HTML AESTRACT * LINKEES

APPLIED PHYSICS LETTERSB6, 251905(2005

Laser-surface-alloyed carbon nanotubes reinforced hydroxyapatite
composite coatings

Yao Chen,? Cuihua Gan, Tainua Zhang, and Gang Yu
The State Key Laboratory of Nonlinear Mechanics, Institute of Mechanics, Chinese Academy of Sciences,
Beijing 100080, People’s Republic of China

Pucun Bai
Inner Mongolia University of Technology, Huhejapte 010062, People’s Republic of China

Alexander Kaplan
Division of Manufacturing System Engineering, Lulea University of Technology, SE 97181, Lulea, Sweden

(Received 11 February 2005; accepted 18 May 2005; published online 14 June 2005

Carbon-nanotub&€CNT)-reinforced hydroxyapatite composite coatings have been fabricated by
laser surface alloying. Microstructural observation using high-resolution transmission electron
microscopy showed that a large amount of CNTs remained with their original tubular morphology,
even though some CNTs reacted with titanium element in the substrate during laser irradiation.
Additionally, measurements on the elastic modulus and hardness of the composite coatings indicated
that the mechanical properties were affected by the amount of CNTs in the starting precursor
materials. Therefore, CNT-reinforced hydroxyapatite composite is a promising coating material for
high-load-bearing metal implants. 005 American Institute of Physics
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Hydroxyapatite (HA: Ca;o(POy)g(OH),) is widely pre- is one of known fundamental elements in the development of
ferred as a biomaterial that has attracted great attentiolife on the planet Earth® Therefore, hydroxyapatite coating
mainly because it has a crystallographic structure similar taeinforced with CNTs might have excellent properties in-
apatite crystallites in living bone tissuts,and therefore it ~cluding high strength and excellent bioactivity. Additionally,
has osteoconductive and bioactive properties that promot@etallurgical bonding of coating/substrate can be obtained
rapid bone formation and strong biological fixation to bonyby laser surface processing, improving effectively the bond
tissues. Furthermore, the special structural characteristics oftrength of HA/metal. In this letter, the laser surface alloyed
single crystal HA, namely, dipolar-type defect chemistry, CNTs reinforced HA bioactive composite coatings are re-
render it extremely interesting dielectrics of a new functionalPorted, in which the CNTs with their original tubular mor-
material® Unfortunately, its usage under high load-bearingPhology dispersed in the HA matrix, and the properties of the
conditions is restricted due to its brittle nature and poorPioactive coating have been improved. _
strength® Hence, there is a need for increasing the mechani- Commercially hydroxyapatite powder with an average
cal properties of these materials suitable for clinical applicaParticle size ranging from 30-30m and the commercially
tions. The problem can be solved through either fabricating’“umwaned CNTs with a diameter from 20-40 nm and the
fibrous HA-reinforced polyethylene oxidecompositeband ~ '€ngth from 5-13um were selected as starting precursor
HA  whiskers-reinforced  high-density  polyethylene materials for fabricating CNTs reinforced hydroxyapatite

composite$, exhibiting improved mechanical properties, or g_c;]m;g:cﬁi_lt_e co?jtings by Ia Iasgr_ surface alloy(/jing r‘[]e((:jhniq(tjje.
applying HA as a covering material for titanium or other € powder was cleaned In acetone and dehydrated at

metal used in implants, in which the biocompatibility is as—473 K before mixing with hydroxyapatite powder. The pow-

sured by HA while the mechanical aspects are provided b er mixture_s were mec_hanically ball milled together in four
the metal-matrix materidl.Considerable efforts have been ifferent weight proportions, namely 0%, 5%, 10% and 20%

made in resent years to develop HA coati"r?g?’ or HA- CNTs. The substrate used for the coatings was of Ti-6Al-4V

. . . . . ith a dimension size of 68 30X 5 mm. Prior to laser sur-
based composite coatings thatliare reinforced with bioner; ce alloyed composite coatings, the substrates were pre-
ceramics such as zirconi@rO,)™" by a plasma spraying h '

. . : . eated to reduce the residual thermal stress. The experiments
technique. Although many experimental studies have illusyt jaser surface alloying were carried out using a HL2006D
trated that plasma sprayed hydroxyapatite coatings on Rq:.yAG laser, and the laser processing parameters were
metal substrate can induce a direct chemical bond with bongg|ected as: Laser outpower 400 W, beam diameter 4.0 mm
tissues and hence achieve biological fixation of the implants, g the beam scanning speed 4 mm/s. Microstructure was
the bonding strength of the HA /metal interface has been &naracterized using high-resolution transmission electron mi-
important point of potential weakness in prosthé3ias is ~ croscopy (HRTEM) in a JEM-2010 operating at 200 KV.
known, carbon nanotub&ENTS) possess excellent mechani- phase constituents of composite coatings were analyzed by
cal properties and chemical stability which result from theiry_ray diffraction (XRD) using a Rigaku D/max 2200 diffrac-
cylindrical graphitic structure. It is worth noting that carbon tometer with CWK, radiation Operated at a Vo|tage of 40 kV,
a current of 40 mA and a scanning rate of 5°/min. Nanoin-
dAuthor to whom correspondence should be addressed; electronic maigema:uon tests were .CondUCtgd using a MTS Nano mdenter@
chenyao27@163.com XP with a Berkvich diamond tip. Hardness and elastic modu-
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FIG. 1. XRD patterns of the laser surface alloyed coating with a powder mixture of HA-10%®N%).

lus of the coating were measured as a function of indentatiothe higher the content of carbon nanotube, the higher the
depth using a continuous stiffness measurement Method. hardness and the elastic modulus. After removal of the in-
Figure 1 shows XRD results of the laser surface alloyeddenter tip, the plastic deformation of CNT-free coating is
coating with a powder mixture of HA-10% CNTavt %), about 1480 nm, while 1290 nm for the HA-20%CNTs coat-
which can be clearly seen that the phase constituents of thag. This means the CNT-free hydroxyapatite coating under-
coating are the HA, CaO, TCP, and TiC. The results indicategoes a larger plastic deformation during nanoindentation ex-
that the CNTs have reacted partially with Ti, from Ti-6Al-4V periments. The average hardness and modulus for these
substrate, to form TiC, and HA has partially decompose intacoating are indicated in Table I. It shows that the hardness of
CaO and TCP. It is well known that the titanium element haghese coatings increases with increasing of CNT content. It is
a much larger negative heat of formatit84.0 J/mol with  well known that the CNT is one of the stiffest structures ever
carbon than that of other elements in the laser-generatatiadé® and TiC has higher hardness. Therefore, the residual
pool, suggesting that Ti and C have the largest driving forceCNTs and then situ formation of TiC in the hydroxyapatite
to form TiC. Therefore, the reaction of Ti with C is favored matrix, especially the residual CNTs, have an effective
during the laser surface alloying. Also, the temperature of thatrengthening role. It has been reported that the value of the
laser-generated pool is higher than the melting point of HA
(1450 °Q, leading to the decomposition of HA to form
a-TCP and TTCP. Being an unstable phase at room tempera
ture, a-TCP naturally transforms t8-TCP (a stable phase at  (a) A
room temperatupeat about 1100 °G’ As for the TTCP
phase, it would further decompose to form HA and céo. !
Transmission electron microscogyEM) and HRTEM SOT Y e
observations are conducted to confirm the existence of CNT: }gt; ff’ W o
in the laser surface alloyed coating, and the images are, = .,,-v‘sj;;%ﬁ_:%
shown in Fig. 2. Figure @) shows a typical tubular mor- = PR ,(,
phology of as-prepared CNTs. Figuré®2shows the typical TR e
morphology of residual CNTs in the coating. It is obvious °
that some CNTs with their originally tubular structure can be
observed after laser surface alloying. Furthermore, the se
lected area diffraction pattern in the matrix of the coating
shows that the matrix is hydroxyapat[téig. 2(c)]. HRTEM
observation is employed to investigate further the detailed;
structure of CNTs in the coating, as shown in Fi¢d)21t is 5
clearly seen that CNTs still keep their cylindrical graphitic
structure due to the high thermal stability and the high '
chemical stability of the CNTE?° According to the above |
results, the CNTs have been successfully introduced into the
HA matrix using laser surface alloying. '
In the present work, nanoindentation was used to study®
the variatipn of t-he phySical properties of laser Surf-ace- aI_FIG. 2. TEM image showing the typical morphology of as-prepared CNTs
loyed _Coatlngs with dlﬁeren_t CNT Conte_m' _AS ShO\_Nn in Fig. (a), residual CNTs in laser surface alloyed coatify, the selected area
3, It displays that the load increases with increasing contenfisiraction pattern of HA in the direction q0001] (c), and HRTEM image

of carbon nanotube in the powder mixtures, indicating thabf the CNT distributed in the coating).
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FIG. 3. Typical load-displacement curves of laser surface alloyed coatin

with different CNT content. #i1G. 4. Relative changes in hardness and modulus as a function of content

of CNTs.

elastic modulus of CNT is as high as approximately 1.8mproving the long-term stability of the bioactive coating
TPa?' which is much larger than that of hydroxyapatite. Under high load-bearing conditions.
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