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Abstract
This investigation focused on a comparison between hydroxyapatite (HA) and carbon-nanotube-reinforced

hydroxyapatite composite (CNTs/HA) coatings. The HA and CNTs/HA composite (with 5 wt% CNTs) coatings
were prepared with the sol-gel method on 316L stainless steel. Phase evaluation by means of XRD and Raman spec-
troscopy was performed on the HA and CNTs/HA composite coatings. The coatings were immersed in simulated
body fluid (SBF) in order to evaluate the biological properties of the coatings. During the first week of immersion, the
increase in the amount of Ca2+ precipitation in the SBF when CNTs/HA was used was lower than for the HA coat-
ings. This behavior can be related to the difference in the amount of amorphous phases in the two types of coatings.
The microstructure of the coatings was studied with AFM and SEM. The results showed that the crystallinity of the
composite coating is greater than that of the HA coatings.
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I. Introduction
Hydroxyapatite ((Ca10)(PO4)6(OH)2) is used for ortho-

pedic and dentistry applications on account of its superior
biological properties 1, 2. But its poor mechanical proper-
ties, such as low fracture toughness and brittleness, have
limited its usage in high-load-bearing applications. To en-
hance the mechanical properties, other materials, such as
zirconia 3, alumina 4 and CNTs 5 – 7, can be used as a sec-
ond phase in the HA coating.

Carbon nanotubes have been an attractive choice as a re-
inforcing additive in polymers, metals and ceramics 8, 9. It
has been shown that CNTs also have good bioactive po-
tential 10, which is why there is interest in utilizing HA/
CNTs composites to obtain better mechanical and biolog-
ical properties for orthopedic applications 5, 6.

The CNT-reinforced hydroxyapatite composite coating
is a useful coating for high-load-bearing cases 11. In an-
other investigation conducted by Kealley et al. 12, hot iso-
statically pressed HA/CNTs samples exhibited excellent
densification properties. In addition, phase analysis of the
composites did not show any change in the structural pa-
rameters of the HA phase, with the exception of a slight re-
duction in the unit cell parameter 12. Kaya 13 reported that
the addition of carbon nanotubes increases the hardness,
elastic modulus and interlaminar shear strength of mono-
lithic hydroxyapatite layers. Balani et al. 14 addressed these
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issues based on the role of CNTs in improving fracture
toughness (by 56 %) and enhancing crystallinity (by 27 %)
of HA.

With regard to biological properties too, it has been
shown that HA/CNTs composites can satisfy the require-
ments for biomaterials 15. It is reported that CNTs have no
cytotoxic effect when they are immobilized in a matrix 6.
Also HA/CNTs composite coatings have shown a sig-
nificantly higher cell proliferation rate compared to pure
HA coatings along with non-toxicity in the body envi-
ronment 7, 14. In other research done by Bhattarai et al. 16,
it has been reported that there is some evidence suggest-
ing HA/CNTs composites could find application in nan-
otechnology for gene delivery systems.

In present study, in vitro characterization of
HA/(5 wt%)CNTs composite coatings on 316L stainless
steel obtained with the sol-gel method was conducted.
The aim of the current work is to produce HA and HA/
CNTs coatings and investigate their bioactivity based
on immersion in SBF. The capacity of apatite precipita-
tion from the SBF onto the immersed surface can be an
indicator of its bioactivity 6, 17.

II. Materials and Methods

HA and HA/CNTs composites were prepared by means
of a sol-gel method developed in our previous work 9.
Phosphate and nitride solutions with a ratio of Ca/P = 1.67
were prepared and then the CNTs sol with the weight ra-
tio of CNTs/HAP = 5. SDS was used as a surfactant to
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disperse the CNTs in water (weight ratio of SDS/CNTs
was 4:1). 316L stainless steel substrates, with dimensions
of 1 × 2 cm, were polished with 1200 sandpaper to ob-
tain a rough surface as a substrate for the dip-coating pro-
cedure 18 – 20. After being polished, the substrates were
cleaned with acetone and distilled water and dip-coated.
The dip-coating rate was 5 cm/sec. The coated specimens
were heat-treated for 30 min at 350 °C 9. The phase com-
position of both the composite and non-composite coat-
ings was analyzed by means of X-ray diffraction. A Philips
X’PERT MPD diffractometer with CuKa (1.5405 Å) ra-
diation was devised for this purpose. Raman spectroscopy
was also performed on both coatings with an Almega Ra-
man spectrometer with a wavelength of 514.5 nm in Ar at-
mosphere at room temperature. The heat-treated coatings
were immersed in the SBF solution for different periods
between one and four weeks. The purpose of immersion in
SBF was precipitation of HA on the coatings to study the
bioactivity of the implants. The solution was prepared ac-
cording to Kokubo’s procedure 21. The resulting solution
has almost the same composition as human blood plasma.
During the immersion period, the concentration of Ca2+

was measured with ICP (Shimadzu, model ICPS – 700, ver.
2) analysis. The Ca2+ concentration was measured once
every three days and after each term the SBF was replaced
with new SBF solution. After immersion, microstructure,
surface roughness and morphology of the coatings were
studied with AFM (NanowizardII, Germany) and SEM
(XL-30 Philips, Holland).

III. Results and Discussion

(1) XRD analysis

XRD analysis was conducted on both the HA and HA/
CNTs coatings. The analysis results showed that the heat-
treated coatings have a crystalline structure (Fig. 1). They
showed that the degree of crystallization of the HA/CNTs
is greater than that of the HA, which may be attributed
to the positive effect of CNTs on the crystallization of
HA as reported in earlier studies 14. The XRD pattern in-
dicated only peaks corresponding to pure stoichiometric
HA (JCPDS Card No. 9 – 432) in both coatings and peaks
of CNTs (JCPDS card No. 41 – 1487) only in the HA/
CNTs coating. Both patterns showed an amorphous back-
ground, which is because of the low heat treatment tem-
perature (350 °C).

(2) Raman spectroscopy

The composite coating was also characterized with Ra-
man spectroscopy in order to verify the presence of CNTs.
The Raman spectroscopy was performed in the range of
1000 – 2000 cm-1 with a laser wavelength of 785 nm. The
tangential (G band) and disordered mode (D band) of car-
bon atoms in the spectra (Fig. 2) indicate that there has
been no significant chemical reaction between the HA and
CNTs during the preparation of the coatings 22.

Fig. 1: XRD pattern of a) HA and b) HA/CNTs composite coatings.

Fig. 2 : Raman spectra of a) CNTs 23 and HA/CNTs composite
coating.

(3) ICP analysis
The concentration of Ca2+ in the SBF solution was mea-

sured in 3-day periods. The results are shown in Fig. 3. In
the first three days of immersion, the Ca2+ concentration
in the SBF increased. Different studies have indicated that
the CNTs surface is suitable for apatite precipitation from
SBF. For the CNTs/HA composites, it has also been re-
vealed that CNTs have a positive effect on apatite forma-
tion 6.

The second measurement again showed Ca2+ super-sat-
uration. But the concentration decreased compared to the
first measurement. These results are in good agreement
with the theory that super-saturation of Ca2+ ions in SBF
along with the porous surface structure accelerate the nu-
cleation of apatite phase 17, 24. The increase in the Ca2+

concentration in the HA coating was higher than that in
the HA/CNTs coating. It seems that is because of the dif-
ferent amount of amorphous phases that are more dis-
posed to dissolution in SBF. A more amorphous back-
ground in the pure HA coating was detected by means of
XRD.
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Fig. 3: Ca2+ concentration of HA and HA/CNTs composite in SBF
versus immersion time.

Release of ions into SBF increases the activity of the ions
that comprise the bone-like apatite and causes nucleation
andgrowthofapatiteonthesurface.Withthereleaseofcal-
cium and phosphate ions, the surface of HA will be neg-
atively charged. This surface attracts the calcium ions and
is a suitable homogenous nucleation site for apatite 25, 26.
It is well known that precipitation of HA from SBF on a
bioactive surface occurs as part of a complex process. With
the increase in the supersaturation of Ca2+ in the coating-
SBF interface, precipitation of metastable calcium phos-
phate phases starts. These phases simultaneously dissolve
intheSBF.Inthisway, themetastablephasesactasaprecur-
sor during the precipitation process. When calcium-phos-
phateceramicsare soaked inSBF, theprecursorphase isoc-
ta-calcium phosphate (OCB), which serves as a template
for HA formation on the bioactive surface 27. During the
last days of immersion, the concentration of Ca2+ decreas-
es, which is evidence of HA precipitation on the surface of
the coatings.

CaO, TCP and TTCP may also dissolve in SBF. CaO,
TCP and TTCP phases were not detected in the XRD
pattern and we have no other evidence of their existence
in the coating 25. It is believed that the CNTs surface is
a preferable position for apatite mineralization. This fact
along with greater crystallinity of the composite itself is a
noticeable advantage of a stable scaffold structure 14.

(4) AFM and SEM images
Figs. 4 and 5 show the roughness and morphology of

surfaces after immersion in SBF at different times. The
surface roughness increased during the first week of im-
mersion in the SBF but after seven days of immersion
a smooth surface was observed. In this microstructure
more distinct grains can be recognized. Surface rough-
ness decreased during the second week and after that pe-
riod the roughness of surfaces started to increase again.
Changes of roughness are in a good agreement with re-
sults obtained earlier in which the changes in the Ca2+

concentration in SBF were studied showing that during
the immersion of coatings in SBF, Ca2+ concentration in-
creased in the earlier days of immersion and after that
started to decrease. It means some phases started to dis-
solve in the SBF immediately after immersion and af-
ter that, HA started to deposit on the surface 27, 29, 30.

It seems the increase in roughness during the first week
of soaking in the SBF is because of the dissolution of
some calcium phosphate phases. Deposition of HA from
the SBF onto the surface of the coating caused the sur-
face roughness to increase after six days of immersion.
It is suggested that surface pores and microcracks are
preferable positions for primary apatite nucleation, be-
cause these situations are in the immediate vicinity of the
super-saturated environment 17. Growing the new apatite
layer, seeded from the pores of the rough surface, makes
the surface smoother up to the second week. But more
growth of the apatite layer after that time increases the
surface roughness.

Fig. 4: Surface roughness of specimens before and after immersion
in SBF.

After 14 days of immersion, surfaces completely cov-
ered with spherical grains were detected on both the HA
and CNTs/HA coatings. This surface has been composed
after precipitation of a new apatite layer on the coatings.
The structure of this apatite layer composed on the HA/
CNT coating contains smaller grains than that of the pure
HA coating. This phenomenon shows the positive effect
of CNTs in the composite coating on nucleation of new
apatite grains from SBF. This conclusion is also support-
ed by the XRD results, which showed a more crystalline
structure in the composite coatings. At later times, the
only observation is formation of coarse apatite layer on
the surfaces. There is no significant difference between
the AFM microstructure of the composite and non-com-
posite coatings in these periods of immersion (after 21
and 28 days).

Microstructural changes of HA and HA/CNTs com-
posite coatings were also monitored with SEM (Fig. 6).
Arrows in the HA/CNTs composite coating indicate
CNTs distributed throughout the coating. It is obvious
that the composite coating has a coarser and more porous
surface. Although a distinct granular structure does not
appear in non-heat-treated coatings, the composite coat-
ing appears to have more crystalline structure with fin-
er particles (Fig. 6a). After the first week of immersion,
the microstructure of coatings became gradually coarser
with wide pores. This structure has been created as a re-
sult of the dissolution of some phases from the surface
into the SBF (Fig. 6b). After the second week of soaking,
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a smoother surface is formed in both the composite and
non-composite coatings (Fig. 6c). As mentioned earlier,
this structure resulted from nucleation and growth of ap-
atite phase into the pores of coatings. These positions that
are surrounded with super-saturated SBF are suggested as
preferable nucleation sites. The apatite layer continued to
grow until it became a thicker and denser layer afterthird
andfourth weeks of immersion (Figs. 6d, 6e). The apatite
layer observed on days 14 and 21 formed on composite
coating is more porous compared with the pure HA. Also
after 14 days of immersion, a more granular structure of
precipitated HA appears on the composite surface. It in-
dicates that there may be more bioactive potential in the
composite coating for bone tissue ingrowth.

Fig. 5: AFM images of HA and HA/CNTs coatings before and after
immersion in SBF (for 1, 2, 3, 4 weeks).

Fig. 6 : SEM images of HA/CNTs coatings (a) before and (b, c, d,
e) after immersion in SBF (for 1, 2, 3, 4 weeks).

IV. Conclusions
Phase evaluation performed by means of XRD analysis

presented evidence of the positive effect of CNTs in the
crystallization of HA. Raman spectroscopy also showed
the presence of CNTs in the composite structure with-
out noticeable decomposition. ICP results indicated an ac-
tive response of HA and HA/CNTs coatings in the SBF,
that was the dissolution of HA into the solution in first
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week and then deposition of HA from the solution in the
following weeks. SEM surface morphologies also suggest
that CNTs increase the HA nucleation sites, which is also
supported by the ICP results. Surface roughness evaluated
with AFM and SEM microscopy images were subsidiary
evidence of the ICP results and bioactive behavior of coat-
ings.
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