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1. Introduction

Modern oral medicine and traumatic surgery widely
uses biocompatible materials based on aluminium oxide
and calcium phosphate ceramic for elimination of osteal
defects of different etiology. The major drawback of such is
low mechanical resistance [1-4]. A solution to this problem
is plasma spraying of powder aluminium oxide and calcium
phosphate materials in order to obtain ceramic coating of
implants. Resulting coating shall be of certain mechanical,
physical and chemical, and biological characteristics to
provide desired interreacting with internal milieu [5,6].

It is known that pore size in porous frame is defined by
the size of particles composing it [7,8]. We have developed
and are using a technology of plasma spraying for ceramic
coating of titanium endosteal implants with porous titanium
intermediate layer of titanium powder consisting of 250 pm
particles. This technology supposes usage of biocompatible
powder consisting of 40 to 120 um particles [9] as the
coating is necessary to be heavy porous for bone tissue and
blood vessel budding into the implant. However the space
of 40-120 um is wide enough for a coating with smooth
porous structure. Hydroxyapatite powder (HA) possesses
binding properties, that is why its sieving presents certain
difficulties, and powder size gap decreasing is not reasonable
due to essential material losses.

The purpose of the work is improvement of functional
characteristics of biocompatible plasma-sprayed implant
coating by means of smoothing their porous structure and
stabilizing their crystalline texture.

2. Experimental procedure and analysis of experimental
findings

There is a technique of powder quality improvement
based on its grain size distribution resulting in elimination
of ultrafine and fine fraction consisting in thermomechani-
cal processing (TMP) by means of prolonged annealing fol-
lowed by a slight grinding [10,11]. During TMP fine and the
most active particles of the original powder adhere together
and to the larger particles and in the process of the following
slight grinding do not detach as independent particles.

Large conglomerates (60-70 pm) which are not active
during TMP dissolve to finer particles of the base size in the
process of grinding. Thus, previously annealed and grinded
powder becomes less polydispersed than the basic one and
results in a more solid structure of a porous frame.

In the process of spraying ~ 40 um fine particles they are
warmed up greatly, though possessing low kinetic energy
they lose shape very little when bumping against the support
and do not adhere to it firmly as a result. When increasing
particle size above 40 pm their mass and inertial energy grow
up, that is why the particles slow down less and bump against
the support with a higher speed. This leads to a measurable
deformation, contacting area extending, increase of tension
and adhesion between the coating and the support as the
final result.

Based on the above the proposed TMP of endosteal
implant biocompatible powder consisting in creation of
base powder combined particles for spraying by means of
fastening (immobilization) of ~ 40 um fine particles to larger
ones leads also to increase of adhesion to titanium-based
coating with an intermediate layer of titanium powder.

In the process of plasma spraying in high temperature
stream heat-conducting path from a fine particle to a large
one preserves a number of fine particles from a complete
meltdown. Also when bumping against the support a com-
bined particle splits by separation a fine particle from a large
one. Herewith it is assumable that a fine particle possessing
kinetic energy and tension of a large particle breaks into
nanosized particles. Inclusion of biocompatible coating of
finer nanoscaled ceramic particles into the structure is rea-
sonable considering its functional characteristics improve-
ment due to increase of active contacting area between the
implant and the bone.

To stabilize parameters of aluminium oxide powder the
following methodics was tested: levelling of differently-
sized particles dispersion within implant bulk by means of
prolonged thermal processing of aluminium oxide powders
(Al,03) and their blenders followed by grinding [12].

A quality assessment methodics of Al,O3 powder pro-
cessing was developed. The quality factor is compessive
strength of trial tablets sintered from it.

Trial tablets of 8 mm in diameter are pressed from Al,O3
powders or their blenders with a plasticity agent supplement
in amounts of 2% of tablet mass in a press mould applying
0,32 hPa strain and are sintered in continuous operation
hydrogen pusher furnaces with temperature control and op-
tical pyroscope LOP-72 by 1750°C during 10 min and then
tested for compressive strength in a breaking machine. A
BB-22 enamel was used as a plasticity agent.

In the process of experiment heavy-grain aluminium
oxide powders composed of spheroid ~ 40-60 pm particles
and electrovacuum Al,O3 composed of ~ 1-3 um particles in
the amounts of 80% of coarse powder and 20% of fine powder
were intermixed in ceramic evaporation bowl during 15-20
min.

Freely poured AlyO3 powder blenders were annealed in
a temperature range between 1100 and 1500°C in hydrogen
during 3h and then crumbled in a ceramic mortar box dur-
ing 20 min.

The results of compressive strength tests presented in
table 1 prove that sample solidity increased after TMP. Max-
imum strength of samples is achieved by annealing of Al,O3
powders by temperature 1200-1250°C which indicates pro-
portional and the most effective particle setup (table 1).

Previously annealed and crumbled Al,O3 powder
blenders become more homogeneous in grain distribution
which is caused by dissolution of fine powder ultradisperse
fraction (-1 pm or less) which is fastened to microgranules
after powder blender processing (fig. 1).

Table 1

Test results of Al,03 powder blender samples annealed by
different temperatures

Blender anneal temperature, Sample compressive strength,

T°C oyield point, kg/mm?

No anneal 17,4
1100 22,2
1200 35,5
1250 35,4
1300 28,5
1400 25,6
1500 24,8




Fig. 1. Alundum powder blenders of different grain
distribution after TMP, x 300

To additionally assess mechanical resistance and service
life of AlyO3powder blenders a thermal cycling strength test
was done. For that reason a suspension was prepared in a
binder and poured into a spare cavity in reheating assembly
frame after placing a heater therein. Sample sintering was
executed in hydrogen medium by 1750°C during 10 min.
Tests were done in glass vacuum diodes (with vacuum not
lower than 3 - 10”7 Mmhg) in cycling mode (nominal stress =
9V - 3 min on, 7 min off) by temperature 1470°C (table 2).

Comparison of table 1 and table 2 results shows that
usage of homogeneous structure of Al,O3 powder blenders
which is achieved with the help of TMP by 1250°C facili-
tates obtaining of maximum service life coating consisting of
these blenders, and their high strength during cycling tests.

Thus, TMP of aluminium oxide powders by 1200-1250°C
leads to levelling of grain distribution which improves
functional characteristics of plasma sprayed biocompatible
material as a result of smoothing their porous and scaffold
structure.

The developed technology of AlyO3 powder TMP may
also be used during preparation of calcium phosphate ce-
ramic biocompatible powders before plasma spraying.

Table 2

Thermal cycling test results of intermediate layers consisting
of Al,O3; powder blenders of different grain distribution
annealed by different temperatures

Metallographical and fractographical analysis of the
coating conducted with the usage of biological light micro-
scope (model 10) and upgraded research metallographic mi-
croscope (model 8M) and profilograph-profilometer (model
170623) showed that TMP appliance by 800, 900 and
1000°C results in a smoother structure with larger pores
(fig. 2), with their size increasing by anneal temperature rise
adequately to surface morphology mutation (table 3).

R, um

d
Rz, um

e
Rz, pm

f

Fig. 2. Pattern (a,b,c) and external surface view (d,e,f) of
hydroxyapatite (HA) coating on titanium with an intermedi-
ate layer composed of titanium powder in the process of HA
spraying in the basic state (a,d) and after annealing by
800 °C (b,e) and 1000 °C (c,/ surface view scale — 90 x , pat-
tern scale — 150 x

Table 3
Impact of hydroxyapaxite powder anneal temperature on
asperity (R,) and size of open pore channels of a plasma
sprayed surface

Number of cycles (N, items)
Anneal terr}- needed for obtaining
perature o - ; -
ALO, powder filler insulation substance qestructlon
blenders, °C | - shrinkage | filler cracking peeling off the
frame
No anneal 450 1500 -
1200 800 no 4100
1250 790 no 4200
1300 150 no 3500
Burnt out af- | Burnt out after
1500 100 ter 250 cycles 250 cycles

Sintering tempera-
ture TMP, T, °C

Parameter “R,, um

Open pore channel
size, “'d, um

No processing 45,8 5-7
800 49,9 7,8-19,6
1000 104 20-39,2

*R, — inequality hight measured by 10 points
** — pores where the intermediate layer in bright field was seen

during metallographical analysis were treated as open pore channels.

TMP of hydroxyapatite polydispersed powders before
plasma spraying executed for the purpose of grain distribu-
tion and, subsequently, porous structure levelling was con-
ducted in temperature range between 800 and 1000°C. The
powders were annealed in muffle furnace during 3h and then
crumbled in a ceramic mortar box during 20 min. Tempera-
ture control was maintained with the help of thermocouple.

The resulting powders were sprayed onto Ti Grade 1 tita-
nium samples with an intermediate layer of titanium powder
composed of 250 um particles.

With an anneal temperature rise during TMP particle
coarsening typical for TMP results in a more developed
coating surface morphology and increase of open pore
channel size (table 3).

Anneal temperature impact tests were also conducted
during HA powder TMP concerning the powder structure,
crystallinity, phase composition, and binding properties
through X-ray diffraction and electron-microscopic analysis
(fig. 3, 5). X-ray diffraction and phase powder analyses were
executed with the usage of general purpose X-ray diffrac-
tometer (model 3). Sprayed surface morphology and laminate
pattern were examined with a MIRA II LMU scanning



electron microscope (SEM) released by TESCAN company
(Czech Republic) with a 9/IC Ynka Energy 350 attachment
by accelerating voltage of 20-30 kV. For this purpose a thin
aurum conductor layer (10-20 nm) was spread onto the
samples applying magnetron sputtering method.

TMP of HA base powders in a temperature range be-
tween 800 and 900°C does not lead to powder phase com-
position mutation but leads to crystallinity degree change
and inner stress decrease (table 4, fig. 4). HA in basic
state is considerably amorphous and possesses an unstable
structure. In the process of anneal in a temperature range
between 800 and 1000°C HA crystallizes and its stresses are
measurably lowered (fig. 4).

memww
Nt

1\V¢ﬁ';:i;i:~/q1f‘fkywv*«zv/NNV
40 38 36

34

a

o

Y

A

a8 46 m 2
20,°

Fig. 3. HA powder diffraction patterns without TMP (a) and
after TMP by: b — 800 °C; ¢ — 900 °C; o —1000 °C

Table 4
TMP anneal temperature impact on HA characteristics
Bindi Line occurence
B inding proper- T
T?/Iti:enjc ties (adhesion of Cdrys‘rcdllln;y B- Ca3(POy),
perature, powder to pestle) egree’, % cd=283A
(26=139,59)
No process- e 33 no
ing
800 yes 39 no
900 yes 45 no
1000 no (flowing) 57 yes

* Crystallinity degree was defined by diffraction pattern reflex
area and reflex and field total area ratio in angle interval 26 between
39 and 44°

Anneal by 1000°C results in a new phase formation —
tricalcium phosphate — B — Cas(POy)s which is defined
by an occurance of a new reflex on HA diffraction pattern
(fig. 3 d, table 4).

Considerable particle enlargement of biocompatible ma-
terial with an HA base by TMP temperature 1000°C leads
to depreciation of sputtering quality caused by formation of
large open pore channels (table 3) and, subsequently, notable
uncovered areas of the intermediate layer.
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Fig. 4. Interdependence between line half-width (211) of HA
powder diffraction pattern and TMP anneal temperature
before plasma spraying

Thus a recommended HA powder TMP anneal interval
lies between 800 and 900°C.

Smoothing hydroxyapatite coating structure after TMP
by 800°C is proved also by electron microscopical structure
tests (fig.5 a,b) [13]. At the fig. 5 traces on large particles
can be seen where finer particles immobilized during TMP
separated after bumping against the support. As a result, the
structure of hydroxyapatite coating consists not only of 180
nm nanoparticles formed by splitting HA particles in the pro-
cess of spraying, but also specific finer 40-60 nm nanoflakes
(fig. 5 d). Splitting of HA particles that underwent TMP is
presumably caused by their more crystallized structure.

Fig. 5. SEM-images of plasma sprayed hydroxyapatite coat-
ing without TMP (a) and after TMP anneal by 800°C (b-d)

3. Conclusions

Thus, the outcome of the tests are as follows:

1. Technologies of biocompatible aluminium oxide
and hydroxyapatite powders were developed. The
technologies lie in a prolonged anneal followed by
grinding which provide elimination of polydispersed
powder fine fraction, increase of an average particle
size, and consequently an average pore size, and
levelling the porous structure.



2. It was established that the developed method of
structure smoothing provides increase of strength and
service life of biocompatible aluminium oxide coating.

3. It was proved that hydroxyapatite powder TMP
results in levelling the porous structure and forming

astable crystalline texture of plasma sprayed coating
which facilitates its functional characteristics.
The reported study was funded by RFBR, research proj-
ect No. 12-08-31217 mol_a.
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B cmammi onucani docnioxcenns cmpyxmy-
pu ma enracmuéocmeri mepmo3MiyHeH020 apma-
myphnoeo npokamy mapxu Cm3TI'nc y nomoui
Oe3anepepeHux NPoKAMHUX CMANI6 3 GUKOPU-
CMannam cnocody nepepusucmozo apmyean-
ns. Ilposedenuit ananiz 3sminu mixpomeepoocmi
no nepemuny apmMamypHux CmpudicHie 3i cmai
Cm3I'nc no pisnum pesxcumam mepmo3miyHeHH

Knwuoei cnosa: cmpyxmypa, mepmo-
3MiyHenul apmamypruil npoxam, nepepueu-
cme zapmyeanns, mikpomeepadicmo
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B cmamve onucano uccaedosanue cmpyx-
mypovl U CEOUCME MePMOYNPoOUHeH020 apma-
myphoeo npoxama u3 cmaau Cm3I'nc 6 nomoke
OecnpepoléHbIx NPOKAMHBIX CMAHOE C UCNOTb-
3068anuem cnocoba npepovleUCmol 3aKANKU.
IIpoeeden ananus usmenenuss Muxpomeepoo-
Cmu no ceuenHuro apMamypHolX cmepicHell u3
cmaau Cm3I'nc no paznuunoim pedxcumam mep-
MoynpouHenus

Kntouesvte cnosa: cmpyxmypa, mepmoy-
npouHenbll apMamypHolil NPoKam, npepuieu-
cmas 3aKanKa, MUKpomeepoocmo
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