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Abstract: The aim of this work is to investigate the influence of NaOH pretreatment time on the phases and morphologies of
Ti6Al4V substrates and hydroxyapatite (HA) coatings. Ti6Al4V substrates were pretreated with a sodium hydroxide (NaOH)
solution for different amounts of time (12, 24, 36, 48, and 60 h). After NaOH pretreatment, a three-dimensional porous network of
sodium titanate gel was observed on the Ti6AI4V surface. Subsequently, HA deposition was achieved using the
hydrothermal-electrochemical methods, while the electrolyte solution containing NaCl, K2HPO4-3H20, and CaClz, was maintained
at 120 °C and applied by a constant current density of 1.25 mA/cm? for 120 min. The results indicate that the growth pattern and
micromorphology of the HA coating are all influenced by different pretreatment time. After pretreating Ti6AI4V substrates with
NaOH for 12 h, needle-like structures are primarily formed on the HA coating, and some dandelion-like morphologies are presented.
During 48 h NaOH solution pretreatment, the dandelion-like structures increase with the increase of time. However, the amount of
the dandelion-shaped HA drops slightly, when pretreatment time is longer than 48 h. The orientation index of the (002) plane of HA
reaches the minimum when Ti6AIl4V substrates are pretreated for 48 h, whereas the crystallinity is the highest for this pretreatment

time.
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Hydroxyapatite (HA, Caio(PO4)s(OH)2) is widely used for
clinical applications in orthopedics and dentistry because of its
excellent biocompatibility and security!-*l. Unfortunately, the
mechanical performance of a pure hydroxyapatite is poor, for
instance, the material is brittle and its fatigue resistance is low,
which severely limit its use in load-bearing areas. However,
titanium alloys can be used as high-load-bearing bone
substitutes owing to their excellent corrosion resistance and
mechanical performance®®. Therefore, the titanium-HA
composites have been developed by depositing hydroxyapatite
onto the surfaces of titanium alloys, which take advantage of
HA'’s superior biocompatibility without sacrificing mechanical
properties of the titanium alloys.
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Hydroxyapatite can be deposited onto titanium alloy surfa-
ces using various techniques, e.g., plasma spraying!®l, ion
plating®®, sol-gel filmsi*®1 microarc oxidation*>*?l, electro-
phoresis™™, electrochemical methods*®!, and hydrothermal-
electrochemical methods™®l. Among them, the electrochemical
method has some advantages, including their ease of applica-
tion onto complexly shapes and microporous implants as well
as their relatively low application temperatures, which pro-
tects the substrate's mechanical propertiesi*”. Hydrothermal-
electrochemical method involves the electrochemical synth-
esis under high pressure and at temperature above 100 °C. It
affords the advantages of both the hydrothermal method and
the electrochemical methods. Ban and colleagues™*® reported
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the success in using the hydrothermal-electrochemical method
to achieve hydroxyapatite coatings.

When a Ti6AIl4V substrate is treated with NaOH, a three-
dimensional porous hydrogel layer made of sodium titanate is
formed on the Ti6Al4V surface. The gel can then be converted
to Ti-OH groups during hydrothermal-electrochemical deposi-
tion, which will contribute to the formation of hydroxyapatite.
In addition, the gel's porous structure can provide more
nucleation sites, thus improving the adhesion strength between
the TiBAI4V substrate and the deposited HA coating™®-21,

The purpose of the present work is to investigate the effects
of alkali treatment on the Ti6AI4V alloy substrate and the HA
coating deposited on the substrate by hydrothermal-electro-
chemical method, so as to provide the clinical applications in
orthopedics and dentistry etc with a technical base.

1 Experiment

Commercially available Ti6Al4V plates, with dimensions of
@30 mmx2 mm, were mechanically polished with P200, P400,
and P800 abrasive papers. Subsequently, samples were
ultrasonically cleaned for 10 min in acetone, ethanol, and then
distilled water. Then they were dried in an oven at 40 °C.
Finally, the polished and cleaned Ti6AI4V plates were
immersed in 8 mol/L NaOH solutions at 60 °C for 12, 24, 36,
48, and 60 h.

The electrolyte was heated in a stainless steel autoclave.
The cathode consisted of the pretreated Ti6AI4V plate, and the
anode was a platinum plate. The electrolyte contained a given
amounts of 137.8x10° mol/L NaCl, 1.67x10° mol/L
K2HPO,-3H,0, and 2.5x10° mol/L CaCl,. The electrolyte was
heated to 120 °C and the current density was maintained at
1.25 mA/cm? for 120 min.

The crystal morphologies were observed by scanning
electron microscopy (SEM: Quatan 450; FEI, Holland). The
surface phase structures were analyzed by X-ray diffraction
meter (XRD: D8-Advanced; Bruker, Germany) using Cu Ka
radiation at a scanning speed of 4.00°/min and a scanning range
(26) from 10° to 60°.

2 Results and Discussion

2.1 Alkali pretreatment of Ti6Al4V substrates

Fig.1 shows the SEM images of the Ti6Al4V substrates
immersed in NaOH solution for 12 h to 60 h. The images
show that a porous and three-dimensional network structure is
formed on the Ti6Al4V surface. According to XRD analysis
results (Fig.2), the submicron-scale network structure is
composed of sodium titanate hydrogel®?. After 48 h
pretreatment, the sizes of the pores in the network increase
remarkably. It is found that the pore sizes increase as
pretreatment time increases. In addition, another porous layer
with smaller pore sizes is located below the outermost porous
gel layer. This phenomenon becomes more and more obvious
as pretreatment time increases. It can be concluded that the
thickness of the sodium titanate gel on the surface of the
Ti6AI4V substrate increases with the increase of pretreatment
time. However, for the pretreatment time longer than 48 h, the
size of the network structure decreases. It is possible that the
pore structures on the outer surface of the gel are corroded away
when immersion time is too long. Particularly, the presence of a
three-dimensional network structure will significantly increase
the substrate surface area, which may provide more nucleation
sites for the hydroxyapatite anchored to the substrate. As a
result, the gel layer can improve the adhesion strength between
the TiBAI4V substrate and the HA coating?%.

Fig.1 SEM images of Ti6AI4V substrates immersed in the NaOH solution for 12 h (a), 24 h (b), 36 h (c), 48 h (d), and 60 h (e)
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The XRD results are shown in Fig.2. It is clear show that
new broad diffraction peaks appear at 20 angles of 23°~30°
and 47°~49¢ after pretreatment with the NaOH solution. These
peaks can be ascribed to a microcrystalline or an amorphous
phase, indicating that the sodium titanate hydrogel is formed
on the Ti6AI4V substrates®24. Sepahvandi et al. explained
the formation mechanism of this hydrogel layer, which is
summarized briefly below®), After a Ti6Al4V surface is
mechanically polished, a thin titanium dioxide film quickly
appears on its surface. When immersed in a NaOH solution,
this superficial TiO, layer dissolves, according to the
following reaction (1):

TiO,+OH — HTIO," Q)

Simultaneously, the titanium also reacts with the NaOH
solution, and these reaction mechanisms are as follows:

Ti+30H™ — Ti(OH)," +4e" 2
Ti(OH),"+& > TiO, - H,0+1/2H, T A3)
Ti(OH)," +OH <> Ti(OH), (4)
TiO, -nH,0+OH" < HTiO, -nH,0 (5)

2.2 Hydrothermal-electrochemical deposition method
Fig.3 shows the SEM images of HA deposition on the
Ti6AI4V substrates. The figures show that the layered growth
pattern and the micromorphology of hydroxyapatite are all
influenced by NaOH solution pretreatment time. Almost only
one full layer of hydroxyapatite is presented when Ti6Al4V
plate is pretreated for 12 h. The microstructure of this layer is
compact, and HA forms needle-like shapes growing in a
direction perpendicular to the Ti6Al4V surface. Furthermore,
the needle-like hydroxyapatite as a defined hexagonal crystal
habit appears. What is more, when the first needle-like
hydroxyapatite layer grows to a certain degree, a large number
of nucleation happens again at the top of the needle of HA,
and this phenomenon can be seen at a higher SEM magnify-
cation. With the growth of new nuclear, a new layer of
small-grained HA is formed. It is defined as the second layer,
which appears as dandelion-like shape. The amount of hydro-
Xyapatite in the second layer increases as pretreatment time
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Fig.2 XRD patterns of Ti6AI4V substrate treated with 8.0 mol/L
NaOH solution at 60 °C for 0~60 h

increases, until the 48 h pretreatment time is reached. Then,
the amount marginally decreases. One possible mechanism
that explains why the layered growth of hydroxyapatite is
influenced by different pretreatment time may have to do with
the amount of Ti-OH groups that form at different pretreat-
ment time. When the Ti6Al4V substrate is soaked in the
NaOH solution for a relatively short time, such as 12 h, almost
only a small amount of sodium titanate gel appears on the
substrate. Consequently, only a few Ti-OH groups are formed
during hydrothermalelectrochemical deposition. These few
Ti-OH groups promote the formation of a HA layer. Moreover,
because of the limited three-dimensional network structure,
the HA layer produces a selective growth, forming needle-like
hydroxyapatite. As the pretreatment time increases, the
sodium titanate gel layer becomes thicker, allowing for the
generation of more Ti-OH groups during hydrothermal-
electrochemical deposition. The greater numbers of Ti-OH
groups will provide additional nucleation positions, thus
promoting the formation of the second layer, which produces
dandelion-like hydroxyapatite. The dandelion-like shape
of this second layer might arise because of less space
constraints.

Fig.3 SEM images of the Ti6AI4V substrates pretreated in NaOH
solution for12 h (a), 24 h (b), 36 h (c), 48 h (d), and 60 h (e),
and HA deposition by hydrothermal-electrochemical
method
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Fig.4 shows the XRD patterns of HA-coated substrates after
hydrothermal-electrochemical deposition. They indicate that
hydroxyapatite is formed according to standard JCPDS file
No0.09-0432[%1, After NaOH solution treatment, the mechanism
of hydroxyapatite formation can be explained as follows?223;
soaking a Ti6Al4V substrate in NaOH solution results in the
formation of a porous sodium titanate gel layer on the
substrate surface. These hydrogels turn into Ti-OH groups
during hydrothermal-electrolyte  deposition, which can
promote hydroxyapatite formation. At the same time, these
groups can also strengthen the chemical bonds between the
Ti6Al4V substrate and the HA coating, thereby increasing
their bonding strength.

Moreover, the diffraction peak corresponding to (002) at
26=25.8° has a stronger-than-normal intensity compared with
the standard XRD pattern, which suggests that the
hydroxyapatite crystal orientation is on the c-axis?” 8. It is
consistent with the SEM results that hydroxyapatite has a
needle-like morphology.

Because of the orientation of the (002) plane, the sum of six
diffraction peak intensities (002, 102, 211, 112, 300 and 202)
are used as the intensity value for hydroxyapatite®. The
intensity factor (IF) is calculated according to the following
equation (6):

|
IF = 002 (6)
IOOZ + IlOZ + I211 + I112 + I300 + I202

A similar IF fraction (termed IFR) is calculated using
random intensity data of hydroxyapatite from JCPDS
No0.09-432, yielding an IFR=0.1932. The orientation index can
be obtained by dividing the IF term by the IFR term[,

Fig.5 shows the orientation index of the (002) plane of
hydroxyapatite derived from the XRD patterns. It can be seen
that the orientation index decreases with the increase of pretr-
eatment time, and reaches a minimum at 48 h. Then, it
marginally increases when the pretreatment time is longer than
48 h. This oriented growth was also observed in the study of
mimicking the biomineralization of hydroxyapatite. In the
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Fig.4 XRD patterns of HA-coated substrates after hydrothermal-
electrochemical deposition
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Fig.5 Orientation index of the (002) plane of hydroxyapatite derived
from the XRD patterns

patite layer was induced by an organized hydroxylated surface,
which was prepared through an interaction between an aque-
ous hydrogen peroxide solution and a fresh titanium oxide
layert39,

It can be seen that the orientation index of dandelion-like
hydroxyapatite is smaller than that of the needle-like hydro-
xyapatite. This may be because the dandelion-like HA grows
in a radial direction, while the needle-like hydroxyapatite
growth direction is upright. Thus, the diffraction peak
corresponding to (002) of the needle-like HA has a larger
intensity ratiol*® than that of the dandelion-like HA. Based on
the findings of our study, the following conclusions can be
drawn: The variable nature of the orientation index is study,
the nucleation and the growth of an oriented hydroxyaconsis-
tent with the observed hydroxyapatite morphologies. Hydro-
xyapatite has a higher orientation index when it grows in a
single layer consisting of needle-like HA. The orientation
index decreases gradually with the emergence and further
growth of the second HA layer, consisting of dandelion-like
HA. Finally, the orientation index for the substrates pretreated
for 60 h slightly increases because of the moderate decrease in
dandelion-like hydroxyapatite.

The hydroxyapatite crystallinity Xc, dependent upon the
arrangement of ions deposited on the electrodel®, is evaluated
using the following relationship (7)54:

Xe =1- (Migzraoo / ls00) @)
where, I3 is the intensity of the (300) reflection peak, and
V1121300 1S the intensity of the hollow between (112) and (300)
reflection peaks, which completely disappears in noncrystal-
line samples.

Fig.6 shows the crystallinity of the hydroxyapatite, which
increases with the increase of pretreatment time and attains its
maximum at a pretreatment time of 48 h. With further pretreat-
ment, the crystallinity value marginally decreases. These results
suggest that the crystallinity of hydroxyapatite is influenced by
its surface morphology. Compared with needlelike hydroxya-
patite crystals, dandelion-like hydroxyapatite crystals are better
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Fig.6 Crystallinity of hydroxyapatite derived from the XRD
patterns

and consequently, have a higher crystallinity. The crystallinity of
hydroxyapatite is relatively low upon short pretreatment time.
Owing to the fact that the amount of dandelion-like
hydroxyapatite gradually increases with increasing pretreatment
time, the crystallinity also gradually increases. Finally, the
crystallinity value decreases because of the marginal decrease of
dandelion-like hydroxyapatite at the 60 h pretreatment time.

3 Conclusions

1) A layer of sodium titanate gel is formed on the Ti6Al4V
surface after pretreatment with NaOH solution, and the

hydrogel layer consists of a three-dimensional porous network.

The size of the network structure increases as the NaOH
solution pretreatment time increases, until the pretreatment
time reaches 48 h. Then with longer pretreatment time, the
size of the network structure decreases.

2) The growth pattern of hydroxyapatite and its
micromorphology are affected by pretreatment time. After a
12 h pretreatment, hydroxyapatite consists mainly of a
needle-like hydroxyapatite layer and a small amount of
dandelion-like  HA. The amount of dandelion-like
hydroxyapatite increases as pretreatment time increases,
whereas the most dandelion-like HA is presented after the 48
h pretreatment. Longer pretreatment time results in a marginal
decrease of the amount of dandelion-like HA.

3) The orientation index of hydroxyapatite first decreases
with increasing of pretreatment time, reaching a minimum
when the pretreatment time is 48 h, and then increases with
prolonging of pretreatment time.

4) The crystallinity of HA increases with increasing
pretreatment time, reaching a maximum when the
pretreatment time is 48 h. Increasing the pretreatment time
beyond 48 h results in a marginal decrease in crystallinity.
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