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Electronic structure and morphology of hydroxyapatite (HAP), deposited on titanium
substrate by gas detonation deposition (GDD), was investigated by scanning probe micros-
copy of high resolution and spectroscopic methods. Nanoscale structure formation of the
coatings in the form of nano-dispersed ceramics was determined. Effects of more advanced
surface in the transition of HAP from the crystalline (powder) to nanodispersed (coating)
state was studied. It is revealed that the elemental composition of GDD cover surface and
subsurface layers remains stable up to the depth of 50 nm. The change of elemental
composition of GDD cover subsurface layers in the direction of increasing the calcium and
phosphorus content was observed in the range 50-150 nm.

MeTogaMu CKaHUPYIOIIEH 30HIOBOU MUKPOCKOIIMM BBICOKOI'O PA3PEIIeHUS U CIeKTPalb-
HBIMH METOJAMU KCCJIeLOBAHA 3JIEKTPOHHAA CTPYKTypa u mopdosorusa I'AIl upu ero raso-uge-
TornanuonaomMm ocaxkgernnu (['JI0) ma TuTaHOBBIE IOAJIOMKKH. ¥YCTAHOBJICHO HAHOPAa3MepPHOE
GOpMUPOBAHIE CTPYKTYPhl IIOKPBITHII B BUAe HAHOIWUCIEPCHOI Kepamukum. McciemoBaHbI
pasmepHble (PdexTs, 00ycaaBINBAIOIIE OOIYI0 TEHAEHIINIO YBEIUUYEHUS SHEPruu CBSISHU
OCTOBHBIX 9JIEKTPOHOB aroMoB Ipu mepexoge I'AIl or Kpucransauyeckoro (IIOPOIIOK) K HAHO-
IUCIIePCHOMY (IIOKPBITHE) COCTOSHMNIO. BBISBIEHO, UTO DJIEMEHTHBIN COCTAB IIOBEPXHOCTH U
npuoBepxXHOCTHBIX ciaoeB 'O moxpeiTua ocraercda crabuiabHbIM mo raybunsl 50 um. B
auanaszone 50—-150 M Haburogaercsd H3MEHEHHE DJIEMEHTHOIO COCTAaBA IIPUIIOBEPXHOCTHBIX
caoeB I'TIO mOKPLITUA B CTOPOHY YBEJHUYEHUS COAEPIKAHMA Kaabluud u docdopa.

© 2012 — STC "Institute for Single Crystals”

1. Introduction

Products made of hydroxyapatite (HAP,
Cag(PO,4)6(OH),) belong to the class of bio-
ceramic calcium-phosphate materials and
have the chemical composition almost iden-
tical to the mineral component of bone [1].
Because of high biocompatibility and
osteoinductivity HAP can form direct
chemical bonds with bone tissue and can be
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gradually replaced by live bone tissue [2].
For this reason HAP products are success-
fully used in dentistry and orthopedics for
many years. More than half of all HAP
based bioactive ceramics applications is its
use as coating material on metallic im-
plants, mainly from titanium. However, ti-
tanium is one of bioinert materials, which
although doesn’t emit any toxic compo-
nents, but also does not cause the positive
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reaction of the organism. This problem can
be decided by the deposition of HAP bioac-
tive coatings, which cause the positive re-
sponse from live tissue that consists in the
differentiation of the bone immature cells.
Unlike bioinert materials, bioactive materi-
als implantation leads to the formation of
chemical bonds with bones across the inter-
face. These bonds are due to the adsorption
of non-collagenic proteins that cause the
growth of bone on the surface of biomateri-
als, such as osteocalcin, osteonektin, sialo-
glikoproteins and proteoglycans.

Most of the coatings are obtained by
plasma deposition [3,4], which uses the
deposition process of the powder particles
on a heated metal surface that results in
the change of phase and chemical composi-
tion: the appearance of glass phase and cov-
erage material amorphization, as well as the
emergence of the stresses and microcracks
at the boundary between the coating and
metal due to their difference in thermal ex-
pansion. Coverage amorphisation can be re-
duced by the following implant annealing,
but the imperfection of the boundary layer
and the number of microcracks increase,
and the adhesive ability decreases. To de-
cide this problem it was proposed to use gas
detonation decomposition method, in which
the coating is carried out by the gas mix-
ture detonation (explosion) energy that ac-
celerates the powder particles [6—8]. Coat-
ing adhesion is provided here by high ki-
netic energy of HAP particles, bombarding
the substrate.

However, despite receiving the highest
quality coatings, that confirmed by research
of their characteristics and mechanical
properties [9-11], the questions of changes
in the coatings phase composition and crys-
talline structure remain unstudied. These
questions for coatings obtained by plasma
and laser deposition have been studied in
[12—-14]. The current work deals with the
electronic and crystal structure investiga-
tion of HAP deposited on titanium sub-
strate by gas detonation deposition (GDD).

2. Materials and methods

Hydroxyapatite was synthesized by pre-
cipitation from calcium nitrate and ammo-
nium hydrogen phosphate solutions accord-
ing to the reaction:
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Fig. 1. SEM image of HAP powder obtained.

The resulting powder was dried at 120°C
and annealed in air at 1000°C for 1 hour,
after that precipitate was transformed into
a monotonous conglomerate, with 30 % po-
rosity and 7.5 MPa strength. Then sintered
precipitate was ground in the porcelain
mortar and sieved to obtain powder with
optimal size for gas detonation deposition
(60-80 um) (Fig. 1).

HAP coatings were deposited on titanium
substrate (VT-6) with 1 mm thickness. The
original gas detonation unit was used for
deposition. The detonation wave originated
from the ignition of oxygen and combustible
gas (hydrogen, acetylene and propane-bu-
tane) explosive mixture in the blasting
chamber. Wave propagated along the gun
pipe and seized the portion of HAP powder,
injected into the gun. Particles of the mate-
rial accelerated to velocities of 5 M (M —
Mach number), received the kinetic energy
and bombarded the substrate, forming a
continuous coating due to the physical and
chemical interaction with the substrate ma-
terial. The programmable displacement of
detonation gun or substrate allowed to ob-
tain coverage over the large area or mul-
tisurface substrate. The explosive mixture
composition, frequency of detonation shots
and duration of deposition varied depending
on the type and thickness of the substrate.

Morphology and structure of the coatings
was investigated by electron microscopy
(SEM) on scanning electron microscope
JSM-6490 LV (JEOL) with Oxford Instru-
ments EDS INCAx-act attachment for
chemical analysis, and by scanning atomic
force microscopy (AFM) on high-vacuum
scanning probe microscope JSPM 4610
(JEOL). The cantilever with a diamond tip
NSG-10-DLC was used as a scanning probe.
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Fig. 2. Electron microscopy micrographs of the coatings obtained by gas detonation deposition.

The value of operating vacuum was not
worse than 1077 Pa.

X-ray photoelectron spectra were ob-
tained at "JEOL" photoelectron spectrome-
ter "JSPM-4610", using non-monochromatic
Mg Ko (1253.6 eV) X-ray source. The vac-
uum in the analytical chamber during the
experiment was 107 Pa, the determination
accuracy of electron binding energy was
0.1 eV. The thin layer of gold was coated on
the sample surface to calibrate the X-ray
photoelectron spectra taking into account
the charge, accumulating on insulating sam-
ple during the experiment. Calibration of
X-ray photoelectron spectra was carried by
Au 4f lines binding energy of gold, which
allowed to obtain a sufficiently high accu-
racy of electron binding energies for sam-
ples element.

The sample surface elemental analysis
was performed on Auger electron spec-
trometer ESA-3. The samples were placed
on the console with an angle of 60 degrees
to the primary electrons incident beam,
what made it possible to obtain depth pro-
files of etching. Etching was carried out in
argon at pressure 1073 Pa. The ion energy
was 4000 eV and emission current of
15 mA. Etching was carried out at 5 min-
utes intervals, after which the spectrum of
Auger electrons was taken off. Estimated
etching rate at the above parameters was
10 nm per minute.

3. Results and discussion

In Fig. 2 it is showed the electron micro-
scopic images of HAP based gas detonation
coating. There is a homogeneous coating
structure consisting of molten powder de-
posited single particles. Chemical composi-
tion study results obtained by electron mi-
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Table 1. Elemental analysis of GDD coating

Element Wt.% Atom.%
P 21.01 16.06
Ca 37.06 21.90
0 41.93 62.04

croprobe analysis (Table 1) have shown that
the ratio of calcium and phosphorus in the
deposited coating is Ca/P = 1.86, which is
significantly less than for the original pow-
der — Ca/P = 1.67. This fact can indicate
the presence of impurity phases in the coat-
ing and the shortage of Ca. It should be
noted that this method cannot determine
the content of hydrogen in the material.
Therefore, for correct determination of
coatings chemical composition it is neces-
sary to use additionally secondary ion mass
spectroscopy method.

For more detailed study of coatings sur-
face morphology we used atomic force mi-
croscopy method (Fig. 3). The results of
these studies have established the nano-
scale formation of the obtained coatings
structure, which consist of sintered HAP
powder nanoparticles conglomerates. It
should be noted that the particles size is
30-40 nm, which corresponds to the size of
apatite particles in the native bone. There is
some heterogeneity in the nano-conglomer-
ates distribution on the surface. Such het-
erogeneity and presence of voids between
the conglomerates provide reliable fusion of
the implant with the bone due to free com-
ing of collagen molecules from interstitial
fluid and spontaneous formation of HAP
nanoparticles between implant and bone,
which eventually leads to the formation of
new bone tissue [15].
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Fig. 8. AFM images of GDD coating.

Under the formation of HAP coating it
occurs the transition from crystalline state,
with a particle size of 60—80 um, to nano-
dispersed state, with a particle size of 30—
40 nm, that should be reflected in the elec-
tron-energy structure formation and in the
nature of the interatomic chemical bonds.
To explore these changes, XPS studies of
original HAP powder and obtained GDD
coating were carried out. The method of
X-ray photoelectron spectroscopy was used
because of its effectiveness for the charac-
terization of coatings, adsorbed phase and
the chemical bonds nature.

XPS data of the samples atoms are
shown in Table 2. There is a general trend
of increasing binding energy of atoms core
electrons in the transition from HAP crys-
talline (powder) to nanodispersed (cover)
state, which indicates a decrease of electron
density on the atoms of calcium, phospho-
rus and oxygen. Such behavior of electron
density probably is due to the effect of
more advanced GDD HAP surface, which is
characterized by greater number of uncom-
pensated bonds in comparison with the
original powder. Apatite nanocrystals are so
small that in the transverse direction they
consist from nothing more than 2-3 unit
cells, and from one-half to two-thirds of the

41.4nm

33.1nm

24.9nm

16.5nm

6.3nm

0.0nm

unit cells locate on the surface of the crys-
tals [16—17]. Consequently, the composition
of the investigated coatings is largely deter-
mined by the composition of the crystals
cutting planes. The following supposition is
fully justified: every free surface of the
unit cell can have 1, 2 or 3 excess Ca2* ions
and/or one or two excess phosphate groups.
Thus, the presence of dangling chemical
bonds leads to the output of electron den-
sity from oxygen, calcium and phosphorus
atoms.

In addition, change in the composition at
the crystal surface can significantly affect
to the general composition, determined by
chemical means. Because of this, the change
in the stoichiometric ratio of Ca/P from
1.67 (for powder HAP) to 1.36 (for HAP
GDD coating) can be explained by changes
in the surface layer of crystals, rather than
the presence of impurity phases and/or
shortage of calcium.

In order to study depth changes in the
coatings chemical composition, there were
carried out investigations of atoms XPS
spectra changes during etching of the sam-
ple surface. Etching was conducted in three
stages with the parameters 3 kV and 30 mA
during 5 min (Fig. 4).

Table 2. Atoms core levels electron binding energy (eV) and line width (eV) (measured at half

height) of the samples

Sample O 1s Ca 2s Ca 2p, )y Ca 2pg 9 P 2s P 2pg ),
HAP powder 531.2 438.9 350.7 347.2 190.5 133.1
HAP coating 531.6 439.4 351.1 347.6 190.9 133.5

Note: The electrons binding energy are given relative to the electron binding energy of Au 4f =

87.5 e€V. The measurement error is 0.1 eV.
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Fig. 4. Ca 2p3/2 and O 1s XPS spectra of HAP GDD coating.
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Fig. 5. Auger electrons spectra of phosphorus, calcium and oxygen 1-3 — after etching for 5, 10,
15 min, respectively. The rate of etching was 10 nm per minute.

The results indicate that the change in the
core electrons binding energy of the sample
atoms during etching occurs within the experi-
mental error (0.1 eV) in all stages of etching
(general depth of etching is ~ 50 nm). This
fact and the results of AFM and SEM stud-
ies suggest that the coating deposits on tita-
nium substrate in the form of nano-dis-
persed ceramics.
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To estimate the surface and subsurface
layers elemental composition stability of the
coating to a depth of 150 nm, Auger elec-
trons spectra analysis was carried out for
calcium, phosphorus and oxygen atoms in
three-stage etching (Fig. 5).

The analysis showed constant elemental
composition of the coating surface and sub-
surface layers to a depth of 50 nm (spectrum
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1, Fig. 5), which correlates with the XPS
data. At the deeper etching to 100 nm and
150 nm (Fig. 5, spectra 2 and 3, respec-
tively), the intensity growth of calcium and
phosphorus Auger spectra is observed, that
indicates the changes of GDD coating elemen-
tal composition at surface layers in the direc-
tion of increasing content of these elements.

4. Conclusions

Nanoscale structure formation of the
coatings obtained by gas detonation deposi-
tion was established.

There is a general trend of increasing the
binding energy of atoms core electrons in
the transition from HAP crystalline (pow-
der) to nanodispersed (cover) state, which
indicates a decrease of electron density on
the atoms of caleium, phosphorus and oxy-
gen. Such behavior of electron density prob-
ably is due to the effect of more advanced
GDD HAP coating surface.

GDD forms on titanium substrate in the
state of nano-dispersed ceramics. The ele-
mental composition of GDD coating surface
and subsurface layers remains stable down
to 50 nm. At the range of 50-150 nm, it is
observed the change in the elemental compo-
sition of the GDD coating surface layers in
the direction of increasing the calcium and
phosphorus content.
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Mopddoaoria i cnekTpajbHi XapaKTEePUCTUKH
HaHOKpHucTaJXivHuX NMOKPUTTIB I'AIl, oTrpumanux
METOOM Ta30JeTOHAI[iOHHOTO OCAKeHHS

B.JI1.Kapé6ieécoxuil, H.A.Kypzan, B.A./ly6ox, H.I.Knwoi,
B.X.Kacuanenrxo, B.B.Cmonic, H.B.Pojckoé

MeTomamMu ckaHyouoi 30HZOBOI MiKPOCKOIil BICOKOI PO3AINBHOI 3ATHOCTI Ta CIEKTPaJb-
HUMU MeTOJAaMMU JOCIi;KeHa eJIeKTPOHHAa cTPYyKTypa Ta mopdosoria I'AIl nmpu fioro raso-je-
Tonarniinomy ocamxenni (I'1O) ma Tutamori migrmagku (BT-6). Beranorseno HamoposMipme
opMyBaHHSA CTPYKTYPU NOKPUTTIB y BUTAAAL HaHOAMcIepcHOI KepaMmiku. Hocaimxeno
posmipHi edexTn mpm mepexomi I'AIl Bixg kpucTamiuHOTO (TOPOIIOK) A0 HAHOIUCIEPCHOTO
(mokpuTTA) cTany. BuABjeHO, 10 eJeMeHTHWI CKJa[ MOBePXHI Ta MPUIOBEPXHEBUX IIApPiB
T'TO mokpurTa sanuinaerses cTabiapbHum po ramuduam 50 M. ¥ gianasoni 50-150 um cmoc-
TepiraeThcAd B3MiHAa eJeMeHTHOTO CcKJaxy npunoBepxHeBux mapis IO moxpurtsas B 6ik
30ibIIIeHHA BMicTy KaabIlito i ¢ocdopy.
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