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ABSTRACT

Surface modification of zirconia substrate for implant by

the coating of bioactive materials

Yu Hyeon Yun
Advisor : Prof. Jong Kook Lee
Dep. of Advanced Materials Engineering

Graduate School of Chosun University

Zirconia ceramics have excellent mechanical properties such as corrosion resistance,
abrasion resistance, and chemical stability, so they have used for hip implants,
bearings, and grinding balls. In addition, it has excellent light transmittance,
biocompatability, and a similar color with a tooth, so it used as a dental implant. In
the past, titanium-based materials were mainly used as medical implants because
they had excellent mechanical properties and easy machining ability, despites of their
low bioactivity.

Among zirconia-based ceramics, tetragonal stabilized zirconia containing 3 mol% of
yttria (3 mol% yttria—stabilized tetragonal zirconia polycrystals, hereinafter referred to
as 3Y-TZP) is used as the main material for dental ceramic implant. Due to its
aesthetics, it is emerging as an alternative material for titanium implant. 3Y-TZP is
an attractive biomaterial because of its high biocompatibility and relatively high
fracture strength. In particular, after the introduction of the CAD/CAM in the
manufacture of ceramic implant, it has been mainly used for prosthetic restorations
where aesthetics and strength are required.

Also, 3Y-TZP has been studied as a ceramic restoration and osseointegration
materials. In the case of simply machined 3Y-TZP implant product, its
osseointegration reaction in body is similar to that of titanium, but when surface
modification 1s performed, osseointegration performance of 3Y-TZP is superior to
titanium 1implant. 3Y-TZP implants without metallic color are bioinert and

biocompatible, and do not interfere with the growth of osteoblasts, indicating better
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osseointegration relatively.

In this study, to improve the surface roughness of zirconia implants, we modified
the 3Y-TZP surface with bioactive materials using sol-gel and room temperature
spray coating methods, for examples, hydroxyapatite, wollastonite, and biocomposite
of hydroxyapatite and forsterite.

Firstly, hydroxyapatite as a bioactive material was deposited on 3Y-TZP substrate
by sol-gel method in order to improve the surface bioactivity and roughness of
zirconia substrate. In this experiment, we investigated the effect of microstructural
and biological changes on the coating condition through the enhancement of surface
roughness and bioactivity of zirconia substrate.

Secondly, we studied the wollastonite surface modification on 3Y-TZP substrate by
room temperature spraying process. After the pre-treatment of commercial
wollastonite powder by calcination, we fabricated the coating surface on substrate
with various thickness by the control of deposition cycle. We also finally investigated
the biological properties of modified 3Y-TZP substrate through an in vitro
experiment.

Finally, we modified 3Y-TZP surface using the biocomposite powder of
wollastonite and forsterite by room temperature spray coating and investigated the
mixed effect of two typed powders on the evolution of surface microstructure, i.e,
coating thickness and roughness, and biological interaction during the in vitro test in
SBF solution. comparing the bioactivity improvement through the observation of
dissolution and re-precipitation on specimen surface.

From the above experimental study, we arrived at meaningful conclusions as
follows;

In the first experiment, the surface microstructure and deposition thickness of
coated HA layers are dependent on the coating cycles. With increasing the coating
cycles, HA coating thickness also increased in proportion to coating cycle, but the
surface roughness of coating layer gradually decreased due to the dense arrangement
of HA particles. The maximum surface roughness (Ra; 0.25 um) of HA coating layer
was obtained at minimum coating thickness among the samples. From in vitro test in

SBF solution, slight dissolution of HA coatings was observed, reduced the surface

_7_

Collection @ chosun



roughness of coating layer. In general, HA coatings contributed to roughness
improvement of 3Y-TZP surface, and conclusively, the bioactivity of 3Y-TZP
substrate.

Secondly, bioactive wollastonite coating layers were uniformly deposited on
3Y-TZP substrates with various surface microstructure and coating thickness,
depending on the deposition cycle or the type of starting wollastonite powder. A net
pattern on coating layer of 3Y-TZP substrate was evolved as the wollastonite
coating layer thickened. Also, surface roughness of coated wollastonite layer was
increased with coating thickness. Maximum surface roughness (Ra = 0.45 ym) was
obtained at the coating layer fabricated by 40 deposition cycles using wollastonite
powder calcined at 900 °C. From in vitro test in SBF solution at pH 7.4, we observed
severe dissolution at initial stage of immersion on wollastonite coatings. In addition,
new precipitated hydroxyapatite particles were covered on wollastonite coating
surface after 5 days of immersion. Conclusively, the wollastonite coating on zirconia
substrate by the room temperature spraying process could substantially improve the
bioactivity of 3Y-TZP substrate.

Finally, we confirmed the bioactivity improvement of 3Y-TZP substrate by the
surface modification with hydroxyapatite+forsterite composite powder using a room
temperature spray coating, From the comparative investigation of surface
microstructure with pure hydroxyapatite coating, thin coating layer was fabricated by
a room temperature spray coating. Hydroxyapatite coating had maximum thickness of
26 um for 40 deposition cycles, but, thin coating of 10.1 um was obtained from
composite powder at same processing condition. From the result of in vitro test,
dissolution by SBF solution, and then new precipitation of hydroxyapatite were faster

at hydroxyapatitre coating layer than that of composite powder.
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Fig. 1. Crystal structure of zirconia.
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Fig. 2. Solubility of calcium phosphate ceramics.
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Table 1. Kinds of calcium phosphate ceramics, and their solubility. [43]

C d Chemical Ca/P Density Solubility
ompoun formula ratio (g/cm?) (Ksp)
Dicalci hosphat hyd
icalcium phosphate anhydrous CaHPO, 1.00 593 107690
(DCPA)
Dicalcium phosphate dihydrate 659
CaHPO-2H0 1.00 2.31 10™
(DCPD)
Octacalci hosphat CagH2(PO4)s-5H
ctacalcium phosphate agHa(POy)s 133 561 10966
(OCP) 20
-Tricalci hosphat
47 ricaiciim prosphate 0-Cas(PO); 150  2.86 107255
(a-TCP)
B-Tricalcium phosphate _
-Casz(PO 1.50 3.07 107289
(B-TCP) B-Cas(POy)2
Tet Ici hosphat
etracaiciim PRosphate CasPOY:O 200  3.05 1038
(TTCP)
Hyd tit
ydtoxyapatite Caw(POJ)s(OH), 167  3.16 1071163
(HA)
- ‘IO -
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Fig. 3. Dental zirconia implant fabricated by CAD/CAM process
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Fig. 4. Experimental procedure of the hydroxyapatite coating by sol-gel method.
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0. Ra;0.15mm

Fig. 5. Sintered characteristics of the 3Y-TZP substrate; (a) surface microstructure

and (b) surface morphology.
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1 time 3 times 5 times

Fig. 7. Microstructural change of coated surface with coating cycle.
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1 time
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Ra; 0.25um
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500

Ra; 0.18pm

Fig. 8. Surface morphology of the hydroxyapatite—coated layers as a function of

coating cycle.

{ICollection @ chosun

_22_




1 time 3 times 5 times

Fig. 9. Microstructural change of hydroxyapatite-coated layer after the immersion

in SBF solution for 7 days as a function of coating cycle.
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1 time

3 times

5 times

Fig. 10. Surface morphology of hydroxyapatite-coated layer after the immersion in

SBF solution as a function of coating cycle.
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Commercial wollastonite powder

3Y-TZP powder

Calcination (900, 1000, 1100 °C/2h)

Uniaxial pressing (disc type)

Homogenization

Sintering (1450°C, 2h)

Drying (130°C, 12h)

Dense 3Y-TZP substrate

Room temperature
Spraying process

Coated 3Y-TZP substrate

Spraying distance; 5 mm

Number of deposition cycles; 5, 10, 20, 40
Carrier gas; N,

Gas flow; 5L/min

Nozzle size; 15mm x 1 mm

Vibrator; 600 rpm

Chamber pressure; 2-3 (orr

Microstructural and biological
observation of coated layer

XRD, SEM, AFM,
Surface roughness

In vitro test

room-temperature spray processing.
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Fig. 11. Experimental procedure for wollastonite coating on zirconia substrate by
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Fig. 12. Characteristics of wollastonite powders calcined at various temperature; (a)

particle morphology, (b) average particle size, and (c) phase composition.
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Fig. 13. Characteristics of 3Y-TZP substrate sintered at 1450 °C for 2 h; (a)

surface microstructure, (b) surface morphology, and (c) phase composition.
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Fig. 15. Microstructural change of wollastonite coating with deposition cycle and

calcination temperature.
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Fig. 16. Thickness variation of wollastonite coatings with deposition cycle and

calcination temperature.
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Fig. 17. Surface roughness of wollastomite coatings with deposition cycle and

calcination temperature.
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Hydroxyapatite/Hydroxyapatite+ 3Y-TZP powder
Forsterite(mole ratio; 1:1) |

Ball Milling for 24h, Drying (130 °C, 24h) Uniaxial pressing (disc type)
[ I
Calcination (1100 °C, 2h) Sintering (1450 °C, 2h)
I I
Homogenization, Drying (130°C, 12h) Dense 3Y-TZP substrate
[

Room temperature

Spraying distance; 5 mm

1T . Number of deposition cycles; 5, 10, 20, 40
spraying process = Carrieronsr ¥;
[ Gas flow; 5L/min
Nozzle size; 15mm x 1 mm
Coated 3Y-TZP substrate Vibrator; 600 rpm
[ Chamber pressure; 2-3 torr

XRD, SEM
- Surface roughness
In vitro test

Microstructural and biological
observation of coated layer

Fig. 19. Experimental procedure for hydroxyapatite, hydroxyapatitet+forsterite coating

on zirconia substrate by room-temperature spray processing.
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1100°C calcined Hydroxyapatite
powder

Hydroxyapatite powder

Fig. 20. Characteristics of hydroxyapatite powders before and after the calcination
at 1100 °C.
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Hydroxyapatite powder 1100°C calcined Hydroxyapatite powder

b 1A P

Cumulative Value (%)

Distribution Intensity (a.u)
Cumulative Value (%)
Distribution Intensity (a.u)

1,000 10,000 100,000

100 1,000 10,000 100,000 100

Diameter (nm) Diameter (nm)
Primary agglomerated particle; 260 nm Primary agglomerated particle; 560 nm
Secondary agglomerated particle; 2.9 pm Secondary agglomerated particle; 4.9 ym

Fig. 21. Particle agglomeration size distribution before and after the calcination at
1100 °C.
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T @ Hydroxyapatite o @ Hydroxyapatite
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N a0 Sk AL [ 0T Tk
K 4 ®e® . ! o
® 3 L.\.,./ oo /|20 o | | i\‘ | w\ | &
RS \2e) WMWMJ AR E
20 ' ?:o ’ 410 510 ’ 60 20 :’:u 4'0 s:o 60
2 Theta(degree) 2 Theta(degree)
Hydroxyapatite 1100 °C calcined Hydroxyapatite

Fig. 22. Phase composition of hydroxyapatite powder before and after the
calcination at 1100 °C.

_49_

Collection @ chosun



1100 °C calcined

. . .
HydvoxyspatiteForatenite powder HydroxyapatitetForsterite powder

Fig. 23. Characteristics of hydroxyapatite+forsterite powders before and after the

calcination at 1100 °C.
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1100 °C calcined

ot :
Hydroxyapatite+Forsterite powder Hydrotyapastie-Forstertio joyrder

Cumulative Value (%)
Distribution Intensity (a.u)

Cumulative Value (%)
Distribution Intensity (a.u)

100 1,000 10,000 100:000 100 1,000 10,000 100,000
Diameter (nm) Diameter (nm)
Primary agglomerated particle; 350 nm Primary agglomerated particle; 660 nm
Secondary agglomerated particle; 2.5 ym Secondary agglomerated particle; 5.3 ym

Fig. 24. Particle agglomeration size distribution before and after the calcination at

1100 °C.

_51_

Collection @ chosun



i @ Hydroxyapatite L4 @ Hydroxyapatite
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= - -
E L .!. | ¢ -~ E ® - @
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' " : I | ® | | |
' A | L ole) i) T g neel 1 ¥ et

30 a0 50 60 20 30 40

20
2 Theta(degree) 2 Theta(degree)

Hydroxyapatitet+Forsterite 1100 °C calcined Hydroxyapatite+Forsterite

Fig. 25. Phase composition of hydroxyapatite+forsterite powder before and after the

calcination at 1100 °C.
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(©) MtZirconia

Intensity (a.u)

L]
_JLJ LB _Jl_ _'IL,!_ .
w % w wm e m w
2 Theta{degree)

Fig. 26. Characteristics of 3Y-TZP substrate sintered at 1450 °C for 2 h; (a)

surface microstructure, (b) surface morphology, and (c) phase composition.
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Fig. 27. Phase change of hydroxyapatite coating with deposition cycles.
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5 cycles 10 cycles 20 cycles 40 cycles

Fig. 28. Microstructural change of hydroxyapatite coating with deposition cycles.
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1 day 3 days 5 days 7 days

Fig. 29. Microstructural evolution of hydroxyapatite coating during the immersion in

SBF solution for 7 days.
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Fig. 30. Phase change of hydroxyapatitetforsterite coating with deposition cycles.
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5 cycles 10 cycles 20 cycles 40 cycles

Fig. 31. Microstructural change of hydroxyapatitet+forsterite coating with deposition

cycles.
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1 day 3 days 5 days 7 days

Fig. 32. Microstructural evolution of hydroxyapatitetforsterite coating during the

immersion in SBF solution for 7 days.
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