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Surfaces for Bic-applications

Research Summary

The Nano-scratch Behavior of
Biocompatible Hydroxyapatite
Reinforced with Aluminum OXxide
and Carbon Nanotubes

Kantesh Balani, Debrupa Lahiri, Anup K. Keshri, S.R. Bakshi, Jorge E. Tercero, and Arvind Agarwal

Hydroxyapatite  (HA)  reinforced
with sub-micrometer ALO_and carbon
nanatubes (CNTx) has been svathesized
as a coating on the Ti-6AI-4V subsirate
via plasma spraving. The addition of
ALO, and CNTs to HA has shown im-
provement in the hardress and elastic
modulus by 65% and 50%, respective-
Iy, when compared o HA. Conseguent-
By, HA-ALD -CNT coatings have been
nano-scratched to understand  their
wear performance. Reinforcement of
HA by ALO_ shows a decrease in the
wear volume by more than 13 Himes,
whereas HA-ALQ -CNT coating dem-
onsirated _i".-,f.l'!flt:'r wear volume reduc-
tion of five limes compared to that of
HA-ALQ, coating.

INTRODUCTION

Biocompatibillity of hydrox yapatite
{HA) has been established by various
resgarchers because of its chemical
structure similar to that of bone and
teeth (Ca/P ratio of 1.66).'2 Application
of HA as a structural material is lim-
ited because of its brittleness and low
fracture toughness (~0.4 MPa m'?). '3
Hence arises the need to reinforce the
HA without hampering its bioccompat-
ibility. Introduction of ceramics (e.g.,
Zr0, ALO, mullite, NiAl and SiC,)
with befter mechanical properties has
been applied to enhance the enaroy ab-
sorption by HA matrix** It becomes a
special concern to retain the biocom-
patibility of the composite while rein-
forcing secondary materials to improve
mechanical properties of HA matrix
Extensive interfacial reaction between
HaA and Zr0), to form tricalcium phos-
phate (TCP) limits its utilization.* Tox-
icity of SiC_ restricts its reinforcement

in HA matrix.” Alumina (AL O.), being
a bioinert material, has shown much

promise.~* Reinforcement with carbon
nanotubes {(CNTs) has shown frac-

How would you...

«..ilescribe the overall significance
of this paper?

Reinforcement of hydroryapatite
(HA ) with Al Q and carbon
nanotubes {CNTy) have shown
improvement in the hardaesy and
elastic modulus by 65% and 50%,
respeciively, when compared to
that of HA alore. In addifion, wear
volume rediction by more than 65
times is alse observed in HA-ALD -
CNT plasma sprayed coatings.

wootleseribe this work toa
materials science and engineering
professional with no experience in
your technical specialty?

Novel plasma spraying has been
utilized to syathesize vdroxyapatite
{HA ) coatings reinforced with

ALQ, and carbon aarotuabes
(CNTs) on a real Life TT-6AI-4V
Body implant substrate. Undeterred
Bincompatibility with enhanced
mechanical properties (modulas by
5%, hardness by 65%, and wear
resistance by 68 times) has been
observed in HA-ALOD -CNT coatings
in comparizon o that of HA alone.

...teseribe this work toa
layperson?

The rigorois body eaviroament
restricty the rormal lifetime of body
impilants ia the mage af 10-15
vears. An eqrly age implant surgery
reqiires repeaied surgery operations
after the wsaal lifetime of inserted
impianl is exhaisied. Heace,

newily developed HA-AL O -CNT
Bincoating will not oaly provide
erhanced life, but will also provide
a friendly sarface for adhesion of
newly prowing bone (bone cells) for
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stroag ancharape with the implanl

ture toughness enhancement by up to
three times, HA crystallinity increase
by 27%. bending strength of up to 180
MPa, without deterioration of the coat-
ing’s hiocompatibility.”” In addition,
apatite precipitation has been observed
on the CNT surface endorsing non-tox-
icity of human fiber osteoblasts in the
CMT reinforced HA coating.! Consa-
quently, macro-scale pin-on-disk wear
resistance improvement of up to 1.5
times was also observed in CNT rein-
forced HA matrix ®

The current work focuses on the syn-
ergistic effect of secondary reinforce-
ments such as sub-micrometer ALO,
(150 nm particle size) and CMTs in
attaining enhanced fracture toughness
and wear resistance of HA matrix. HA
coatings reinforced with ALO, and
CNTs are synthesized using plasma
spraying, and wear resistance of HA-
ALD-CNT biocomposites is guanti-
fied using nano-scratching by evalua-
tion of its wear volume. Since our pre-
vious work insinuates biccompatibility
of HA-CNT composite,' the addition
of bio-inert ALO. as reinforcement is
expectad to further ephance the frac-
ture toughness and wear resistance of
coatings without affecting its biocom-
patibility. Though the effect of ALO,
and CNT reinforcements on the bio-
compatibility of HA composite is not
the focus of the current work, it must
be mentioned that research confirming
biccompatibility of these composites is
published elsewhers.” The two-fold im-
portance of (i) enhancing toughness by
ALO, (bio-inerty and rendering CNT
re-bars (hio-active), while (i) retaining
biccompatibility (bicinertness of ALD,
and apatite precipitation on CNTs)
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Multiscale wear of plasma-sprayed
carbon-nanotube-reinforced aluminum oxide nanocomposite coating
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Absmact

A multiple length scale wear study of plasma-sprayed AlyOz—carbon nanotube (CNT) nanocomposite coating is described. CIWT con-
tent and dispersion have been shown to enhance the macro-wear resistance (pin-on-disk ) by more than 49 times, and nano-wear {scratch)
resistance up to 1§ times. CMWTs have been shown to reduce the wear of AlD: matrix by (i) increasing densitication, (i) CWT bridging
and (n1) CNT lubrication. A strong dependence of wear volume loss on the microstructural features is described at different length scales,
and the disparity of material loss observed in the macro- and nano-wear tests is explained. A wear model has been established to numer-
ically quantify wear loss dependence in terms of bulk material properties and correlating these with wear parameters from nano-scratch

testing.

© JE Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Kepwords: Plasma sprayimg AbOy-carbon nanotube (CHNT) nanocomposile; Mano-seratch test; Mulibscale-wear inbolgy

1. Introdwction

Tribology involves the study of a complex phenome-
non that depends on several variables: surface roughness,
lomd application, local material interaction, lubrication
condition and material properties of (wo mating surfaces.
The functionality of an engineering component in sliding
conditions is often decided by macro-wear, whereas the
mechanism of material loss is decided at the micro- and
nano-scales. Macro-wear involves multiple asperity con-
tacts; in contrast, nano-wear nleraclions ooCur via sin-
gleffew asperity contacts. Therefore, there exists a gap
between the macro-wear and nano-wear owing to the dif-
ferent length scales [1-5]. There are very few sdies that
provide an insight into multi-scale wear and a description
of the wear mechanisms [1-10]. Ingole et al. performed a

N Cormesponding author, Tel: +1 305 348 1701; fax: +1 305 348 1932
E-muil arddres: agarwala@iiiv edu (A, Agarwal),

wear lest using a pin-on-disk tribometer on a bornde coat-
ing on a tungsten substrate and analyzed the wear surface
using atomic force microscopy (AFM) [2]. It was con-
cluded that macro-wear occurred via mixed mode wear
of boride coating that includes: (i) abrasion grooves at
the micrometer length scale, and (i) fracture of hard
phase via cracking al the nanometer length scale [2].
Computational models for multi-scale material removal
by progressive grinding and polishing have been proposed
[7.9]. Seok et al. have described fundamental models of
erosion and abrasion in chemical-mechanical polishing
[9]. Three scaled statistical representations of abrasive
particle, asperity and wafer were correlated in order to
evaluate material loss with applied stress wsing computa-
tional modeling [9]. Bigerelle et al. developed a fractal
model that wiilized rovghness and radies curvature for
predicting progressive material loss uwpon grinding [7]. In
spite of these isolated studies, a direct model and scaling
mechanism connecting the different length scales is
still unavailable. In addition, incorporation of secondary

1359-h4 5083000 0 2008 Acta Materialia Inc. Published by Ekevier Lid. All rights reserved.

o 1110, 10164 actamat 200808 020

264



Availabla onling at www.scisncadirect.com
“».” ScienceDirect l,

Seripta Malenalia 60 (2009) 1023-1026

Scripla MATERIALIA

www.ebevier.comlocale wriplamatl

lonic conductivity of plasma-sprayed nanocrystalline
vitria-stabilized zirconia electrolvte for solid oxide fuel cells
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Manocrystalline 10mol%: yttria-stabilized zircoma (Y5.2) clectrolyte was synthesized via the plasma spray technigque. The ionic
conductivity was measured using AC impedance spectroscopy within the temperature range 330600 “C in air. The measured total
1omic conductivity of plasma-sprayed YS5Z electrolyte is ~~2.3 times higher than that of sintered Y5Z electrolyte at 600 °C n air. The
improvernent in iomc conductivity & ascribed to the nanocrystalline grain size and siliceous free grain boundary with grain-to-grain

contact.
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Solid oxide foel cells {SOFCs) have been atlract-
ing attention due to their efficient conversion of electro-
chemical fuel tw electricity with negligible pollution
[1-3]. Ytria-<stabilized zirconia (YSZ) with a cubic fuo-
rile structure is considered to be the most reliable elec-
trolyvte because it exhibits thermal stability, good ionic
conductivity at high-temperature (~ 1000 °C) and ther-
mal expansion compatibility with electrode maternals
[2-3]. From the view of long<erm durability and reli-
ahbility, and cost efficiency, the current developmental
target for SOFCs is o reduce the operating temperature
into the intermediate temperature (IT) range (500—
T007C), which requires increased electrolyie ionic con-
ductivity and enhanced gasfelectrode reaction kinetics
[4]. However, the relatively lower ionic conductivity of
Y52 at intermediate emperatures limits its application
as af electrolvte candidate for ITT-SOFCs.

MNanocryvstalline YSZ has a high number of atoms
residing at grain boundaries and surfaces that increase
the surface area of the active sites for reactions [5] It
is reported that nanocryvstalline YSZ exhibis an increase

* Cormesponding author, Tel: +1 305 348 1700; fax: +1 305 348
1932 e-mail: awarwalaf fveduy

of about 2-3 onders of the magnitude in electrical con-
ductivity as compared to microcrystalline specimen [4].
Activation energy for microcrystalling YSZ is ~1.24—
1.30 eV, whereas this reduces to ~0.93 eV for nanocrys-
talline YSZ [4]. Therefore, the development of nanocrys-
talline YSZ electrolvie is of considerable interest for I'T-
SOFCs. A few researchers have also reported a decrease
it the electrical conductivity with decreasing grain size
(0.2-20 um) for zirconia and ceria-based electrolytes
[5-10]. These contradictory observations further moti-
vate our present study to understand the effect of grain
size on dectrical conductivity.

Plasma spray technique is a versatile process: il can
deposit almost any material as coatings and bulk while
retaining the benefits of rapid solidification, high depo-
sition rate and cost efficiency [9]. Compared with
conventional wet ceramic techniques [10] for SOFC elec-
trolvie fabrication, plasma-sprayed materials usually ex-
hibit porous and lamellar microstroctures, subsequently
leading to low open circuit voltage and cell efficiency.
Hence, some post-deposition heat treatments such as
high-temperature sintering and spark plasma sintering
(SP5) are emploved to improve the electrolyie density
and alleviate the gas leakape isspe [2]. Our research
group has swocessfully svnthesized nanocrystalline metal
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