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Structural modification of hydroxyapatite (HAP) formed by gas detonation HAP depo-
sition on metal substrates has been studied using Raman spectroscopy and electron spin
resonance (ESR) techniques. It was revealed, that the detonation deposition of the initial
HAP powder has been found to result in a considerable broadening of the main Raman
band peaked at 960 cm™! and the appearance of additional ones near 947 ecm™! and
970 cm!. In ESR spectra, the signals originated from intrinsic HAP defects such as
Oj -radicals and F-centers are observed. The changes in the Raman and ESR spectra
indicate local variations of HAP structure, namely amorphization at the coating/substrate
interface, partial dehydration and increased concentration of intrinsic defects. Nucleation
of a new structural phase, oxyapatite, has been also observed.

Metomamu kombuHanumonHoro paccesnus cBera (KPC) u 91eKTpoHHOTO mapamMarHUTHOTO
pesonanca (JIIP) msyuena cTpykrypHasa mMoaumpuramua ruxpokcmianarura ([AIL), moayuen-
HOTO METOJOM JEeTOHAIMOHHOTO OCAKAEHWUS Ha MeTajlJIMUuecKUe MOAJIOKKMU. BBIABIEHO, UTO
JEeTOHAIIMOHHOE OCaKAeHUe McXogHoro mopomka ['AIl BegeT K CYIeCTBEHHOMY YIIUPEHUIO
OCHOBHOI TIOJIOCHI ¢ MaKCHUMyMOM oKoJo 960 cM™l, a TakiKe K HOABIEHUIO JOIOJHUTEIHHBIX
mosoc okojo 947 m 970 cm~l. B cmexTtpax DIIP nabmogaerca ZedeKT, COOTBETCTBYIOLIMI
O, -pagurany u F-menrpam. Habrromaemsre nsmenennsa B cuekTpax KPC u OIIP ykassiBaoT
Ha JIOKaJbHbIe M3MeHeHUs B cTpyKType I'AIl, a mmeHHO, Ha aMopdu3anuio Ha HHTepdeiice

IIOMJIOMKKa-IIOKPBhITHE, YAaCTUYHYIO AJeruapalnio WU yBe/JInUeHNe KOHIeHTpallnun CcOOCTBEHHBIX
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nederToB. Takike HabIofaeTcsa 3apolKIeHUe HOBOU (hashl OKcHATATHUTA.

Calcium phosphates, first of all hy-
droxyapatite (HAP) Ca,g(PO,4)s(OH),, are
the subject of intensive studies because they
form an inorganic basis of bone tissues and
dental enamel [1, 2]. These compounds not
only possess biological compatibility with a
human organism, but accrete with a bone
tissue due to direct biochemical bonds and
transform gradually into a bone. Because of
such unique properties, these materials are
widely used in medicine for regeneration of
human bones and tooth and for coatings of
metal implants.
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To deposit such coatings, the plasma
spray method is used most often. However,
the method has a number of substantial
drawbacks. When a flux of fused HAP par-
ticles having temperature above 1500°C
strikes a much colder (about 800°C) metal
substrate, a sharp cooling (quenching)
causes essential disordering in the HAP
crystal structure as well as formation of
glass-like HAP phase at the coating/sub-
strate interface. On the one hand, this phe-
nomenon improves mechanical properties of
the coating, especially its adhesion [3, 4].
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On the other hand, fast resorption of the
amorphous phase was observed in vivo and
in vitro [5]. This circumstance is essential
for application of those coatings on surgical
implants. Besides, at cooling of the depos-
ited HAP coating from 800°C to room tem-
perature, thermal stresses and microcracks
appear on the HAP/substrate interface due
a considerable difference in thermal expan-
sion coefficients brtween HAP and the sub-
strate material, thus reducing the coating
adhesive strength and increasing resorption
rate. To reduce thermal stresses, thickness
of coatings should be limited (not more than
50 pm). However, such thin coatings get
dissolved much faster than the required
lifetime (up to 20 years). The similar phe-
nomena accompany all high-temperature
deposition methods such as plasma and
magnetron sputtering, pulse laser deposi-
tion, etc. Besides, the majority of deposi-
tion methods have a number of other disad-
vantages such as insufficient adhesion, high
porosity, crystal structure imperfection,
disorder of coating chemical and phase
structure as well as the small thickness thereof
due to low productivity of the process.

Taking into account the operating condi-
tions of bicactive implants (exposure to
blood plasma, enzymes, osteoclasts, cells of
immune system, etc), methods of HAP coat-
ing deposition should provide low heating of
HAP powder and the substrate during the
deposition, high adhesion, low porosity of
the coating and minimum possible contami-
nation level, preservation of HAP chemical
and phase composition, high process produc-
tivity and reasonable thickness of the coat-
ing. Such conditions are realized when the
coating adhesion is provided by high kinetic
energy of HAP particles bombarding a sub-
strate, as it occurs in the gas detonation
technique. In this method, the coating depo-
sition is done by using the energy of the
detonation (explosion) of gaseous mixtures
to achieve the acceleration of powder parti-
cles.

The gas detonation technique provides
the highest coating quality, the lowest sub-
strate temperature, high productivity and
very economical manufacturing operation.
The method provides coatings of any thick-
ness. Adhesion of bioactive ceramic coatings
obtained can be 4-6 times higher than ISO
standard requires. Due to interaction of a
high energy flux of HAP particles with a
cold metal substrate followed by quenching
of the deposited layer, the hydration rate,
phase composition and crystal structure of
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the coating may sufficiently differ from
those of the initial HAP powder. For plasma
and laser deposited coatings, this problem
has been studied. The HAP modification
upon gas detonation deposition on metal
substrates is studied in this work.

The stoichiometric hydroxyapatite pow-
der was used for the gas detonation deposi-
tion. The powder was synthesized using co-
precipitation from a solution of calcium ni-
trate and disubstituted ammonium
phosphate according to the reaction

The precipitation was realized at room
temperature and pH = 12 under intense
stirring of the solution. The precipitate was
kept together with the mother liquor during
24 hours. At the same time, the solution
was periodically stirred up, boiled during
1 hour, cooled, settled, decanted, added hot
distilled water and settled again. After
5 times repeating of that procedure, the
precipitate was washed with hot distilled
water.

The powder so obtained was dried at
120°C and annealed in air at 1000°C for
1 hour. Sintering and shrinkage (about
10 % of linear dimensions) were observed
during the annealing. Then the precipitate
was transformed into a homogeneous con-
glomerate having porosity of 30 % and
strength of 5—7 MPa. According to X-ray
analysis, the synthesized material was pure
crystalline HAP with specific surface of
about 1 m2/g which corresponds to 2 pum
primary particles of powder. Then the sin-
tered precipitate was ground in a porcelain
mortar and sieved to obtain a powder of
optimum particle size for gas detonation
deposition (60—80 um). The obtained powder
particles had a shape of irregular splinters
with the same porosity as the sintered con-
glomerate.

The HAP coatings were deposited on tita-
nium and copper substrates of various
thickness. A home-made original gas deto-
nation setup was used for deposition. The
detonation was generated by igniting an ex-
plosive mixture of oxygen and a combusti-
ble gas (hydrogen, acetylene, or propane-bu-
tane) in the explosion chamber. The wave
propagated along the gun tube and catched
up a portion of HAP powder injected into
the gun. Particles of the material were ac-
celerated up to 5M of speed (M is the Mach
number) and bombard a substrate, forming
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Fig. 1. Representative Raman spectra of the
initial HAP powder (I) and the deposited
coating (2).

a continuous coating due to physical and
chemical interaction with the substrate ma-
terial. A programmable displacement of the
detonation gun or the substrate provided
coating of a large area or multi-surfaced
substrates. The explosive mixture composi-
tion, detonation shots frequency, and depo-
sition duration were varied depending on
the substrate type and thickness.

Raman spectra of initial HAP powders
and deposited coatings were investigated at
room temperature using a DFS-24 double
monochromator and photon counting system
for recording. The continuous radiation of
about 50 mW power and 532 nm wave-
length from a diode-pumped solid state
laser or 514.5 nm from an argon ion laser
were used for excitation. The magnetic
resonance measurements were carried out at
room temperature using X-band (microwave
frequency v29.4 GHz) ESR spectrometer
Radiopan X-2544 with 100 kHz magnetic
field modulation. The estimated accuracy
of g-factor determination for observed ESR
lines was +2-1074,

HAP contains PO 2‘ molecular groups

[6—8], characterized by to four main vibra-

tions of P-O bonds at v*960 cm~1 and much

weaker bands at v~435 em 1, v=1050 cm™l,

and v~590 cm~! [7]. Variations of v band
spectral parameters (intensity, frequency,
and linewidth) are used for diagnostics of
structural features and composition of cal-
cium phosphate coatings obtained by vari-
ous methods [6—8]. The disordering effects
in HAP occurring at gas detonation deposi-
tion were investigated by comparison of
Raman spectra for the initial HAP powders
and the obtained coatings. Fig. 1 shows
those data for one of the samples. The con-
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Fig. 2. The example of two-Lorentz peak fitting

of the Raman spectrum of a HAP coating.

siderable broadening of the main vibration
band v~960 cm™! and appearance of an addi-
tional low-frequency component are seen well.

Fig. 2 shows the experimental Raman
spectrum and its computerized simulation.
Two Lorentz profiles peaked at v~947 cm™1
and vr961 cm™! were used as the fitting
components. The first profile corresponds to
the crystalline component of the HAP coat-
ing. It is broadened noticeably (linewidth of
about 14 em™1) as compared to the spectrum
of the initial HAP powder (linewidth of
7 em™1) evidencing the crystal phase disor-
dering or high impurity concentration in
the coating. The second profile corresponds
probably to the amorphous phase of the
HAP coating coinciding well with that was
observed in [9, 10] (v2950 cm™1). As for the
relative spatial distribution of amorphized
and crystalline components in the HAP
coating, it is obvious enough that, due to
high thermal conductivity of a metal sub-
strate, the cooling rate of the interface
coating layer is considerably higher and
stimulates amorphization process. For
plasma deposited HAP, this reason has been
confirmed in [3, 11].

To study how the substrate temperature
and cooling rate influence the crystal struc-
ture of deposited HAP coatings, the gas deto-
nation deposition conditions were varied as
follows. Four film samples of the same thick-
ness of d =150 um were obtained at the same
operating mode of the detonation gun. Two of
them were deposited onto a thin (d~0.2 mm)
copper foil, two others, onto a thick
(d=1.2 mm) copper plate. The coatings on
each substrate type were deposited at two
various distances between the gun and sub-
strate, L =10 ecm and L =20 cm. It was
supposed that due to sufficient difference
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Fig. 3. Raman spectra for the four samples obtained on thin (d = 0.2 mm) and thick (d = 1.2 mm)
substrates at different distances between the detonation gun and the substrate (L = 10 and 20 cm).
The spectra are normalized to the intensity of the main peak vy~961 cm™! and plotted in the manner
to show the effect on the lineshape of the gun-substrate distance, L, and substrate thickness, d.

in substrates thickness, the thick substrate
is less heated during the deposition period
(15 s) and faster cooled after deposition (as
well as the interface HAP layer).

An essentially higher heating of the thin
foil and slower cooling of the HAP coating
thereon are confirmed by appearance of
high temperature oxide tint on the back foil
side. Decreasing the distance between the
substrate and detonation gun from 20 cm to
10 c¢m increases temperature of the depos-
ited material. Raman spectra of the men-
tioned samples are presented in Fig. 3,
grouped in the manner to show the effect of
the gun-substrate distance, L, and substrate
thickness, d, on the line shape. Comparison
of the spectra allows two following conclu-
sions to be made.

1. For the intensity of the low-frequency
spectrum component, vv¥947 em~1, the criti-
cal factor is the cooling rate of the depos-
ited coating but not the temperature of the
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depositing material. This is in correlation
with the amorphous nature of the interface
HAP layer causing this band.

2. At higher coating deposition tempera-
ture (i.e. for L = 10 cm), an additional sig-
nal appears in the high-frequency wing of
the main vibration band for both thin and
thick substrates. In this case, the experi-
mental spectrum should be described as su-
perposition of three bands with the addi-
tional high-frequency profile v3~970 cm~1
(Fig. 4) instead of superposition of two pro-
files (Fig. 2). This result reflects possible
modification of the HAP structure in the
top (external) layer of the coating caused by
high temperature influence in open air. In
this case, especially intensive degradation
of HAP occurs accompanied by replacement
of two OH~ ions onto O2 ion and formation
so-called hydroxyl-oxyapatite [7, 12].

The structural modifications of the HAP
powder upon deposition observed by Raman
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Fig. 4. Fitting of the Raman spectrum of the
sample with L =10 cm, d = 0.2 mm taking
into account the contribution of the third

component, vg~970 ecm™1.

spectroscopy is accompanied by a change in
magnetic properties of the samples. Fig. 5
shows ESR spectra of the initial HAP pow-
ders and the coatings deposited onto copper
foil at various L. The spectrum of the in-
itial HAP material (Fig. 5, a) demonstrates
only a weak ESR signal with g = 4.3. In the
coatings, three types of ESR signals are
generally observed with intensities depend-
ing on the deposition conditions. The Type

1 signal (line I in Fig. 5, a) represents a
single asymmetric line with the same pa-
rameters (g-factor g~4.83 and line width
AprzIO mT) as for the initial material (but
more intense) and allows its definite assign-
ment to isolated Fe3* ions [15]. The pres-
ence of this signal in the coatings is caused
by uncontrollable incorporation of atomic
iron impurity in the HAP structure. Prob-
ably this is caused by features of techno-
logical process of the detonation deposition
where the HAP powder contacts with the
metal tube of the detonation gun when mov-
ing along it at an ultrasound speed. Short-
term rise of the HAP temperature occurring
thus results in a structural modification of
the material that is testified by Raman
data.

Another effect of the HAP powder inter-
action with the metal gun tube is formation
of an additional phase, namely nanoparti-
cles of iron or its oxides, in the deposited
coating. Such nanoparticles are responsible
for occurrence of very strong magnetic
resonance signals of type 2 with g~2 (lines
2 in Fig. 5, a). Additional experiments
showed that the temperature behavior of
those signals differs essentially from that
of types 1 and 3 ones (see below). While
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Fig. 5. ESR spectra for the initial HAP powder and the coatings obtained on copper substrates (a).
Lines 3 on a large scale for a film deposited at L = 20 cm (b).
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intensities of signals 1 and 3 increase when
temperature decreases (that is normal for
paramagnetic materials), intensity of sig-
nals 2 depends only slightly on temperature
(that is typical for superparamagnetics
[16]). The Type 2 signals are observed also
in the coatings deposited onto nonmetal
(glassceramics) substrates evidencing that
their nature is not related to the metal sub-
strate (copper or titanium).

Depending on technological modes (oxy-
gen content in the detonation mixture, dis-
tance to the substrate, its thickness, ete.),
concentrations of atomic and nanostructure
impurities as well as relation therebetween
are varied. This results in respective
changes of the spectra observed, for exam-
ple, when distance to a substrate increases,
intensities of signals 2 decrease (Fig. 5, a).
Signals of Type 8 (Fig. 5, a and 5, b) repre-
sent group of ESR lines caused by intrinsic
defects of the HAP structure being various
in nature and generated during the detona-
tion deposition process. The radiospectro-
scopic parameters of the separate ESR lines
in signals 3 indicate presence of O3~ radi-
cals (g, = 2.0105, g, = 2.0180, g, = 2.0029)
[17], F-centers (electrons localized on vacan-
cies of hydroxyl groups, g = 2.0019) [18]
and probably CO~ radicals (g, = 2.0065,
g, = 2.0041, g, = 2.0018) [17].

The relative intensities of individual
Type 3 ESR signals depend on technological
parameters of deposition, in particular, on
oxygen content in the explosive mixture.
Thus, the detonation deposition causes for-
mation of the intrinsic paramagnetic defects
localized near to 6-fold axis (O3~ radicals
and F-centers). Such local structure imper-
fections result in partial amorphization of
the HAP and in local transformation of
HAP into oxyapatites. That effect is inten-
sified when oxygen content in the explosive
mixture increases. Similar results were ob-
served in studies of thermal treatment in-
fluence on HAP structure. It was shown
that HAP loses under heating a fraction of
its hydroxyl groups [9, 13, 14] and 0%~ ions
replace two OH groups in crystal lattice
forming oxyapatite [3, 19].

Thus, the comparative study of initial
hydroxyapatite powders and coatings depos-
ited by gas detonation reveal a partial disor-
dering of the material crystalline structure
during deposition. The disorder results in
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broadening of the main Raman band at
960 cm™1 and to appearance of additional
bands at 947 em™! and 970 cm~!. The ap-
pearance of the new bands is related to nu-
cleation of new phases, amorphous HAP
(947 em™1) and oxyapatite (970 em~1). In
ESR spectra of the HAP coatings, the lines
from intrinsic defects noticeably gain in in-
tensity. Radiospectroscopic parameters of
these lines allowed identifying of Oj; -radi-
cals and F-centers. The general character of
the defects and their localization corrobo-
rate the Raman results concerning nuclea-
tion of the new phases as well as formation
of nanostructured iron.
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Hocaimxenna mertomavmu cuektpockomnii KPC ra EIIP
TiIPOKCHIANIATUTHUX NMOKPHUTTIB, OTPUMAHUX METOJAOM
ra3oeTOHALIMHOI0 OCAMKEeHHI

B.H./[swazan, M.A.Banax, A.A.Konwuy, H.Il.Bopona,
B.C.€panos, M.H.Knwii, B.Il. Temuenxo, B.A./Jy6ox

Metomamu kombinamiiiHoro posciguaa cBitaa (KPC) i enexkTponHHOro mnapamarHiTHOro
pesonaucy (EIIP) mocaigskeHo cTpyKTypHY Momudikarito rizpoxkcumanarury (IAII), orpuma-
HOTO METOJOM JeTOHAI[IMHOTO oca:KeHHA Ha MeTaJieBi migkjaagku. BudaBjieHo, 1o mero-
Hanifine ocamkenHa BuxigHoro nopormka I'AlIl Bege 10 cyTTEBOTO yIIMPEHHS OCHOBHOI CMYTU
3 MaKCcHMyMoM 6ausbko 960 cMl, a Takom X0 ITOABM HOZATKOBHX CMYT 6imsbko 947 i
970 cm L. ¥V cuexrpax EIIP coocrepiraerbes gedexr, mo Bimosizae O; -paguxany i F-ment-
pam. 3minu y cuekrpax KPC i EIIP Bkasyiors Ha JoKaJabHI 3Minu y crpykrypi 'AII, a came
Ha amopdisaliiro Ha imTepdeiici migKmIagKa-IOKPUTTS, YACTKOBY Ierigpariio ta 30iJbIIeHHS
KoHmeHTpalii Baacuux gedexrtiB. Takom crocrepiraerbcsi 3apoasKeHHs HOBOI (pasu oKciama-
TUTY .
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