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Nanocrystalline Zn-substituted hydroxyapatite coatings were deposited by radiofre-
quency magnetron sputtering on the surface of ultrafine-grained titanium substrates. 
Cross-section transmission electron microscopy provided information about the mor-
phology and texture of the thin film while in-column energy dispersive X-ray analysis 
confirmed the presence of Zn in the coating. The Zn-substituted hydroxyapatite coating 
was formed by an equiaxed polycrystalline grain structure. Effect of substrate crystal-
linity on the structure of deposited coating is discussed. An amorphous TiO2 sublayer 
of 8-nm thickness was detected in the interface between the polycrystalline coating 
and the Ti substrate. Its appearance in the amorphous state is attributed to prior to 
deposition etching of the substrate and subsequent condensation of oxygen-containing 
species sputtered from the target. This layer contributes to the high coating-to-substrate 
adhesion. The major P–O vibrational modes of high intensity were detected by Raman 
spectroscopy. The Zn-substituted hydroxyapatite could be a material of choice when 
antibacterial osteoconductive coating with a possibility of withstanding mechanical 
stress during implantation and service is needed.

Keywords: antibacterial activity, hydroxyapatite, structure analysis, thin coatings, plasma coatings, 
biocompatibility, ultrafine-grained structure, high-resolution TeM

inTrODUcTiOn

With a population aging, increasing number of surgical procedures involving prosthesis implantation 
takes place. The current approach of regenerative medicine involves tissue engineering and implants 
with tailored properties which should be manufactured in accordance with the patient’s clinical 
case (Pacelli et al., 2016). Implants made of titanium (Ti) or its alloys do not provide the required 
bioactivity. Therefore, metallic implants with various calcium phosphate coatings are gaining more 
and more attention (Gross et al., 2010; Rau et al., 2015).

Herewith, substituted hydroxyapatites (HA) are one of the most promising materials. Divalent 
cations, such as Zn, Fe, Cu, Mg, Ni, Cr, Mn, Co, Sr, Pb, and Cd, and anions such as F−, Cl−, CO3

2− , 
and VO4

3− may substitute for Ca2+, OH−, and (PO4)3− in the HA structure. Easiness of atomic doping 
or substitution in apatite reveals its potential to be used in various clinical cases starting from its 
use in bone fracture fixation or defect filler to antimicrobial activity (Šupová, 2015). In the case of 
biomaterials which are designed to be implanted, it is important to create an antimicrobial surface 
that will be resistant to the adhesion and spreading of unwanted pathogenic bacteria (Graziani et al., 
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2016). Moreover, in case of bacterial biofilm formation, infection 
and septic instability of implants is a significant threat (Koo et al., 
2017). There is always a risk of bacterial entry to the implantation 
site during surgery, which could be associated with non-sterility 
of the equipment or the fact that surgeries are performed in open 
air conditions (George et  al., 2016). This problem is especially 
important for elderly people and patients with compromised 
immune systems (Albrektsson et al., 2016; Bartold et al., 2016).

There is an emerging number of studies with regard to substi-
tuted HA with antimicrobial properties. It has been shown that 
ions of Ag, Cu, and Zn play a crucial role in the prevention of 
bacterial adhesion and spreading (Chung et al., 2006). Cu and Zn 
ions in small quantities are vital for various metabolic processes 
in living organisms, while at a higher concentration they could 
potentially lead to toxic effects. Among those ions, Zn is gaining 
attention as a not only antibacterial element but as an agent which 
stimulates bone growth (Li et al., 2009). Since it is of major inter-
est to develop a system that not only prevents pathogenic bacteria 
colonization but also promotes bone growth, Zn was chosen as a 
doping element in our case.

One of the requirements for a substrate material is its biocom-
patibility (Sharkeev et al., 2016). On the other hand, implantable 
devices should have significant mechanical strength, especially 
under the influence of dynamic loads (Podaropoulos et  al., 
2016). The high mechanical properties will ensure the durability 
of manufactured medical products. Clinical practice and many 
scientific reports show a high level of biocompatibility of com-
mercially pure (CP) Ti (Sidambe, 2014). However, its mechanical 
characteristics can be improved by severe plastic deformation 
(SPD) (Toth and Gu, 2014). Interestingly, the proliferation of 
fibroblastic cells and stem cells on the surface of nanostructured 
Ti processed by SPD has been shown to be promoted by grain 
refinement (Valiev et  al., 2016). Another group of researchers 
(Mora-Sanchez et al., 2016) confirms that significant grain refine-
ment by SPD processing leads to an improvement in mechanical 
and functional properties. Therefore, ultrafine-grained (UFG) 
Ti is a good candidate for a base material of a future successful 
implant.

There is a wide variety of coating techniques which could be 
used for Ti substrate treatment. Methods such as sol-gel (Asri 
et  al., 2016), chemical (Wen et  al., 1998), micro arc oxidation 
(Sedelnikova et al., 2016; Sharkeev et al., 2017), and others. Among 
them, the method of radiofrequency (RF) magnetron sputter-
ing stands out. There are two major features of RF magnetron 
sputtering that are advantageous. First, good adhesion between 
coating and substrate and, second, the availability of sputtering 
targets with different chemical compositions which determine 
the composition of the synthesized coating (Surmeneva et  al., 
2014). In addition, RF magnetron sputtering is a highly controlled 
and reproducible process. Coating properties, such as thickness, 
microstructure, and crystallinity as well as chemical composition 
of a coating can be precisely controlled and tailored according to 
the needs (Vladescu et al., 2016).

In the present paper, Zn doped HA (HA-Zn) coatings with 
a chemical composition of Ca10−xZnx(PO4)6(OH)2−x, x = 0.4 are 
deposited on UFG Ti substrate. The coatings were deposited by 
RF magnetron sputtering method. It is possible to find recent 

reports on the deposition of strontium and zinc Co-substituted 
HA coatings by Robinson et  al. (2017). But to our knowledge, 
the studies with regard to Zn containing HA coatings, especially 
when deposited on UFG Ti are very limited in the scientific com-
munity. Therefore, we are introducing our research results with 
regard to the structure and deposition parameters of bioactive 
antibacterial thin HA-Zn coatings. The structure of the thin films 
was studied in cross-section Transmission Electron Microscopy 
(TEM). The TEM samples were prepared by means of Focused 
Ion Beam (FIB) milling in Electron Microscope (SEM) assuring 
a high quality of the lamella. The deposited coatings adhesion was 
evaluated by a scratch testing.

MaTerials anD MeThODs

A well-established method of SPD has been used to obtain the 
bulk Ti in UFG state. CP coarse-grain Ti (99.58 Ti, 0.12 O, 0.18 Fe, 
0.07 C, 0.04 N, 0.01 H wt%) was used as an initial material. First, 
Ti billets underwent multiple uniaxial pressing in a press-mold at 
10−3 to 10−2 s speed range with a stepwise temperature decrease 
from 750 to 350°C. Uniaxial pressing at a fixed temperature was 
gradually carried out along three deformation axes. Second, the 
plastic deformation was applied with rollers of grooved or flat 
shape at room temperature to produce further grain refinement 
and to reach the nanostructured state. The total value of rolling 
deformation was 90%. Then the rolled sticks and plates were sub-
jected to prior-to-recrystallization annealing at 250°C (Sharkeev 
et al., 2009). After this, samples were cut in the shape of plates 
with sizes of the 10 mm × 10 mm × 1 mm in order to be used as 
substrates for the deposition. The samples were polished in series 
using silicon–carbide paper up to 1,200 grit. Prior to deposition, 
the samples were sonicated for 10 min consecutively in acetone, 
ethanol, and distilled deionized water. The metallography imag-
ing of CP coarse-grain Ti was done using inverted Olympus GX 
microscope (Japan) with available magnification from 5× to 100× 
for both brightfield and polarizing observations. The structure 
investigation of Ti samples after SPD was performed in TEM JEM 
2100 (JEOL, Japan) available at the Center for Collective Use of 
Scientific Equipment “Nanotekh” of ISPMS SB RAS.

The HA-Zn powder was prepared by mechanochemical 
synthesis. Calcium hydrogen phosphate, calcium oxide, and zinc 
oxide were used in the process. The precursor powders were 
placed in a planetary ball mill with three drums, each having a 
volume of 1,800 mL. The process of synthesis took 12 min at a 
room temperature. The phase composition of HA-Zn powder was 
confirmed by X-ray diffraction. The process of target manufac-
turing from the initial powder of HA-Zn is described in detail in 
our previous study (Prosolov et al., 2017). The temperature for a 
target sintering was set to 1,100°C for 1 h in a stepwise manner. As 
a result, the heating and cooling to sinter each target took up to a 
day and a half. Target sintering resulted in a disk-shaped ceramic 
plate with a diameter of 120 and 5 mm thickness.

A vacuum installation, with a planar magnetron, was operated 
at the frequency of 13.56  MHz in order to deposit the HA-Zn 
coatings on the UFG Ti substrates. Prior to deposition, a closed 
electron drift ion source (TPU, Tomsk, Russia) was used for 
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FigUre 1 | Micrograph from optical metallography microscope of coarse grain commercially pure Ti (a) and TEM image of ultrafine-grained Ti after severe plastic 
deformation (B).

3

Prosolov et al. Structure Analysis of HA-Zn Coating

Frontiers in Materials | www.frontiersin.org February 2018 | Volume 5 | Article 3

substrate cleaning and etching of the natural TiO2 layer. The sur-
face activation was done for 15 min with an ion source parameter 
of 1.5–3.0 keV, a current of 10–30 mA, and a chamber pressure 
of 1 Pa. The coatings were prepared by magnetron sputtering at 
RF-power level of 250 W in an Ar atmosphere. The deposition 
time was 3 h, and the target-to-substrate distance was 60 mm. The 
substrate temperature measured by thermocouple did not exceed 
80°C. The substrates were placed in the region of the target erosion 
zone. During the coating deposition, the working pressure in the 
vacuum chamber was 0.7 Pa. The average thickness of the coatings, 
as measured by a Calotest (CSEM Instruments) was 470 ± 15 nm.

Before FIB sample preparation UFG Ti plates with HA-Zn 
coating were cut with a Leco VC-50 Precision Diamond Cutter 
(USA). Subsequently, the sample surface was coated with a con-
ductive layer of Au\Pd using a Polaron E5100 SEM coating unit, 
applying a current of 20  µA at a chamber pressure of 0.9 Torr 
for 3 min. The FIB milling was done in an FEI Helios Nanolab 
660 using lift-out sample preparation technique. Structural 
analysis and elemental analysis with Energy Dispersive X-ray 
Spectroscopy (EDX) were performed in a Carl Zeiss Libra 200 
Transmission Electron Microscope (TEM) operating at an accel-
erating voltage of 200 kV. Evaluation of the coating-to-substrate 
adhesion was carried out with the scratch-test method on the 
CSM Macro Scratch Tester Revetest with an indenter of 20 µm in 
radius. Maximum indentation load was 30 N. The scratch length 
was set to 7 mm. The images of the tracks were made with the 
optical microscope which is included as a standard module at 5× 
magnification. In order to obtain statistically meaningful data, 
each measurement was repeated at least three times per sample. 
To determine the molecular bonds in the Zn-HA coatings formed 
on Ti a research complex Centaur UHR (Nano Scan Technology, 
Russia) with a Raman spectrometer was used. Raman scattering 
was performed at room temperature with a laser excitation at the 
wavelength of λ = 532.8 nm and power of P < 50 mW.

resUlTs anD DiscUssiOn

In Figure 1A, CP Ti substrate is represented by equiaxed coarse 
grains. The TEM inspection (Figure 1B) showed that the multiple 
uniaxial pressing allows the formation of a nanostructured state 

in the bulk Ti. After SPD, the size of the Ti grains is drastically 
decreased to an average of 85 ± 10 nm and represented by grains 
of elongated shape. The selected area diffraction (SAD) confirmed 
a high level of crystallinity and UFG state of Ti after SPD.

It is expected that the increased amount of dislocation and 
grain borders will increase the probability to form a crystalline 
HA-Zn coating. It is believed that surface defects and grain bor-
ders could act as points of nucleation when adatoms condense on 
the substrate from magnetron discharge plasma.

In Figure 2, an overview of the thin lamella of HA-Zn on UFG 
Ti placed on the Cu sample holder is shown. A set of the layers are 
represented in this figure, where HA-Zn is the coating deposited 
by RF magnetron sputtering, the Au/Pd coating was deposited to 
provide a conductive surface on the dielectric HA material and 
protective Pt layer is needed to protect the region of interest from 
ion milling. The thickness of the HA-Zn coating was determined 
as 458 ± 20 nm (Figure 2B), which corresponds to the thickness 
estimated by Calotest measurement.

The thickness of the coatings is well determined by two 
methods. From this, we recalculate the deposition rate in our 
magnetron sputtering system which is equal to 2.5 nm/min. In 
contrast, average coating growth rate reported by other research 
group for HA films is around 1 nm/min and less when the target-
to-substrate distance was set to 40  mm (Ivanova et  al., 2015). 
Hence, we conclude that the deposition rate in our sputtering 
system could be considered as high, which will affect the growing 
coating.

The TEM images of the coating are presented in Figure 3. On 
top of the HA coating, a protective Pt layer deposited during FIB 
sample preparation and a conductive Au/Pd layer deposited prior 
SEM are shown. From the Figure  3B, it is concluded that the 
HA-Zn coating has an equiaxed grain structure.

Interestingly, in our previous studies, deposited coating struc-
ture was represented by amorphous calcium phosphate. It is pos-
sible that the UFG structure of Ti substrate governed the growth 
of the coating which resulted in the equiaxed grain structure we 
observe in TEM micrographs. Note, that this type of structure 
is rarely produced in magnetron sputtering systems due to the 
hexagonal structure of the HA and the deposition process being 
non-equilibrium. A preliminary growth of columnar-like grain 
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FigUre 4 | Distribution of the Zn substituted HA grain sizes from the bottom 
to the top (l = 400 nm) layer of the coating.

FigUre 3 | Cross-section view on the gradient HA-Zn coating under conductive and protective layers (a) and the high magnification image of HA-Zn coating with a 
selected area diffraction micrograph (B).

FigUre 2 | Thin lamella of the Zn substituted HA coating deposited on ultrafine-grained Ti (a), cross-section SEM shows a set of protective and conductive layers 
on the deposited film with an estimated HA-Zn coating thickness (B).
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has been reported by other authors (Surmeneva et al., 2014). In 
Figure 3B, SAD micrograph gathered from the thin film region 
confirms the high crystallinity level of the deposited HA-Zn 
coating. The SAD proves the polycrystalline state of the coating. 
Interplanar d-spacings were calculated (2.39, 3.50, 4.07, 5.25 Å) 
and conform with a standard for HA (ICDD PDF No. 9-432). 
Moreover, it is possible to see that the coating is represented by 
the gradient type of structure, so that grain sizes are changing 
from the bottom to the top layer of the coating. It is worth to 
mention that the equiaxed grain structure has low residual inner 
stress compared to the columnar type of structure. Hence, this 
type of coating possibly will provide a higher level of stability to 
the coating in the case of mechanical stresses introduced during 
implantation surgery and service.

In Figure 4, a plot of the grain size gradient calculated from 
the micrograph of the interface between coating and substrate to 
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FigUre 5 | The structure of deposited coating imaged in scanning TEM mode (a) and the micrograph of the coating to substrate interface with an amorphous 
sublayer (B).

FigUre 6 | Interplanar d-spacing measured in a fragment of high-resolution 
TEM of the HA-Zn coating.
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the top layer is presented. The bimodal distribution depicts the 
significant scattering in the coating’s grain size.

The largest grains are detected in the 350 nm distance from the 
substrate and equal to 27 ± 3 nm. However, grains start to grow 
from the amorphous layer reaching a diameter of 22 ± 3 nm. After 
that, grain sizes decrease dramatically at the distance of 150 nm 
from the substrate, reaching only 10 ± 3 nm. Thus, the coating 
morphology represents a complex gradient with a relatively large 
scattering of grain sizes. Note that the thin layer comprised of 

that type of structure is X-ray amorphous; therefore, it was not 
possible to get an X-ray diffraction pattern with HA peaks from 
those samples.

In Figure  5, TEM image obtained in the scanning mode is 
presented. Here, we see the overlapping grains of the coating. So 
the coating is represented by the complex misaligned structure. 
The high-resolution TEM (HRTEM) provided an opportunity to 
see atomic layers (Figure 5B). Moreover, an amorphous sublayer 
of 8 nm thickness at the interface between the substrate and the 
coating is detected. As it was reported in Surmeneva et al. (2014), 
the RF magnetron deposition process formed nano-scale grains, 
generating an amorphous layer of HA at the substrate/coating 
interface.

In our case, we detect amorphous layer at the interface between 
the crystalline coating and UFG Ti substrate which is constituted 
of TiO2 according to EDX data. We associate this to the prior to 
deposition etching of the UFG Ti with an ion source. During this 
process, the naturally occurring TiO2 layer was removed from the 
Ti surface. Subsequently, when an oxygen-containing sputtered 
species such as CaO or PO4 reached the Ti surface, it could lead to 
a more energetically favorable occurring TiO2 layer. On the other 
hand, high deposition rate and low substrate temperature pro-
hibited the formation of crystalline structure. Then, at a certain 
thickness of the amorphous TiO2 layer and due to the thermal 
conditions and surface free energy change, a crystalline structure 
of HA-Zn started to grow. Those conclusions are supported by 
the report of the scientific group (Göncü et al., 2017) dealing with 
HA-hexagonal boron nitride deposition on Ti.

Interplanar d-spacing measured in a fragment of HRTEM 
(Figure 6) correspond to peaks in the SAD pattern and results 
in 2.32, 4.1, 5.17  Å. Even though there are small deviations in 
estimated and standard numbers for HA which is attributed to 
overlapping grain structure and plausible inclination of a lamella 
during observation. The above-mentioned results correspond to 
the (122), (200), and (101) lattice planes for hexagonal HA.
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FigUre 7 | Optical image of the indentation track with a load starting from 0.5 to 30 N on the HA-Zn coating deposited on ultrafine-grained Ti.

FigUre 8 | Raman spectra gathered from the surface of HA-Zn coating.

Therefore, we could confirm that there is no separate phase 
of Zn and the obtained coating has the structure of the HA, 
even though Ca to Zn substitution took place. The EDX data 
gathered from the region shown in Figure 6 present a typical 
pattern for HA coating. The Ca/P ratio of the deposited coat-
ing is 1.4 which corresponds to sub-stoichiometric HA. It 
is reported (Dorozhkin, 2012) that, with a decrease in Ca/P 
ratio, HA becomes more bioresorbable. That is beneficial for 
our coating because it will provide dissolution and release of 
the antibacterial Zn ions in the vicinity of the implantation site 
diminishing the bacterial colonization. However, according to 
the EDX data, Zn is represented by the small peak slightly higher 
than the noise level. This is due to the low concentration of Ca 
substitution in the coatings’ material. Further antimicrobial and 
cytotoxicity tests are needed in order to confirm an effect of Zn 
incorporation into HA structure.

In Figure 7, the result of an HA-Zn scratching test is shown. 
From it, we see that significant coating tear off has started from 
the 22 N load. Due to the small thickness of the coating, there is 
no significant delamination seen, rather than spread and fade of 
the thin film under the load in the manner that regions near to 
the damaged site are not affected.

This effect may be useful for a coating deposited on intramed-
ullary fixators that suffer severe damage during the implantation. 
Our coating provides high-level adhesion to the substrate and 
can tolerate mechanical stresses below 20 N without significant 
damage.

For investigation of chemical bonds in the coating and detec-
tion of characteristic HA structure peaks, Raman spectroscopy 
was utilized. The strongest Raman active ν1 PO4 mode (Figure 8) 
appears in the spectrum of the HA sample at 963/cm (Markovic 
et al., 2004).

It is seen that there are no shifts in spectra, and the majority 
of PO4 vibration modes are easily distinguishable. That could be 
associated with the high level of crystallinity of the HA-Zn coat-
ing even though grain sizes do not exceede 30 nm (Antonakos 
et  al., 2007). Despite that, Raman spectroscopy confirmed the 
presence of the P–O bond in the main intensity region for HA.

cOnclUsiOn

The HA-Zn was deposited on a technically pure UFG Ti substrate 
using the RF magnetron sputtering method. The FIB-prepared 
lamellas of the bioactive HA-Zn coating were studied using SEM, 
TEM, and EDX. The TEM results confirmed the gradient structure 
of the coating comprised of unoriented and overlapping equiaxed 
grains. The presence of an equiaxed grain structure with lattice 
plane orientations corresponding to (122), (200), and (101) of HA 
was observed. An amorphous TiO2 sublayer of 8 nm thickness 
was detected in the interface between the polycrystalline coating 
and the UFG Ti substrate which contributes to the high coating to 
substrate adhesion level confirmed by a scratch test. The coatings 
chemical bonds investigation with a Raman spectroscopy method 
confirmed the presence of phosphate groups. The ratio of Ca/P 
equals to 1.4, which is indicated as the sub-stoichiometric HA. 
The possible antibacterial effect of Zn ions, high level of crystal-
linity, good adhesion to the substrate, and decreased Ca/P ratio 
could be a good candidate for a coating on intramedullary fixators 
in the presence of osteomyelitis or other bone infection.
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