Functional Materials 18, No.3 (2011)

Properties of the hydroxyapatite coatings
obtained by gas-detonation deposition onto
titanium substrates
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In this study GDD technology optimization is carried out. It was indicated, that
gas-detonation deposition technique allows obtaining hydroxyapatite coatings with thick-
ness of 280 um during 20 s. The adhesion of those coatings to substrate is significantly
exceeds relative values for ISO standard (ISO — not less than 15 MPa, plasma spraying —
20-40 MPa, GDD coating — 71.7+4 MPa). The crystal and phase structure of initial
powder and deposited coating were investigated by the layerwise X-ray diffraction. Par-
ticularly, from the X-ray spectra analysis it was determined the absence of irrelevant HA
phases in both initial powder and obtained coating. Moreover, the Ti substrate’s lines are
appeared with minimal coating thickness less than 30 pm.

UccnemoBanbl MOKPBITUSA OMOAKTHUBHON KepaMUKU T'MAPOKCHUANATUTA HA TUTAHOBBIX IOJ-
JIOKKAaX, TMOJYUEHHBIX METOJOM ras3o-IeTOHAIIMOHHOTO ocakIeHusd. IlokasaHo, UTO MeTO[
raso-JeTOHAIIMOHHOTO OCAMKIEHUS MMO3BOJAET MOJYUYaTh MOKPBITUA TMAPOKCHUATIATUTA TOJIIIU-
"ot mo 250 MM 3a 20 c. Axaresusa u sHavenume ISO TaKuUX MOKPBITUII K MOAJOKKe B 4—6 pas
IpeBBINIAeT a[Are3nio MPU IJIa3MEHHOM OCaKIeHuU. MeTOZOM IIOCJIOMHOTO PEeHTIeHOCTPYK-
TYPHOT'O aHAJMW3a HCCJAEeNOBAHBl KPUCTANJIUUYECKAsd CTPYKTypa U (hasoBBIHl cOCTaB MCXOTHOI'O
TOPOIIIKA W OCAMK/JEHHOTO MOKPBITHUA. IloKasdaHO OTCYyTCTBME IMOCTOPOHHUX (pas rugpoxcuara-
TUTA KAK B HMCXOJHOM IIOPOIIKE, TAK U B OCAXKJIEHHOM MOKPBITUU. MUHUMAaJbHASA TOJIIMHA
HOKPBITUSA, TP KOTOPOH MPOABAAIOTCS JUHUU MOAJOMKKU, He mpeBbiaer 30 MKM.

© 2011 — STC "Institute for Single Crystals”

1. Introduction

Among the known bioactive ceramic coat-
ings used in medicine for surgical implants
production the hydroxyapatite (HA —
Ca g(PO,4)s(OH),) based coatings are most
widely used and studied. This is due to the
fact that exactly HA coatings not only form
the inorganic bone tissue and tooth enamel

Functional materials, 18, 3, 2011

[1, 2] and possess biological compatibility
with the human body, but also form direct
chemical bonds with bone tissue and able to
be gradually replaced by living one. This
requires the coating in its phase, chemical
composition, crystal structure to be fully
complied with the relevant characteristics
of the initial powder. Mostly, these coatings
must have minimum of defects, maximum
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adhesion of the coating to the substrate,
minimum porosity, absence of amorphous
phase, etc. Titanium is usually used as a
basis for medical implants.

For the HA based coatings deposition the
methods for plasma spraying (APS — air
plasma spraying, VPS — vacuum plasma
spraying) are most widely used. However, it
is found to have some significant disadvan-
tages, such as an extremely high tempera-
ture in plasma being resulted in partial
melting of HA powder particles. When the
molten particles steam comes up to the
colder metal substrate, the abrupt cooling
leads to both significant disordering of the
HA crystal structure and the formation of
amorphous HA phase at the coating-sub-
strate interface. On the one hand, this ef-
fect improves the mechanical properties of
the coating, in particular, its adhesion [3,
4]. On the other hand, the amorphous phase
has the ability to very rapid dissolution
that was observed in-vivo and in-vitro [5].
This fact is important when using these ma-
terials as coatings for surgical implants. In
addition, due to significant difference in
thermal expansion coefficients of the HA
and the substrate material during cooling of
the deposited HA based coatings to room
temperature at the boundary of the HA —
substrate the thermal stresses and mi-
crocracks occur resulting in adhesion de-
creasing and increasing the coating dissolu-
tion rate in organism. To reduce the ther-
mal stress the coating thickness is limited
(less than 50 p). However, such a thick
coating dissolves much faster than their re-
quired live-times (20 years). Such effects
are typical for all high temperature deposi-
tion methods, such as plasma spraying,
magnetron sputtering, pulsed laser deposi-
tion and others. Furthermore, most deposi-
tion methods have a number of other short-
comings, such as low adhesion, high poros-
ity, imperfection of the crystal structure,
chemical and phase structure disordering of
the coatings, as well as the deficient coating
thickness — due to low productivity of
these methods.

In gas-detonation deposition (GDD)
method the high coating adhesion to sub-
strate is provided by high kinetic energy of
HA particles incident on the substrate. Pow-
der particles are injected into detonation
wave formed by gas confined explosion with
definite composition. This accelerates the
powder particles and transports to substrate.
Furthermore, in time of initial HA powder
deposition the particles are spread in a regen-
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erating environment preventing the influ-
ence effects of ambient air on a hot powder.

Gas-detonation method allows obtaining
high quality coatings. This is due to consid-
erably lower substrate temperature during
deposition than in plasma spraying. GDD is
a highly productive and high-technology
process providing to obtain coatings of a
wide thickness range. Adhesion of obtained
bioactive ceramic coatings can be 4—6 times
higher than the required standard ISO for
those HA coatings.

On the other hand, the hydration degree,
phase composition and crystal structure of
the coating and the initial HA powder may
differ due to high-energy HA particle flux
interaction with a cold metal substrate and
subsequent cooling of the deposited layer.
These issues have been already studied for
plasma and laser deposited coatings [6, 7].
In this paper HA based coatings deposited
by GDD technology onto titanium substrates
were investigated with the view of optimi-
zation of the technological GDD process.

2. Experimental

The deposition of hydroxyapatite layers
was carried out onto titanium substrates
with different thicknesses — from 0.2 up to
1 mm. The original gas-detonation setup
was used for the deposition. The
stoichiometric HA powder was used for gas
detonation deposition. HA powder was syn-
thesized by precipitation from a solution of
calecium nitrate and ammonium hydrogen
phosphate, in accordance with the following
reaction:

CaNO; + 6(NH4),H(PO,) + 8(NHOH = (1)

Precipitation was carried out at room
temperature and pH = 12 with vigorous
stirring of the solution. The precipitate was
left for 24 h. in the parent solution. The
solution was periodically stirred, boiled for
1 h., cooled, defended, filtered, added to
distilled water and again advocated. After a
five-fold repetition of this procedure, the
precipitate was washed with hot distilled
water. The resulting powder was dried at
the 120°C and annealed in air at 1000°C for
1 hour. When annealing the sintering and
grain shrinkage (about 10 % of linear di-
mensions) were observed. After this precipi-
tate was transformed into a uniform con-
glomerate, which has a porosity of 30 %
and strength of 5-7 MPa. In accordance
with the X-ray analysis, the synthesized
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material was a pure crystalline HA with
specific surface area of about 1 m2/g (meas-
ured by Brunauer-Emmett-Teller method)
corresponding to the initial powder particles
size of 2 pym. The X-ray reflections from
other phases were absent. As it has been
earlier assigned [8], for gas-detonation
deposition technology the size of HA pow-
der particles should be about 60-80 um.
Such powder was obtained by crushing in a
porcelain mortar and sieving to a powder by
appropriate sieves with an optimum size for
gas detonation deposition (60—-80 pm). The
resulting powder was found to be in the
irregular fragments form with the same po-
rosity as the sintered conglomerate.

The resulting powder was used for depo-
sition on the titanium substrate with dimen-
sions of 20x10 mm?2. Deposition was carried
out with a mixture of gases that are capable
of detonation (propane/butane-oxygen) in
purging between the cycles by compressed air.

The "fabricated section™ method was
used to study the adhesive properties of ob-
tained coatings. This technique eliminates
the disadvantages of the cementing process
for determining the coating adhesion to sub-
strate [12]. In order to determine the phase
composition, the HA coating with thickness
of 470 um was deposited. To study the coat-
ing phase composition and its thickness
change the cross-sectional X-ray diffraction
studies with a gradual polishing of the ob-
tained layer with a step of 70 pm were per-
formed. The X-ray diffraction patterns were
measured on a standard DRON-2 X-ray
spectrometer using CuKa-radiation. The
chemical content and dispersion parameters
of the initial powder and obtained coating
were studied using scanning electron micro-
scope (SEM) ZEISS 50 XVP (Germany).

The principle of gas-detonation technol-
ogy is based on the acceleration of particles
of required powder which is introduced into
the barrel through the spout, to a high ve-
locity, and further deposition on the sub-
strate. Acceleration is carried out in a deto-
nation wave, which is formed as a result of
the explosion gas mixture (in this case oxy-
gen + propane-butane). The GDD technology
is cyclic one with frequency range from 3 to
9 Hz. In our case, the short frequency was
fixed and equal to 6 Hz.

After explosion and powder deposition
the purification of the gas-detonation barrel
is carried out by compressed air or neutral
gas. The numerical values of the operations
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Fig. 1. Thickness dependences of the HA
based GDD coating on the distance between
GDD gun section to example. I— on GDD gun axis;
2 — 10 mm from the axis; 3 — 20 mm from
the axis.

duration are specified by configuring the
remote control [9-11].

Development of deposition technology
was carried out in the direction of change,
selection and optimization of the following
process parameters:

1) the explosive mixture composition
(oxygen and propane-butane); 2) the frequency
of GDD cycles; 3) the distance from the gas-
detonation gun outlet to the substrate; 4) the
amount of a powder which is introduced into
the detonation wave in the GDD process.

3. Results and discussion

3.1. Optimization of the
deposition technology

The dependences of coating thickness (d)
on the distance of gas-detonation (GD) gun
section (I) to specimen — are presented in
Fig. 1. The remaining GDD process parame-
ters were corresponded to so-called "basic”
mode. As can be seen from Fig. 1, the coat-
ing thickness, measured at the center of
deposition spot (on the axis of GD gun), in
time of changing [ to 200 mm, begins to
decrease. This behavior is due to the fact
that for small [ values, the flux dispersion
of accelerated particles is small and begins
to affect the thickness of the coating only
for sufficiently large [ values. A similar
form has a dependence d(l), obtained from
the coating thickness investigation at a dis-
tance of 10 mm from the axis of GD gun
(Fig. 1). Coating thickness in distance of
20 mm from the GD gun axis is almost in-
dependent of (.

From these results it follows that the
coating thickness of ~280 pum can be ob-
tained in a wide range of I. In addition, the
relatively small spread of d values (<30 %)
of the coating in the center of GD spot and
on the edge indicates the possibility of
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Fig. 2. Thickness dependence of the HA based
GDD coating on explosive mix proportion.
The regime number corresponds to x value.

forming coatings without scanning GD gun
(or sample) on a fairly large area. Both this
fact and the possibility of obtaining HA
based coatings of considerable thickness, in-
dicates a high productivity of the GDD
method.

As seen from Fig. 2, the dependence of d
on the composition of the explosive mixture
(ratio x = propane-butane / oxygen) is non-
monotonic. For small values of x (depleted
mixture — regimes 1, 2) the coating thick-
ness is small (<200 pm). With increasing x
the thickness of the coating increases and in
regimes 3—5 is approximately the same. The
further mixture enrichment (regimes 6, 7)
leads to a decrease of d. When using lean
mixture the required temperature and ve-
locity of a detonation wave is can not
reached leading to a low speed of the pow-
der particles. The latter, in turn, drastically
reduces the efficiency of coating formation.
On the other hand, a similar effect was ob-
served when using highly-enriched mixture
that leads to incomplete combustion of the
working gas.

Thus, there is an optimum range of x
values, which corresponds to the 3-5 re-
gimes on Fig. 2.

The intensity of the transport gas flow
(/) determines the amount of powder which
is introduced into the detonation wave. On
this basis, it becomes clear, why for small
values of f the forming coating thickness is
small (regimes I and 2 on Fig. 3). In these
cases, the amount of powder is not enough
for effective coating formation. With f
value increasing (regime 3) the efficiency of
coating formation becomes maximum. Fur-
ther the dependence of d(f) saturates, i.e.,
increasing the amount of powder, inserted
in the detonation wave, does not resulted in
increase of d. In this case, it is only the
portion of the powder that is effectively
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Fig. 3. Thickness dependence of the HA based
GDD coating on transport gas flux. The re-
gime number corresponds to f value.

used. Therefore, in terms of efficient use of
powder the optimum regime (by the flow of
transport gas) is regime 3.

Shown in Fig. 4 dependences of the de-
posited coatings thickness on the deposition
time indicate the possibility of obtaining
layers with a thickness higher than 200 um.
Furthermore, as can be seen from Fig. 4 the
dependence d(¢) is practically linear. The ap-
propriate technological route was proposed
on the basis of determined optimum GDD
process parameters for the formation of HA

based coatings.
The obtained results of GDD process op-

timization make possible to conclude the

next:
— estigation of the coating thickness de-

pendence on the main technological parame-
ters of the GDD setup allows us to optimize

coating technology;
— position process parameters changing,

such as distance from the edge of the gun
to the target, the temperature of the explo-
sive mixture composition, and the deposi-
tion time can vary coating thickness signifi-
cantly.

3.2. Properties of HA based
coatlings obtained by GDD

For successful application of developed
coatings in medicine it is necessary to en-

sure the following conditions:
— ensuring a high adhesion of the coat-

ing to the substrate, necessary hardness and

durability of the coating;
— providing the correspondence of coating

structure with structure of initial powder;
— relevance of the coating composition

to the initial powder composition (the ab-

sence of pollution and contaminations);
— the high rate of the coatings forma-

tion in order to ensure the effectiveness and
method efficiency for the deposition.

Functional materials, 18, 3, 2011
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Fig. 4. Thickness dependences of the HA
based GDD coating on deposition time for
different explosive mixtures: (oxygen / pro-
pane — butane ratio): 1 — 6:5, 2 — T:1.

3.2.1. Mechanical properties of the HA
based coatings.

In order to compare the properties of ob-
tained coatings by "fabricated section” tech-
nique the mechanical properties of HA coat-
ings deposited by GDD with thickness of
100 £ 10 ym were investigated. In accord-
ance with the "fabricated section” technique
[12], the coating elastic modulus is calcu-

lated as:
EH(e 2
Ec = ST _j -1} ( )
82
where E., E, — elastic modulus of coating
and substrate, respectively; ¢,, €, — rela-

tive longitudinal strain of coating and sub-
strate, respectively; 2H, h — thickness of
coating and substrate, respectively.

The elastic modulus values for coating
and substrate, obtained in this way, are
used to determine the adhesion and the co-
hesion strength of the coatings [13]. The
same sample with coating, partially depos-
ited on the substrate is used. The test re-
sults of samples with HA coating are given
in Table 1. From the table one can conclude

th,
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Fig. 5. Cyclic durability of HA based GDD

coatings and SYNTHETBONE bioceramic: 1 —
SYNTHETBONE biocomposite, 2 — hydroxya-
patite, 3 — bioactive glass.

the adhesive strength of GDD coatings is
being significantly higher than these listed
in the ISO standard (ISO-13779-2) for
plasma sprayed coatings (15 MPa). The elas-
ticity modulus of detonation HA coatings is
15-25 GPa. It is less than that of sintered
hydroxyapatite (560-90 GPa) [14] and being
explained apparently by GDD process influ-
ence.

At the same time the results of samples
strength testing are well-coordinated with
the bending test results of sintered hy-
droxyapatite (65 = 39 MPa) [15].

Fig. 5 shows the results of cyclic stabil-
ity tests of the HA based coatings, bio-
ceramics and SYNTHETBONE biocomposite.
The technological process of the samples in-
vestigations on the coatings cyclic stability
is simple. The sample is fixed in a special
clamping device, and starts to shake it with
a very high rate as long as the separation of
coating from the substrate is being started.
From Fig. 5 one can see that HA based coat-
ings are bear not less than 1.5-106 cycles.

3.2.2. X-ray studies of gas-detonation
coatings

The crucial questions in GDD coating de-
signing are phase changes in the obtained
coating, its amorphization and interaction
with substrate. It is known that similar

Table 1. Mechanical properties of the HA based coatings

No. of Spalling Peeling Elastic Elastic Adhesion Cohesion
example | deformation, | deformation, modulus of modulus of |strength, MPa|strength, MPa
% % coating, GPa |substrate, GPa
90 0.18 0.21 25.6 112 75.9 39.9
91 0.24 0.28 154 101 65.0 33.5
94 0.21 0.24 24.5 102 82.1 44.3
95 0.51 0.18 25.4 107 64.1 32.8

Functional materials, 18, 3, 2011
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Fig. 6. X-ray diffraction spectra of initial hydroxyapatite powder (1), Ti substrate (4), and HA
based GDD coatings measured after deposition (2—1) and after layer-by-layer removal of the coating

(2-4, 2-5, 2-7): * — HA, + — Ti.
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Fig. 7. Electron microscopic images of HA powder particle (a), HA based GDD coating (b).

studies of plasma sprayed deposited HA
layer found the substantial amorphization
of the HA layer, the vitreous phase appear-
ance and interaction with titanium [16]. For
these issues study the layerwise X-ray dif-
fraction with a gradual thickness reduction
by mechanical grinding of the layer was car-
ried out. Fig. 6 shows the X-ray spectra for
the initial HA powder (curve I), untreated
HA layer surface, subsequent internal lay-
ers with a gradual decrease in thickness
(curves 2—4, 2-5, 2-7), and pure titanium
substrate (curve 4). From the obtained spec-
tra one can conclude that coating structure
is corresponded with initial powder one. The
Miller indices (kkl) for hydroxyapatite being
crystallized in a hexagonal lattice with space
group P63/m are inscribed over the diffrac-
tion lines of the initial X-ray spectrum.

As can be seen that along the full thick-
ness of the deposited layer the coating ma-
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terial found to be a well-crystallized HA
without foreign phases and identical to the
initial powder. The minimum thickness of
hydroxyapatite displaying the substrate X-
ray spectrum lines is found as few as 30 um
(Fig. 6, curves 2-5, 2-7). From the absence
of X-ray bands, which are correspond to
irrelevant HA phases, we can conclude the
possible amount of other phases in the de-
posited coating is to be less than the analy-
sis sensitivity.

3.2.3. The chemical composition of in-
itial powders and gas detonation HA
based coatings

Fig. 7 shows electron microscopic images
of the initial powder particle and HA based
coating obtained by GDD. The results of
their chemical composition studies, per-
formed by electron microprobe analysis, are
shown in Table 2. Interestingly, the ratio of

Functional materials, 18, 3, 2011
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Fig. 8. Hip joint (a) and teeth (b) medical implants with HA based GDD coatings.
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Table 2. Chemical composition of the initial powder (Fig. 8a) and deposited coating (Fig. 8b)

Element Wt., % At., % Element Wt., % At., %

0] 54.88 73.61 0] 49.99 69.84

Al 0.00 0.00 Al 0.06 0.05

Si 0.23 0.18 Si 0.23 0.19

P 14.35 9.87 P 15.68 11.14

Ca 30.53 16.29 Ca 33.77 18.67

Sr 0.01 0.05 Sr 0.27 0.12
Total 100.00 Total 100.00
Ca/P =1.65 Ca/P =1.675

calcium and phosphorus in the deposited
coating is even closer to the well-known
from the literature optimal value of Ca/P =
1.67, than the corresponding value in the
initial powder. It should be noted that this
method does not allow hydrogen content de-
termining in the material. Therefore, for
further study and correct determining the
chemical composition of raw materials and
coatings based on them should be optional
to use the method of secondary ion mass
spectroscopy.

Fig. 8 shows the images of titanium im-
plants with developed gas-detonation coatings.

4. Conclusions

As a result of optimization on technology
of gas detonation depositing the HA coating
onto titanium substrates it was determined
the process technological parameters to ef-
fectively use the source powder and obtain
high quality coatings with the required
properties.

Results of the mechanical properties
study of HA coatings have showed signifi-
cant advantage of the gas-detonation deposi-
tion method compared with conventional
HA coating deposition methods. Coatings

Functional materials, 18, 3, 2011

with adhesion to substrate being in 4-
6 times higher than the corresponding value
established by international ISO-13779-2
standard for a HA coatings (ISO — no less
than 15 MPa) have been obtained. GDD
coating adhesion is up to 60—-80 MPa.

Layerwise X-ray analysis of HA coatings
has revealed perfect correspondence between
the obtained coating structure and initial
powder one. Irrelevant phases in the coating
(such as tricalcium phosphate, amorphous
calcium phosphate, etc.) which are pre-
sented at coatings obtained by conventional
deposition methods have not been observed.
Moreover, the minimum coating thickness,
through which the X-ray spectrum lines of
the substrate are observed, is about 30 um.
Even for this layer the possible amount of
irrelevant phases in the deposited coating is
less than the sensitivity analysis being
lower a few percent.
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BiaacTuBOCTi rifpokcuanmaTuTOBUX MOKPHUTTIB,
OTPUMAHUX METOIOM ra30JdeTOHAIINHOIO OCaAIKeHHSI
HAa TUTAHOBHUX IIiIKJaTKax

M.I.Knmwi, B.Il.Temuenko, O.I1.'puwros, B.A./Jyb6ox,
O.B.lllunkapyx, B.A.Jlawenxo, C.M.Bapunos

HocaigxkeHo MOKPUTTS 0i0AKTHMBHOI KepaMiKM TiAPOKCHANATUTY HA THUTAHOBUX IIiIKJIA-
Kax, [0 OTPMMAaHI METOZOM raso-IAeTOoHaIiiiHoro ocajskenHsi. [lokasamo, 110 TaKHil MeTO[
I03BOJIAE OTPUMYBATH IOKPUTTS rigpokcumamarury ToBIuHOIO m0 250 mKM 3a 20 c. Axresisa
TaKUX MHOKPUTTIB n0 migkaazxku B 4—6 pasiB mepesuinye Bigmosimue sHauenHs ISO mnpwm
IJIa3MOBOMY ocam:KeHi. MeTomoM MOIIapOBOr0 PEHTreHOCTPYKTYPHOIO aHaJdisdy [IOCIiIKeHO
KPUCTANIYHY CTPYKTYPY i (pasoBuii CKJaJ BUXIiJHOrO IIOPOMIKY Ta OCALMKEHOI'0 IIOKPUTTS.
Amnanris peHTreHiBCbKMX CIEKTPiB IIOKAa3aB BiACyTHIiCTH CTOPOHHIX (ha3 rigpoxcumanaTury siKk y

BUXiJTHOMY IIOPOIIKY, TaK i B ocam:KeHOoMy HOKpurTi. MiHmiMmanbHa TOBIIMHA HOKPUTTS, IPU
AKifl nposBasiorbea JgiHil migkaagzxku, He nmepesuinye 30 MKM.
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