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Abstract: Uniform and dense nano-hydroxyapatite (nHA) coating with nanorod-shaped structure
was fabricated on carbon nanotubes (CNTs) by combining electrodeposition with biomineralization.
The CNTs with nHA coating (nHA-CNTs) were used as reinforcement to improve the mechanical
properties of HA. Firstly, a mixed acid solution of nitric acid and sulfuric acid was used to treat
CNTs (NS-CNTs). The dispersion of NS-CNTs was obviously improved, and O-containing functional
groups were grafted on the surfaces of NS-CNTs by treatment. Then, calcium phosphate (CaP)
was deposited on NS-CNTs by electrodeposition, and NS-CNTs were provided with numerous
active nucleation sites for the next coating preparation process. Then nanorod-shaped HA crystals
were obtained on the surfaces of NS-CNTs by biomineralization. Using the CNTs with nHA
coating (NnHA-CNTs) as reinforcement, HA-based composites reinforced with CNTs and nHA-CNTs
(nHA-CNTs/HA) were fabricated by pressure-less process. Bending strength and fracture toughness
of 1.0 wt % nHA-CNTs reinforced HA composites (HAnC1) reaches a maximum (30.77 MPa and
2.59 MPa), which increased by 26.94% and 7.02% compared with 1.0 wt % CNTs reinforced HA
composites, respectively. Importantly, the fracture toughness of HAnCl1 is within the range of that
to compact bone. This work provides theoretical and practical guidance for preparing nHA coating
on nanomaterials. It also contributes to the potential application of nNHA-CNTs/HA composites for
artificial bone implants.

Keywords: carbon nanotubes; nano-hydroxyapatite coating; electrodeposition; biomineralization;
composites

1. Introduction

Hydroxyapatite (Cajg(PO4)s(OH),, abbreviated as HA) is one of the bioceramics, that has
received considerable attention over the past decades, due to its outstanding osteoconductivity
and biocompatibility [1,2]. However, the application of pure HA is restricted in weight-bearing
bones replacement materials, due to its low fracture toughness and poor bending strength [3,4].
The way to increase the mechanical properties of pure HA is to incorporate some reinforcement
materials, such as zirconia [5], carbon fiber [6] and carbon nanotubes (CNTs) [7] etc. Among these
reinforcing materials, CNTs have aroused intense interests in their potential biomedical applications
owing to their outstanding mechanical properties and chemical stability [2,8-10]. Sarkar et al. [11]
has found the fracture toughness of CNTs reinforced HA composites (CNTs/HA) to be as high as
1.27 MPa with 2.5 wt % CNTs addition, which was 30% increase over HA. The biocompatibility
of CNTs/HA has also been studied by Xu et al. [12], and concluded the beneficial effect of CNTs
on the osteoblast cell proliferation. However, the drawbacks of CNTs as reinforcing fillers are
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evident as well. In such applications, the agglomeration of CNTs is a critical issue that needs to
be addressed. Like other nanomaterials, due to their flexibility, high aspect ratios, and van der Waals
interactions, CNTs tend to agglomerate and are very difficult to be homogeneously dispersed in the
bioceramic matrix [13-16]. This hinders their enhancement effects on the mechanical properties of
various composite systems. Furthermore, the significant difference in thermal expansion coefficients
between CNTs (—1.2 x 1072 /K) [17] and HA (11.6 x 10~°/K) [18] reduces the mechanical properties
of composites. Therefore, the widespread applications of CNTs/HA composites are impeded.

Previous studies have indicated that acid solution treatment is an effective and ordinary method
for decreasing the agglomeration of CNTs. Zhu et al. [19] achieved the dispersive properties of CNTs
by plasma and mixed acid solution treatment. Okpalugo et al. [20] oxidized CNTs with mixed acid
solution to obtain CNTs with carboxyl groups at the ends, and the dispersion of CNTs was improved.
In addition, preparing HA coating on the surfaces of CNTs to reduce the difference in thermal expansion
coefficient between CNTs and HA matrix is considered to be an effective method [18]. HA coating could
improve the compatibility and increase bonding strength between the two materials. The presence
of HA coating on CNTs can effectively enhance osteoprogenitor cell attachment [21]. Among several
HA coating techniques (sol-gel, electrodeposition and biomineralization, etc.), electrodeposition
has showed obvious advantages of moderate preparation conditions and controllable process
parameters. Zhao et al. [22] prepared HA coating with nano-grain structures, on carbon nanowires by
electrodeposition to improve the cellular compatibility and osteoconductive property of composites.
Biomineralization can strictly control the microstructure of crystals, such as crystal size and morphology.
The nano-hydroxyapatite (nHA) coating was fabricated on carbon nanofiber by biomineralization [23].
Compared with HA composites reinforced with carbon nanofiber, the mechanical strength of HA
composites reinforced with nHA coated carbon nanofiber can be further improved. However, few
studies on preparation of HA coating on CNTs have been carried out, due to difficult fixation of the
CNTs on coating preparation device.

In this study, CNTs were treated with mixed acid solutions. The dispersion of treated CNTs was
improved, and O-containing functional groups were grafted on the surfaces of CNTs. A uniform
and dense nHA coating with nanorod-shaped structure was successfully prepared on treated CNTs
(nHA-CNTs) by combining electrodeposition with biomineralization. This process of preparing a nHA
coating with nanorod-shaped structure on CNTs has not been reported in previous works. In addition,
nHA-CNTs reinforced HA (nHA-CNTs/HA) were fabricated through pressure-less sintering process.
Bending strength and fracture toughness of 1.0 wt % nHA-CNTs reinforced HA (HAnC1) reach a
maximum. It is worth mentioning that the fracture toughness of HAnC1 is within the range of that to
compact bone. This study lays the foundation for the preparation of coatings for nanomaterials and
the application of CNTs/HA composites with good mechanical properties in clinical application.

2. Materials and Methods

2.1. Electrodeposition and Biomineralization of nHA Coating

Pristine CNTs (P-CNTs) (98% purity, with 50-100 nm outer diameter, 10-30 um in length) were
procured from Nanjing Xianfeng Nanomaterial Technology Company (Nanjing, China). During mixed
acid treatment, P-CNTs were ultrasonically cleaned with distilled water and alcohol at room
temperature for 30 min. Subsequently, mixed acid solution includes concentrated nitric acid and
sulfuric acid (NS) with the volume ratio of 3:1. Cleaned P-CNTs were treated by using NS at 60 °C for
12 h, which was named as NS-CNTs. Finally, NS-CNTs were cleaned with distilled water and then
dried at 60 °C for 24 h.

During electrodeposition, CNTs and graphite electrodes have been reported to act as the cathode
and parallel anode, respectively. The electrolyte solution contained 3.80 x 10~# mol/L diammonium
hydrogen phosphate (NH4HPOy), 6.35 X 10~* mol/L calcium nitrate tetrahydrate (Ca(NOs3);), and
0.10 mol/L sodium nitrate (NaNOj) [24]. Initial pH of the electrolyte solution was adjusted to pH
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6.00 + 0.02 with nitric acid (HNOj3) solution and ammonia water (NH3-H,O). After initiation of
electrodeposition, nHA crystals were deposited at a constant current (5 mA), and the temperature was
controlled to 100 =+ 2 °C. The deposition time was adjusted to 15 and 30 min with all other conditions
held constant to elucidate the influences of deposition time on the nucleation of HA crystals. All of the
aqueous solutions were prepared using deionized water.

According to the standard procedure of biomineralization [25,26], the 1.0 time simulated body
fluid (1.0SBF) was prepared as follows. Sodium chloride (7.996 g), sodium hydrogen carbonate (0.350 g),
potassium chloride (0.224 g), dipotassium hydrogen phosphate trihydrate (0.228 g), and magnesium
chloride hexahydrate (0.350 g) were sequentially added and dissolved into 700 mL of deionized water.
Then 39 mL of 1 mol/L hydrochloric acid (HCI) were added into the solution. Finally, anhydrous
calcium chloride (0.368 g) and sodium sulfate (0.071 g) were dissolved into the solution. The pH value
of the solution was adjusted to 7.45 by Tris-hydroxymethyl aminomethane. Furthermore, the pH value
was re-adjusted to 7.42 by 1 mol/L HCl solution. The final total volume of the solution was settled at
1000 mL with the addition of a small volume of deionized water. CNTs after electrodeposition were
soaked in 35 mL of SBF solution with various ion concentrations, nearly equal to those of human blood
plasma at 37 °C [23,27,28]. The samples were taken out from the SBF solution, rinsed with deionized
water and finally dried in a drying oven at 70 °C for 1 h.

2.2. Preparation of CNTs/HA and nHA-CNTs/HA Composites

Firstly, 0.100 mol/L (NH4),HPO4 solution was added to mixed solution of 0.167 mol/L Ca(NOs3),
and 0.100 mol/L Mg(NOs),, to obtain the certain value of (Ca + Mg)/P (1.67). NH3-H,O was used
to adjust the pH value of the mixed solution to 10.0 & 0.02. After that the mixed solution reacted at
170 °C for 24 h and then cooled to room temperature. The products were washed by deionized water
and anhydrous ethanol and dried at 70 °C in air, and then grinded into HA powders. Secondly, CNTs
with different contents (0, 0.5, 1.0, 2.0 and 3.0 wt %) or 1.0 wt % nHA-CNTs were added into alcohol
with HA powder and mixed uniformly by ultrasonically dispersion. The precursor solution was dried
for 6 h at 60 °C. The CNTs/HA or nHA-CNTs/HA composite powders were cold-pressed at 100 MPa
to form the green bodies. The typical size of the samples was 39 mm x 9 mm X 4 mm. Then the green
bodies were sintered in Ny atmospheres at 800 °C for 120 min. The CNTs/HA composites with 0, 0.5,
1.0, 2.0 and 3.0 wt % CNTs were named as HAC0, HACO0.5, HAC1, HAC2 and HACS3, respectively.
The HA-based composites with 1.0 wt % nHA-CNT were named as HAnC1.

2.3. Characterization and Mechanical Properties

A JSM-6460 scanning electron microscope (SEM) (JEOL, Tokyo, Japan) was employed to observe
changes in the morphology of the CNTs surfaces before and after NS treatment, as well as in the
uniformity and structure of the final nHA coating (acceleration voltage: 15 kV; work distance: 30 mm;
spot size: 28 mm).

Raman Spectroscopy (Raman) was employed to examine changes in the structural characteristics
of the CNTs surfaces before and after NS treatment. The confocal laser Raman spectrometer of
Renishaw-Invia (Wotton-under-Edge, UK) used in the study is a high resolution. The chosen excitation
light wavelength of Ar laser is 532 nm, objective magnification 100X, and a pinhole aperture of
25 um. The spectrometer’s spectral resolution was 2 cm~!. The laser spot size was about 1 pum,
and the confocal depth of the microscope was about 2 um, therefore the sample volume probed in
each spectrum collection run was about 2 um®. Charging correction during X-ray photoelectron
spectroscopy (XPS, Axils Ultra, Kratos, Manchester, UK) analysis was accomplished by shifting the
main C-C peak to 284.6 eV.

Three-points bending tests were conducted at a loading rate of 0.05 mm/min under pressure to
acquire the bending strength of samples with universal 1036PC testing machine (HESON, Shanghai,



Coatings 2018, 8, 357 40f12

China). Three specimens in each group were measured in order to obtain the average value of tensile
strength. The bending strength (o) was calculated as [29]:

o = 3PL/2bd? 1)

where P is the load, L is the span, b and d are specimen width and thickness, respectively.

The micro-hardness of polished sintered samples was determined using a Vickers hardness tester
(HXD-2000TM/LCD, Byes, Shanghai, China). For this purpose, a load of 9.807 N was applied on the
polished sample with a holding time of 15 s. Three measurements were taken at different locations
on samples, and the average value was obtained. Base on the median cracks during the indentation
measurements, fracture toughness (Kjc) were calculated as following equation [4].

Kic = 0.026(EF)!/?(a/C'?) 2)

where E (unit: GPa) is Young’s modulus, F (unit: N) is the indentation load, a (unit: mm) is half of the
average indent diagonal and C (unit: mm) is half of the radial crack length. Three specimens in each
group were measured in order to obtain the average value of fracture toughness.

3. Results and Discussion

3.1. Carbon Nanotube Treatment

The SEM images of P-CNTs and NS-CNTs are shown in Figure 1. In the observation area, it
could be seen clearly that CNTs present a typical tubular microstructure. P-CNTs trend to twine
together before treatment (Figure 1a,b), resulting in serious agglomeration. By contrast, the dispersion
of NS-CNTs is significantly improved and the agglomeration of NS-CNTs is alleviated (Figure 1c,d).
NS-CNTs still keep their tubular morphology, due to high chemical stability and thermal stability [30],
implying that introducing NS-CNTs in the HA composites is expected to maintain their original
excellent mechanical properties. It can be seen that the length of NS-CNTs is reduced. The fact might
be that the oxygen ions released from mixed acid solution breaks the wall of P-CNTs. The twined
P-CNTs were separated, which would provide extensive deposition area for HA crystals.

$4800 20.0kV 9.5mm x10.0k SE(M) b 5.00um J§ S4800 20.0kV 9.5mm x100k SE(M)

Figure 1. SEM images of (a,b) P-CNTs and (c,d) NS-CNTs.
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Raman spectrum is extensively used to qualitatively analyze carbonaceous materials. Figure 2
shows Raman spectrums of P-CNTs and NS-CNTs. Raman spectrum of CNTs mainly consists of
two characteristic peaks, namely, the characteristic peak of D-band and G-band [31,32]. The D-band
is usually associated with the presence of lattice disorders. The G-band strongly corresponds to
in-plane C-C symmetric stretching vibrations in graphene sheets, which is considered to be strongly
dependent on the nature and concentration of surface oxides. As shown in Figure 2, D-band and
G-band of P-CNTs and NS-CNTs are observed at ~1338 cm~! and ~1570 cm ™!, respectively, which
are characteristics of sp? and sp> bonds of hexagonal carbon structure [33]. Ip/Ig indexes (intensity
ratio of the D-band and G-band) were calculated to be 1.050 for P-CNTs and 1.064 for NS-CNTs.
It can be found that the Ip/Ig index for NS-CNTs is nearly P-CNTs, indicating that the NS-CNTs are
degradation-free [31]. The D-band increases during the chemical oxidation of CNTs owing to abundant
insertion of O-containing functional groups on their surfaces [34-36]. The greater value of Ip /I is, the
more O-containing functional groups of CNTs are grafted [28]. The slightly increasing Ip/Ig index
of NS-CNTs is possibly from introducing O-containing functional groups [31]. These O-containing
functional groups could attract calcium cations (CaZ*) in the electrolyte to form chemical bonds, which
helps to induce the nucleation and growth of HA crystals.

a-P-CNT
1504 b-NS-CNT
= D band G band
3 90-
Z 60 1,/1.=1.06436
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£ 304

1,/1.=1.05071

800 1200 1600 2000 2400
Raman shift(cm™)

Figure 2. Raman spectra of P-CNTs and NS-CNTs.

3.2. Electrodeposition and Biomineralization of HA Coating

Figure 3 shows SEM images of calcium phosphate (CaP) on NS-CNTs obtained by electrodeposition
and nHA coating on NS-CNTs obtained by combining electrodeposition with biomineralization under
different deposition times. After deposition for 15 min, there is no significant change on the surfaces
of NS-CNTs (Figure 3a). On the contrary, needle-like CaP crystals are observed on the surfaces of
NS-CNTs by deposition for 30 min (Figure 3b). The average diameter of CaP crystals on the NS-CNTs
is around 100-200 nm. Biomineralization was applied to obtain dense and uniform nHA coating on
the NS-CNTs after electrodeposition. After electrodeposition 15 min, tiny granular HA crystals are
distributed on the surfaces of NS-CNTs soaked in 1.0SBF for 24 h (Figure 3c,e). However, as shown in
Figure 3d,f, HA crystals present nanorod-shaped structure by biomineralization under deposition time
of 30 min. Embedded figure displays the survey scan XPS spectrum of the nHA-CNTs (Figure 3g).
The peaks of nHA-CNTs at 133.84, 284.6, 347.69 and 532.40 eV are attributed to P 2p, C 1s, Ca 2p and
O 1s, respectively. The Ca/P molar ratio of the coating is about 1.68, which is close to the pure HA
(Ca/P = 1.67). It indicates that more nuclear sites on NS-CNTs are provided after deposition for 30 min.
It would facilitate nucleation and growth of HA crystals during biomineralization in 1.0SBF solution.

The development of nHA coating on NS-CNTs involves two sequent process, nucleation and
growth. The nucleation processes of HA crystals are mainly governed by the Ca®* capturing efficiency
of the functional groups on the surfaces of NS-CNTs, which is called calcium immobilization.
CNTs treated by mixed acid solution are possible grafted with O-containing functional groups.
Therefore, these O-containing functional groups can attract Ca?* to provide nucleation sites on the
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surfaces of NS-CNTs by electrodeposition. And then HA crystals grew steadily on the surfaces of
NS-CNTs by biomineralization. The ion concentration (Ca?* and PO43~) in SBF is much higher than
in the electrolyte. It increases the probability of ion collisions in the coating during biomineralization.
In other words, the activation energy of ions is increases, which will create a favorable condition for
the growth of nHA coating.

X 100,000 0.2 pm X 100,000 0.2 pm

Cls
Ca2p

Intensity

P2p

1000 ' 860 ' 660 . 4(')0 ' 2(')0 ' 0
Binding energy (eV)
Figure 3. SEM images of CaP crystals on NS-CNTs under deposition time of (a) 15 min and (b) 30 min;

SEM images of nHA coating on NS-CNTs under soaking in SBF for 24 h after deposition time of
(c,e) 15 min and (d,f) 30 min; (g) XPS spectrum of nHA-CNTs.
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From the above, a possible preparation mechanism of nHA coating during electrodeposition
and biomineralization is proposed, as shown in Figure 4. Some C-C bonds were broken after mixed
acid treatment. And NS—-CNTs are grafted with O-containing functional groups, such as -COOH,
—OH and —-COO. When the electrodeposition begins, the O-containing functional groups could attract
Ca?* in electrolyte through coulombic forces to form a special bond. Such a bond could reduce the
interfacial energy and increase the degree of supersaturation around functional groups to decrease
the activation energy barrier of nucleation [37-39]. This phenomenon creates favorable condition for
nucleation of CaP crystals. Then CaP crystals attract and react with ions (such as Ca?* and PO3*") of
1.0SBF during biomineralization. As Ca?* accumulating, the CNTs surface becomes positively charged
and combines with the negatively charged phosphate ions, forming calcium phosphate. The CaP is
eventually transformed into nanorod-shaped HA coating.
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Figure 4. Possible preparation mechanism of nHA coating on the surfaces of CNTs.
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3.3. The Mechanical Properties of the Composites

The content and species of CNTs are critical factors affecting the reinforcing effect of CNTs in
composites. Figure 5 shows the volume shrinkage of CNTs/HA and nHA-CNTs/HA composites.
The evaporation of moisture and the fusion of grains during the sintering of composites would cause
them to shrink obviously. With the increase of CNTs contents, the volume shrinkage of CNTs/HA
composites presents a downward trend. Meanwhile, the volume shrinkages of HAnC1 composites
are higher than those of HAC1 composites. This result may be explained by the thermal expansion
coefficients of CNTs is smaller than that of HA matrix. The thermal expansion coefficient of material is
an important characteristic. During the sintering of composites, the thermal expansion coefficient is
proportional to the volume shrinkage. HA matrix with relatively higher thermal expansion coefficient
has a large volumetric shrinkage, which is opposite to CNTs. Therefore, CNTs can effectively inhibit
the volume shrinkage of composites. As nHA-CNTs are used to reinforce HA matrix, there is a little
difference in the thermal expansion coefficient between nHA coating and the matrix. Therefore, the
volume shrinkage of HAnC1 composites slightly increases compared to HAC1 composites. It also
indicates that dense HAnC1 composites were obtained after sintering.
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Figure 5. The volume shrinkage of CNTs/HA and nHA-CNTs/HA composites.

Figure 6 shows bending strength and elastic modulus of CNTs/HA and nHA-CNTs/HA
composites. Three-points bending test is an effective method to evaluate the mechanical strength of
composites [40]. As can be seen from Figure 6a, the addition of CNTs results in a decline in bending
strength of CNTs/HA composites. Moreover, with the increase of CNTs content, bending strength of
the composites exhibits an initial increase and subsequent decrease. This might result from difference in
thermal expansion coefficients between CNTs and HA matrix and agglomeration of CNTs. Difference
in thermal expansion coefficients results in a large number of interfacial gaps, which leads to the
CNTs/HA composites with lower bending strength than that of HACO [18]. On the other hand, it
is a well-established fact that agglomeration of CNTs cannot be avoided, due to the high surface
energy of CNTs [41]. With the further increase in amount of CNTs, they are prone to agglomerate.
The agglomeration would decrease specific surface area of CNTs and contact area between CNTs
and HA matrix. Therefore, as a load is applied, the energy consumed of CNTs is reduced and the
desired enhancement effect is not achieved. In addition, the agglomerated CNTs would form the stress
concentration points when the CNTs/HA composites are subjected to tensile stress [42]. The stress
concentration point is the source of cracks. The cracks in the composites are extended rapidly and
cause the composite to break, resulting in a decrease in bending strength of the CNTs/HA composites.

For the nHA-CNTs reinforced HA composites, the bending strength of HAnC1 composites
reaches a maximum (30.77 MPa), which increases by 9.30% and 26.94% compared with HACO and
HACI, respectively. It further suggests that preparing nHA coating on the surfaces of CNTs can
effectively alleviate difference in thermal expansion coefficients between the CNTs and the HA
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matrix. The bonding between CNTs and HA matrix would be improved. These could increase
the strengthening and toughening effects of HA-coated CNTs in CNTs/HA composites.

Figure 6b shows elastic modulus of the composites. The elastic modulus of the composites
increases with the increasing CNTs content in a range from 0.5 to 1.0 wt %. It is clearly seen that
the elastic modulus of HAC1 (1.26 GPa) increases by 21.2% compared with that of HACO (1.04 GPa).
However, when the content of CNTs in the composites is higher than 1.0 wt %, the elastic modulus
shows a downward trend. The value of elastic modulus of CNT is as high as approximately between
590 and 1105 GPa [43], which is much higher than that of HA (114 GPa) [44]. Generally, the addition of
small content of CNTs can cause the notable increase in the elastic modulus of these CNTs reinforced
HA composites according to the simple rule of mixtures [2]. It indicates that the addition of small
content of CNTs makes the HA matrix more prone to recovery upon deformation [45]. Moreover, the
elastic modulus of HANnC1 reaches a maximum value of 1.33 GPa, which is approximately 5.56% higher
than that of HAC1. Bonding between CNTs and HA matrix is increased by fabricating a transition
layer on surfaces of CNTs. Good bonding between nHA-CNTs and HA plays a role in improving
the elastic modulus for the composites. When a stress is applied on the composites, the HA matrix
deforms first, due to lower elastic modulus. The reinforcement interface would resist the selective
elastic deformation of matrix by transferring the stress on the reinforcement [45], which results in an
increase in elastic modulus of HAnC1 composites.
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Figure 6. (a) Bending strength and (b) elastic modulus of CNTs/HA and nHA-CNTs/HA composites.

Figure 7 shows hardness and fracture toughness of CNTs/HA and nHA-CNTs/HA composites.
From Figure 7a, with the increase of CNTs content, the hardness of composites decreases from 139.2 HV
(HACO) to 8.7 HV (HAC3). When the content of CNTs is 2.0 wt %, there is a drastic decrease in hardness
of the composites, which decrease by 65.37% compared with HACO. The trend of the hardness would
be similar to volume shrinkages (Figure 5). The composites with large amount of CNTs have a lower
volume shrinkage and densification. Therefore, the hardness of composites decreases. The hardness of
HAnNC1 composites is 129.0 HV, which increases by 1.9% compared with HAC1.

Figure 7b shows fracture toughness of CNTs/HA and nHA-CNTs/HA composites. With an
increase of CNTs content, the fracture toughness increases to a maximum value and then decreases.
When the content of CNTs increases to the value of 1.0 wt %, the CNTs/HA composite has the highest
fracture toughness (2.42 MPa), which is higher than that of HACO (by 30.81%). Furthermore, fracture
toughness of HAnC1 composites reaches a maximum 2.59 MPa, which increased by 7.02% compared
with HAC1, and increased by 40% compared with HACO matrix, respectively. It is worth noting
that the fracture toughness of HAnC1 reaches the requirements of compact bone (1.6-12.6 MPa) [46].
This suggests that nHA-CNTs reinforced HA composites would be a potential candidate as bone
repair materials.
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Figure 7. (a) Hardness and (b) fracture toughness of CNTs/HA and nHA-CNTs/HA composites.
4. Conclusions

The dispersion of NS-CNTs was obviously improve by mixed acid treatment. Needle-like HA
crystals were prepared on the surfaces of NS-CNTs by electrodeposition. Then nanorod-shaped
HA crystals grew steadily on the surfaces of NS-CNTs by biomineralization. The bending strength
of HAnC1 composites is approximately 9.3% and 26.94%—higher than those of HAC0 and HAC1
composites, respectively. The fracture toughness of HAnC1 composites reaches a maximum (2.59 MPa),
which is properly within the range of that to compact bone. This work provides theoretical and
practical guidance for coating on nanomaterials. It also contributes to the possible application of
nHA-CNTs/HA composites for artificial bone implants.
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