness and crack propagation resistance

Vickers hardness and crack propagation resistance values
for the two coatings can be found inTable 1. The two coatings
exhibited very similar hardness values but the crack propaga-
tion resistance of the bimodal coating was 65% higher than
that of the conventional coating. As both coatings are near
pore-free (Table 1) and exhibit similar hardness (Table 1)
and phase content (Figs. 6 and 7) it may be stated that the bi-
modal coating is tougher than the conventional coating, and
this enhanced toughness appears to be a nanostructure-related
property rather than a microstructural artifact.

Figs. 8 and 9allow a visual comparison of the crack prop-
agation resistance data ofTable 1. The pictures show a Vick-
ers indentation impression (5 kgf) performed on the cross-
sections of the coatings. For both coatings, the horizontal
cracks that originate at the corners of the Vickers indentation
impression propagate parallel to the substrate surface. When
the bimodal coating (Fig. 8) is compared to the conventional
coating (Fig. 9), it is observed that the horizontal cracks of the
conventional coating are more pronounced and longer than

tock.
ng and vice-versa. Therefore it is considered that these
oatings exhibit similar phase content, which is very im
ant in order to make a fair comparison of their mechan

able 1
orosity, Vickers hardness and crack propagation resistance of the co
ade from the nanostructured and conventional titania feedstock pow

oating Porosity
(%; n= 10)

Hardness (300 g;
n= 10)

Crack propagatio
resistance
(MPa m1/2; n= 5)

imodal <1 810± 26 28.4± 1.4
onventional <1 833± 30 17.2± 3.3
 Fig. 7. XRD pattern of the coating made from the conventional feeds
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Fig. 8. Vickers indentation impression (5 kgf) and crack propagation in the
cross-section of the titania coating made from the nanostructured feedstock
(bimodal coating).

those of the bimodal coating. The bimodal coating exhibits
shorter crack propagation under the same indentation load,
therefore it is tougher. It is important to recall that two dense
samples (porosity < 1%) of similar hardness are being com-
pared. Consequently it is thought that this comparison is fair
and meaningful.

The higher toughness of the bimodal coating is caused
by the presence of the nanostructured zones embedded in
the conventional matrix. It has been demonstrated that in bi-
modal coatings the nanostructured zones act as crack arrester
[17,18,20,27]. In conventional thermally sprayed ceramic
coatings, a crack will tend to propagate through the coating’s
weakest link, which is the well-defined layered structure, i.e.,
the splat or lamellar boundaries[28]. In bimodal coatings the
splat or lamellar structure (i.e., the conventional matrix) is
periodically disrupted by the nanostructured zones. Cracks
propagating and reaching these well-embedded regions tend
to be arrested by the nanostructured zones.Fig. 10exempli-

F n the
c tock.

fies how the crack arresting occurs in the bimodal coating.
Fig. 10a shows a Vickers indentation crack being arrested by
a nanostructured zone.Fig. 10b shows an example of a crack
arresting near a nanostructured zone. The Vickers indenta-
tion crack loses its energy and is arrested by passing through
the nanostructured zone. It is important to point out that as
nanostructured zones are well embedded in the conventional
ceramic matrix, the cracks do not skirt them.

Therefore based on the results ofTable 1andFigs. 8–10
it is observed that the bimodal coating is tougher than the
conventional one without having to compromise its cohe-
sive strength, i.e., hardness. The nanostructured zones in the
bimodal structure do not promote an increase in hardness;
instead, they act as crack arresters helping to impede crack
propagation. As fracture toughness is also some measure of
potential ductility[13], the higher toughness of the bimodal
coating is the first indication in this study that it exhibits an
enhanced ductility when compared to the conventional one.

It is interesting to point out that for the bimodal coating
(Fig. 8) four cracks are observed originating at the corners of
the Vickers indentation impression instead of just two. When
Vickers indenting the cross-sections of ceramic thermal spray
coatings at high loads (e.g., > 1 kgf), normally just two cracks
propagate parallel to the substrate surface from the corners of
the indentation impression[29]. The cracks tend to propagate
p ered
b
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ig. 9. Vickers indentation impression (5 kgf) and crack propagation i
ross-section of the titania coating made from the conventional feeds
s

arallel to the coating surface due to the weakest link off
y the layered structure of thermal spray coatings[28]. The
igh density, high homogeneity and isotropic character o
imodal coating (characteristics not typical of thermal sp
oatings[26]) may have contributed to the propagation
our cracks, similar to what would be found when Vick
ndenting an isotropic bulk ceramic material[21]. The con
entional titania coating also had a high density and
omogeneity, however, no isotropic crack propagation
bserved during Vickers indentation. This difference in
avior of these two coatings may lie in the bimodal chara
f the coating made from the nanostructured feedstock.

her research is necessary in order to better understan
xplain the role of this bimodal character.

One may argue that crack arresting could be cause
he presence of pores/micropores in the very dense H
icrostructure, rather than by the embedded nanozone

nown (via mercury intrusion porosimetry (MIP) measu
ents) that thermal spray coatings exhibit two types of po

ty: (i) coarse porosity (3–10�m) associated with defects
he structure due to the incomplete filling of interstices
ween previously deposited particles and (ii) fine pore
etween splats (0.1�m), which are an inherent feature of
oatings[28]. During HVOF spraying the coarse porosity
lmost totally eliminated due to the high impact velocity

he sprayed particles (Fig. 1). However, the fine pores in b
ween splats are present because they are inherent to th
al spray coatings, i.e., both bimodal and conventional c

ngs exhibit this type of porosity. As both feedstock powd
nanostructured and conventional) exhibited similar par
ize distributions and similar distributions of particle te
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Fig. 10. (a) Vickers indentation crack being arrested by a nanostructured zone in the bimodal coating[20]. (b) Vickers indentation crack being arrested by
passing through a nanostructured zone in the bimodal coating[27].

perature and velocity in the spray jet (Fig. 1), it seems to be
correct to expect that their respective coatings exhibit simi-
lar levels, distributions and forms of porosity. Consequently,
if porosity were causing a crack arresting effect it would be
observed for both coatings, not only for the bimodal one. It
is important to point out that these two coatings were pro-
duced under very similar conditions in order to pinpoint real
nanostructural effects.

In addition to this explanation it is important to point out
that processes like HVOF, vacuum plasma spray (VPS) and
detonation gun (D-Gun) are used to produce thermal spray
coatings with minimum porosity levels in order to increase
their mechanical strength. No references have been identified
by the author claiming that pores may arrest cracks in ther-
mal spray coatings, however, according to Gell et al.[17] and

Luo et al.[18], it has been demonstrated that the semi-molten
zones (nanozones) arrest cracks in thermal spray coatings,
i.e., these references agree with the experimental observa-
tions of this study.

3.6. Wear resistance and bond strength

Table 2shows the results of abrasion resistance (in terms of
volume loss) and bond strength for the bimodal and conven-
tional titania coatings. The bimodal coating exhibits a 25%
lower average volume loss and an average bond strength that
is 2.4 times higher when compared to the conventional coat-
ing. Due to the similarities in particle temperature–velocity
distributions, porosity levels and phase content of the two
coatings, the higher abrasion resistance of the bimodal coat-
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ing is explained by its higher toughness (without com-
promising its hardness, as discussed in the previous sec-
tion).

The higher bond strength of the bimodal coating may
be explained by the higher interfacial toughness of thermal
sprayed ceramic coatings made from nanostructured feed-
stock powders[30]. Bansal et al.[30] compared the interfacial
toughness of bimodal and conventional air plasma sprayed
Al2O3–13wt.% TiO2 coatings. For the conventional coating
it was observed that the interfaces between the particles that
were fully molten in the thermal spray jet and the steel sub-
strate exhibited microcracks. For the bimodal coating it was
observed that the interfaces between the particles that were
semi-molten in the thermal spray jet (nanostructured zones)
and the steel substrate were adherent, i.e., no microcracks.
Therefore an interfacial crack in the bimodal coating would
be interrupted by the strong adherent nanostructured zones,
thereby increasing interfacial toughness and bond strength
[30]. This phenomenon is somewhat similar to that observed
in Fig. 10.

3.7. Plasticity of the wear scar of the bimodal coating

Fig. 11 shows the morphology of the wear scar of the
bimodal coating. It is observed that the majority of the
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Fig. 11. (a) SEM picture (taken at 50◦) of the wear scar of the bimodal coat-
ing. (b) Higher magnification view of (a) showing the predominant ductile
deformation of the bimodal coating during abrasive wear.

moval mechanism from ductile mode to brittle mode oc-
curs. The initial ductile flow progressively changes to brittle
fracture after a critical depth of cut is reached. The critical
depth of cut of a ceramic material is directly proportional to
its toughness-to-hardness ratio[31]. Therefore the bimodal
coating, which exhibited almost the same hardness and 65%
higher crack propagation resistance (i.e., higher toughness)
when compared to the conventional coating (Table 1) should
also exhibit a higher critical depth of cut. This higher critical
depth of cut (i.e., large region for plastic deformation) should
translate into a smoother wear scar, as observed inFig. 11.
Due to the lower critical depth of cut of the conventional coat-
ing (i.e., small region for plastic deformation), the transition
of material removal from ductile mode to brittle mode is more
prone to occur. Consequently, more irregularities, scratches
and fragmentation are observed on the scar surface of the
conventional coating (Fig. 12).

The roughness values (Ra) of the wear scars of the
bimodal and conventional coatings are 0.06± 0.02 and
0.08± 0.02�m, respectively. A total of 10 roughness mea-
surements were performed for each coating and the analysis
aterial removal occurred without significant crack
ragmentation or scratching. In fact the surface lo
redominantly smeared and dulled, which is a typ
haracteristic of plastic deformation.

On the other hand, the morphology of the wear
f the conventional coating shows different characteri
Fig. 12). The surface is rougher when compared to
f the bimodal coating (Fig. 11). Some plastic deform

ion is observed (smeared zones), however, scratche
ragmentation occupy a significant area of the wear

considerable amount of material is removed in la
mounts due to the lack of ductility of the coating, form
canyons” on the surface of the scar. In these “canyons”
ossible to observe fragments that are barely attached
car surface (Fig. 12b), which after subsequent wear will
asily removed from the coating surface, thereby increa

he volume loss.
It has been shown that plastic deformation (i.e., du

ow) and fragmentation (i.e., brittle fracture) occur dur
rinding of thermal spray ceramic coatings[31]. During the
rinding of a ceramic material, a transition of material

able 2
brasion resistance (in terms of volume loss) and bond strength o
oatings made from the nanostructured and conventional titania fee
owders

oating Volume loss
(mm3; n= 2)

Bond strength
(MPa;n= 5)

imodal 14.7± 0.2 56± 22
onventional 19.7± 1.1 23± 5
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Fig. 12. (a) SEM picture (taken at 50◦) of the wear scar of the conventional coating. (b) Higher magnification view of (a) showing the typical fracture
characteristics of the conventional coating during abrasive wear.

of variance (ANOVA) demonstrated that there is a statistically
significant difference between the means of the two rough-
ness values at the 95% confidence level. This decrease of 25%
in average roughness of the bimodal coating agrees with the
morphological characteristics observed inFigs. 11 and 12,
i.e., the surface of the wear scar of the bimodal coating is less
rough. Therefore the results of crack propagation resistance
(Table 1), the morphological characteristics of the wear scars
(Figs. 11 and 12) and the roughness measurements reinforce
the claim that the bimodal coating exhibits enhanced ductil-
ity at low temperatures (well below 0.5Tm). This enhanced
ductility should allow more energy absorption during abra-
sive wear, thereby helping to produce lower volume loss as
observed in this work (Table 2).

3.8. Engineering considerations

Titania thermal spray coatings are usually employed in
anti-wear applications[19]. The higher abrasion resistance
and the higher bond strength of the bimodal coating are obvi-
ous advantages for the replacement of the conventional coat-
ing. However, the enhanced ductility exhibited by the bimodal
coating is also an important advantage because it probably
increases the machinability of the coating. As-sprayed coat-
ings are rarely ready for use. In most practical applications
(mainly in wear), the as-sprayed coatings have to be ground
and polished to arrive at the dimensions that fall within the
specified range and to produce the required coating roughness
[26,32]. This process can be expensive and time-consuming,
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therefore, employing a highly machinable coating may sig-
nificantly reduce the cost of a component.

4. Conclusions

- During this work HVOF-sprayed titania coatings were
produced from nanostructured and conventional feedstock
powders. The goal of producing coatings with similar dis-
tributions of particle temperature–velocity in the thermal
spray jet, near pore-free, isotropic-like microstructures, and
similar phase content was realized. Achieving these char-
acteristics was very important for producing meaningful
and non-biased results for comparisons of mechanical per-
formance.

- The coating made from the nanostructured feedstock ex-
hibited a bimodal structure, where particles that were semi-
molten in the thermal spray jet (nanostructured zones) were
well embedded in a matrix of the particles that were fully
molten in the thermal spray jet (conventional matrix).

- The nanostructured zones in the bimodal coating were uni-
formly dispersed throughout the coating microstructure.

- Both coatings exhibited almost the same Vickers hardness,
however, the crack propagation resistance of the bimodal
coating was 65% higher than that of the conventional coat-
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formation range than that exhibited by the conventional
coating.

- The results of crack propagation resistance and the smooth-
ness of the wear scar (observed by SEM and roughness
measurements) indicated that the bimodal coating exhib-
ited enhanced ductility when compared to the conventional
coating. As both coatings were produced under similar
conditions it is thought that this enhanced ductility at low
temperature (well below 0.5Tm) of the bimodal coating is
strong evidence of a nanostructure-related property of the
ceramic material (i.e., not caused by any other microstruc-
tural artifact), a characteristic that is being sought by re-
searchers working on nanostructured materials.
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ing. Therefore it may be stated that the bimodal coating
tougher than the conventional one. It is important to p
out that the cohesive strength (i.e., hardness) of the bim
coating did not have to be compromised in order to
toughness. This is a nanostructure-related characteri
The higher crack propagation resistance or toughne
the bimodal coating was attributed to the nanostruct
zones that were well embedded in the coating micros
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The bimodal coating exhibited an average bond stre
2.4 times higher when compared to the conventional c
ing. This higher bond strength may be explained by
presence of the well-adhered nanostructured zones
coating/substrate interface. These strongly adhering n
tructured zones would serve to interrupt the propagatio
an interfacial crack in the bimodal coating[30].
Scanning electron microscopy observations showed
the wear scar surface morphology of the bimodal c
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typical characteristics of ductility and plastic deformat
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The smoother wear scar of the bimodal coating (25% lo
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