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Sol-gel derived calcium hydroxyapatite thin films on
316L stainless steel substrate: comparison of spin-coating
and dip-coating techniques
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Aqueous sol-gel chemistry route has been developed to prepare nanostructured calcium
hydroxyapatite (Ca, (PO,),(OH),; CHA) thin films on a 316L stainless steel substrate. In
the sol-gel processing, calcium acetate monohydrate and phosphoric acid were used as Ca
and P precursors, respectively. For the deposition of thin films spin-coating and dip-coat-
ing methods were used by coating the stainless steel substrate 5, 15 and 30 times in both
cases. Each layer was consistently annealed at 850 °C in air. The obtained CHA coatings
were examined using X-ray diffraction analysis (XRD), Fourier transform infrared spec-
troscopy (FTIR), scanning electron microscopy (SEM), atomic force microscopy (AFM) and
contact angle measurements (CAM). The quality and specific features of CHA thin films ob-
tained by spin- and dip-coating methods were compared in this study. It was demonstrated
that both methods are suitable for the fabrication of CHA films on the 316L stainless steel
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substrate, however, the preference to the spin-coating technique could be given.

Keywords: biomaterials, ceramics, coatings, sol-gel growth

INTRODUCTION

Metallic implants such as 316L stainless steel, titanium and its
alloys and cobalt chromium alloys have been widely used as
implant materials in the recent years [, H]. The 316L stainless
steel has gained a special attention among other metals and al-
loys due to its low cost, good mechanical properties and corro-
sion resistance. It has been widely used for orthopaedic, dental
implants [E], and conventional spinal interbody fusion cag-
es [E].Additional applications include reconstructive surgery,
heart valve parts, wire leads, and aneurysm clips []. When
pure stainless steel is used in orthopaedic implants, osteo-in-
tegration does not occur and new tissue growth is not promot-
ed [E]. With the purpose to improve the osteo-integration of
316L stainless steel, implants have been coated with calcium
hydroxyapatite (Ca,(PO,),(OH),) (CHA) [H]. Poor mechani-
cal properties of CHA limit application of this ceramic to little
or no load bearing locations [ﬂ]. Therefore, pure CHA cannot
be used in orthopaedic devices that must withstand substan-
tial loadings during their expected lifetimes. To overcome this
drawback, CHA has been applied as a thin coating on a metal-
lic implant with the aim to combine the mechanical advantag-
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es of metals with the excellent biocompatibility of the ceram-
ic [E] .Biocompatibility is defined as the ability of the device
to continue performing the intended function, effectively and
as long as necessary, in or on the body []. CHA due to its
chemical and structural similarity to the human bone and
teeth [P—11]] permits cell adhesion, differentiation and prolif-
eration (|12, B] and promotes bone ingrowth on the surface
of the implant during the early stages of implantation [2, 8,
14]. Research has showed that use of CHA on a metallic im-
plant can reduce the patient recovery time from 100 days with
a non-coated implant to only 20 days with a CHA coated im-
plant after the implantation [ﬂ]. CHA has been used commer-
cially as a coating on metallic implants since the 1980s. CHA
coatings on metallic substrates offer a great improvement in
orthopaedic and dental applications and are used in success-
ful clinical practices [E, @] .A number of methods have been
developed to apply CHA coatings on metallic implants such as
sputtering, ion-beam deposition, electrophoretic deposition,
high-velocity oxy-fuel spray (HVOF) [E],biomimetic deposi-
tion, wet precipitation [[1(], electro-deposition, laser ablation,
sol-gel, plasma spraying | ,@]. Plasma spraying is the most
popular technique used commercially and the only clini-
cally accepted method to deposit CHA [E, E]. However, it has
significant disadvantages such as poor control over coating
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phase composition, crystallinity, thickness, morphology, and
resistance to delamination [E,E, @]. Even more, the plasma
spraying method requires extremely high temperatures and
expensive equipment [@]. The sol-gel technique, being one
of the thin film fabrication methods, provides some benefits
over the plasma spraying method, such as the chemical homo-
geneity and fine grain structure of the end product, and low
processing temperature. Moreover, compared with other thin
film methods, the sol-gel method is simple and cost-efficient,
effective for the coating of complex-shaped materials and can
be carried out under low temperatures [@, E]. In this work
we have focused on the development of an aqueous sol-gel
synthesis processing for the fabrication of CHA coatings on
the 316L stainless steel substrate. The comparison of suitabil-
ity of two techniques, namely dip-coating and spin-coating,
for the preparation of CHA thin films is also discussed.

EXPERIMENTAL

Calcium acetate monohydrate (Ca(CH,COO0), - H,0; 99.9%;
Fluka) and phosphoric acid (H,PO,; 85.0%; Reachem) were
used as starting materials for the synthesis of CHA coatings,
respectively. 5.2854 g (0.03 mol) of calcium acetate monohy-
drate were dissolved in 40 ml of distilled water and mixed with
4 ml of complexing agent 1,2-ethanediol (99.0%; Alfa Aesar).
To this solution, 9.6439 g (0.033 mol) of ethylenediaminetet-
raacetic acid (EDTA; 99.0%; Alfa Aesar) deprotonated with
24 ml of triethanolamine (99.0%; Merck) were slowly added.
After 10 h of stirring, 1.23 ml of phosphoric acid diluted with
20 ml of distilled water were added to the solution. After stir-
ring for 24 h, 25 ml of the obtained gel were mixed with 15 ml
of 3% polyvinyl alcohol (PVA7200, 99.5%; Aldrich). The ob-

tained solution was stirred in a beaker covered with watch
glass at room temperature and was used for the coating of
commercial 316L stainless steel substrates (rectangular plates
0f 20 x 10 x 0.5 mm were used for dip-coating and circle plates
of 20 mm diameter for spin-coating). The surface of stain-
less steel plates were roughened with sandpaper, cleaned with
acetone in an ultrasonic cleaner for 15 minutes and then air
dried. Dip-coating and spin-coating techniques were employed
to produce CHA coatings. Stainless steel rectangles were dip-
coated in the sol solution with appropriate immersing (85 mm/
min) and withdrawal (40 mm/min) rates. For the spin-coating
procedure, approximately 0.5 ml of the coating solution was
placed on the top of the substrate using a syringe and then spin
coated at 2000 RPM for 60 s in air. Both rectangle and circle
substrates were repeatedly coated 5, 15 and 30 times follow-
ing the same procedures accordingly and each time annealed
at 850 °C for 5 h in an oven. X-ray diffraction analysis (XRD)
was performed on a Bruker AXE D8 Focus diffractometer
with a LynxEye detector using CuKa radiation. The changes
of the layers were evaluated by Fourier transform infrared
spectroscopy (FTIR) using a Perkin-Elmer FTIR Spectrum
BX II spectrometer. The microstructure and morphology of
the obtained samples were investigated using a Hitachi SU-70
scanning electron microscope (SEM) and a BioScope Catalyst
atomic force microscope (AFM). For the evaluation of hydro-
phobicity of the CHA coatings the contact angle measurements
(KVS Instrument CAM 100) were performed.

RESULTS AND DISCUSSION

The phase composition of the coatings was determined by
XRD analysis. Figure [I| shows the diffraction patterns of CHA

Relative intensity, %

Fig. 1. XRD patterns of C-P-0 gels annealed at 850 °C for 5 h after
5,15 and 30 spinning procedures. Diffraction peaks are marked:

2 theta, degrees

®isCa, (PO,) OH,, oisFe,0,
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films synthesized using the spin-coating technique. The influ-
ence of the spinning and annealing procedures on the forma-
tion of the CHA phase is clearly seen. After five spinning and
annealing procedures the only phase of Fe, O, (20 = 24.5,
33.5,35.2 and 41.5; ICSD [033-0664]) could be determined.
As seen from Fig. , the formation of the CHA phase
(20 = 31.8; PDF [9-432]) started after repeating the spinn-
ing and annealing procedure for 15 times. However,
the Fe O, phase remained as a dominant phase. Diffraction
peaks attributable to CHA are well resolved and intensive in
the sample obtained after 30 spin-coating procedures. Very
similar results were obtained for the preparation of CHA
thin films using the dip-coating method (see Fig. ). The in-

tensity of diffractionlinesattributable to the Ca (PO,) (OH),
phase increases with increasing the time of spinning and
annealing procedures. From the XRD measurements we can
conclude that both spin-coating and dip-coating techniques
are suitable for the fabrication of CHA on the surface of
stainless steel.The FTIR spectra of the sol-gel derived CHA
coatings obtained by spin- and dip-coating procedures are
shown in Figs. E and H, respectively. The characteristic ab-
sorption lines of the P-O vibrations in PO,* (Ca, (PO,) (OH),)
in a range of 1100-950 cm™ are clearly visible in both spin-
coated and dip-coated samples obtained after 15 coating
and annealing procedures [@, @]. The broad band ranging
from 3600 to 3300 cm™ can be attributed to the O-H

Relative intensity, %

2 theta, degrees

Fig. 2. XRD patterns of (-P-0 gels annealed at 850 °C for 5 h after
5,15 and 30 dipping procedures. Diffraction peaks are marked: ® is
(a,,(PO,),0H,, oisFe,0,
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Fig. 3. FTIR spectra of C-P-0 gels annealed at 850 °Cfor 5 h after 5, 15
and 30 spinning procedures
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Fig. 4. FTIR spectra of C-P-0 gels annealed at 850 °C for 5 h after 5, 15
and 30 dipping procedures

vibration of adsorbed water during the exposure of dried
samples to air [@] . The bands visible at 2350 cm™' belong to
carbon dioxide from atmosphere [@]. Similarity of
the FTIR spectra of spin-coated and dip-coated samples is
in a good agreement with the XRD results and confirms
that both deposition techniques can be successfully applied
to prepare CHA thin films on stainless steel. The surface
morphological properties of the synthesized CHA coatings
were investigated using scanning electron microsco-
py (SEM) and atomic force microscopy (AFM). The SEM
micrographs of the 316L stainless steel plate treated with
sandpaper and obtained at different magnification are
shown in Fig. E As seen, the surface of the substrate is very
rough and composed of pyramidal crystallites. Figure H rep-
resents the SEM micrographs of both samples containing
5 layers of precursor gel and heated at 850 °C. The SEM im-
ages clearly differ from the substrate micrographs. It seems
that the steel substrate after the spin-coating procedure is
more evenly coated with the product. In comparison,
the network of irregularly shaped particles (probably, iron
oxide) could be observed in the SEM micrograph of the dip-
coated sample. The SEM images of the samples containing
15 layers of CHA and obtained at different magnification
are presented in Fig. ﬂ The both steel surfaces are homoge-
nously coated by calcium hydroxyapatite showing a porous
microstructure. However, the changes in the surface mor-
phology of differently prepared CHA samples are visible.
Interestingly, the surface quality after 15 procedures is
slightly better of the CHA sample obtained via dip-coating.
As seen, the synthesized film using the dip-coating tech-
nique is composed of evenly distributed spherical particles
less than 200 nm in size with high connectivity between
grains. Figure E shows the SEM micrographs of CHA thin
films obtained after 30 coating and annealing procedures.

50.0 pm

VU 2.0kV 9.5mm x25.0k SE(L)

Fig. 5. SEM micrographs of the 316L stainless steel substrate treated with
sandpaper and obtained at different magnification

The coatings appear uniform, crack free and completely
cover substrates. At higher magnification the SEM images
indicated a different surface morphology of spin- and
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VU 2.0kV 9.5mm x 25.0k SE(L)

Fig. 6. SEM micrographs of CHA samples containing 5 layers and obtained
by spin-coating (at left) and dip-coating (at right) techniques

dip-coated samples. The SEM image of the spin-coated
sample is homogeneous and composed of nano-scaled par-
ticles. The individual particles are about 100-300 nm in
size. These particles appear to have fused together to form
stone-like deposits [@]. Interestingly, the dip-coated sam-
ple is not fully dense and remains porous with a coral struc-
ture. The pores appear to be of a nano-scale size range.
The SEM results showed that despite the structural simi-
larities of the coatings, morphological changes were affect-
ed by the coating technique. With both preparation tech-
niques the stainless steel substrates were fully covered by
CHA, despite different texture of thin films obtained. CHA
with a coral structure has a considerable success consider-
ing its porous structure. It is similar to the human cancel-
lous bone and the material could form chemical bonds with
the bone and soft tissue in vivo [E]. Such type of implants
show enhanced biological interactions and hence accelerate
fixation to the bone [ ,@]. In vitro tests of the CHA coat-
ings with a homogeneous particle distribution also revealed
the chemical reaction of particles with the surrounding
body fluid, considered as a signal of bioactivity [@]. Addi-
tionally, the dense CHA ceramic exhibits a higher fracture
toughness having improved mechanical properties [@, E].
Moreover, both samples appear to be good candidates for
biocompatible drug carriers, since they can be resorbed by

VU 2.0kV 8.5mm x 25.0k SE(L) 2.00pm

Fig. 7. SEM micrographs of CHA samples containing 15 layers and obtained
by spin-coating (at top) and dip-coating (at bottom) techniques
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VU 2.0kV 9.5mm x25.0k SE(L)

Fig. 8. SEM micrographs of CHA samples containing 30 layers and obtained
by spin-coating (at top) and dip-coating (at bottom) techniques

cells and promote new bone formation []. Atomic
force microscopy (AFM) was also used as an additional
tool to investigate the surface morphology of the CHA
coatings. The AFM images of the uncoated substrate and
CHA coatings are shown in Figs. H—@ The AFM 3D im-
ages of different areas of the prepared stainless steel sub-
strate are presented in Fig. E As shown, the stainless steel
substrate used in our experiments revealed micro-scale
topography. As was mentioned earlier, the surface of
the substrate is not atomically smooth. In Fig. E the AFM
3D images of the films containing 5 layers of the Ca-P-O
gel deposited by spin- and dip-coating techniques are pre-
sented. Again, the AFM images clearly differ from the sub-
strate images. The AFM topographs show a network of
crystallites with intercrystalline vacant spaces [@]. How-
ever, the AFM images do not show differences in the to-
pography between the synthesized samples using differ-
ent techniques. The surfaces are rough and contain similar
bumps. The AFM images of the specimens containing 15
and 30 layers are slightly different. The AFM 3D surface
topology of the samples containing 15 layers of CHA and
obtained by different techniques is presented in Fig. @
These images exhibit a homogeneous coverage of the CHA
coating on the surface of the substrate [@]. Apparently,
the coating increased the surface texture of the sample
which is in a good agreement with the SEM results.
The surface of the CHA films containing 30 layers is
smooth with larger crystals and a more homogeneous
crystal size distribution. The AFM results of surface
roughness measurements for the CHA films are presented

Fig. 9. AFM images of different areas of the prepared stainless steel substrate
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Fig. 10. AFM images of different areas of the samples containing 5 layers of C-P-0 gel deposited by spin-coating (at top) and dip-coating (at bottom) techniques

Fig. 11. AFM images of different areas of samples containing 15 layers of C-P-0 gel deposited by spin-coating (at top) and dip-coating (at bottom) techniques

in Table 1. As seen from Table 1, the roughness of the stain-
less steel substrate after five spinning and annealing proce-
dures has changed negligibly. This is related with the fact
that only the crystalline phase of Fe,0, was determined in

these samples. The roughness of CHA films remains almost
the same with an increasing number of layers from 15 to 30
by both spin- and dip-coating techniques. The AFM results
suggested that the surface roughness and morphology of
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Fig. 12. AFM images of different areas of samples containing 30 layers of C-P-0 gel deposited by spin-coating (at top) and dip-coating (at bottom) techniques

Table 1. The AFM results of surface roughness measurements for CHA films obtained using different techniques

RMS (Rq, nm)

Number of

Surface area 10/10 pm
layers

Surface area 50/50 pm

Spin-coating Dip-coating

Spin-coating

Dip-coating

0 379

40.2

5 37.8 349

56.3

444

15 29.7 30.1

38.8

39.8

30 28.0 27.3

36.9

37.1

the CHA films changed remarkably in comparison with
the uncoated substrate. Moreover, the presence of smaller
grains along the step-edges (see Fig. E) proves the pres-
ence of considerable grain mobility during the deposition
process [@]. Contact angle measurements (CAM) were
performed to estimate the hydrophobic and hydrophilic
properties of CHA coatings. The results of these analyses
are presented in Fig. B The contact angle value determined
for the stainless steel substrate was 107.3. Interestingly,
the wettability of CHA coatings depends on a number of
layers of the samples obtained both by dipping and spinn-
ing techniques. The contact angle of dip-coated samples
decreased from 78.6 up to 69.0 with increasing the amount
of layers from 15 to 30. However, the spin-coated sample
had different tendency in the change of the contact angle.
The contact angle of spin-coated samples increased from
56.4 up to 78.8 with increasing the amount of layers from
15 to 30. The coatings obtained using both spin- and dip-
coating techniques were hydrophilic which is in a good
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Fig. 13. The results of contact angle measurements
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agreement with previously published results [@]. Moreo-
ver, the increased hydrophilicity of the CHA coated stain-
less steel compared to the uncoated stainless steel was de-
termined. Hence, the CHA coated stainless steel with
enhanced wettability can accelerate osseointegration, i. e.
a structural and functional connection between the living
bone and the surface of a load-bearing artificial im-
plant [@]. The results obtained in this study could be con-
sidered of the primary interest since sol-gel processing al-
lows the deposition of CHA of different morphology on
complex substrates, which are constantly required in dental
and orthopaedic applications. Moreover, repairing of large
bone defects by the techniques described in this study is
possible [@, @],

CONCLUSIONS

The aqueous sol-gel method was developed for the syn-
thesis of calcium hydroxyapatite (CHA) thin films on
the stainless steel substrate. Hydroxyapatite biocoatings
were fabricated using two different deposition techniques:
dip-coating and spin-coating. A direct comparison of
the CHA films obtained using different techniques was
made in this work. The XRD and FTIR results revealed that
the formation of CHA is directly influenced by the number
of the C-P-O precursor gel layers applying both prepara-
tion techniques. The intensity of diffraction lines attribut-
able to the Ca, (PO,) (OH), phase increased with increasing
the time of spinning or dipping and annealing procedures.
From these measurements we concluded that both spin-
coating and dip-coating techniques are suitable for the fab-
rication of CHA on the surface of stainless steel. The main
morphological features of CHA films obtained by dip- and
spin-coating techniques were investigated by SEM and
AFM. The SEM results showed that despite the structural
similarities of coatings, the morphological features were af-
fected by the coating technique. The spin-coated CHA sam-
ple was homogeneous and composed of nano-scaled par-
ticles with individual particles about 100-300 nm in size.
The dip-coated CHA coating was not fully dense and was
porous with a coral structure. The AFM results suggested
that the surface roughness and morphology of the CHA
films changed remarkably in comparison with the uncoat-
ed substrate. Moreover, the presence of smaller grains along
the step-edges suggested the presence of considerable grain
mobility during the deposition process. The CHA coated
stainless steel showed enhanced wettability which can ac-
celerate the functional connection between the living bone
and the surface of an artificial implant.
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KALCIO HIDROKSIAPATITO PLONI SLUOKSNIALI,
SUSINTETINTI ZOLIU-GELIU BUDU ANT 316L
NERUDIJANCIO PLIENO: SUKIMO IR MERKIMO
DENGIMO METODU PALYGINIMAS

Santrauka

Sukurtas vandeninis zoliy-geliy metodas plony kalcio hidroksia-
patito pléveliy (Ca, (PO,),(OH),) nusodinimui ant neradijancio
plieno 316L pagrindo. Pradinémis medZiagomis naudojant kalcio
acetato monohidratg ir fosforo ragstj atitinkamai gauti Ca ir P jo-
nai. Plonos plévelés gautos taikant sukimo ir merkimo metodus,
plieninj pagrindg dengiant 5, 15 ir 30 karty. Kiekvienas sluoks-
nis buvo kaitinamas 850 °C ore. Gauty dangy i$tyrimui taikyta
rentgeno difrakciné analizé, infraraudonyjy spinduliy spektros-
kopija, skenuojanti elektroniné mikroskopija, atominés jégos mi-
kroskopija ir kontaktinio kampo matavimas. Siame straipsnyje
palyginami sukimo ir merkimo metodai, apraSomos gauty kalcio
hidroksiapatito plony dangy savybés. Parodyta, kad abu metodai
tinkami plonoms kalcio hidroksiapatito dangoms formuoti ant
neridijancio plieno 316L pagrindo, taciau pirmenybé galéty bati
teikiama sukimo metodui.
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