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ABSTRACT

Surface modification of zirconia substrate for dental implants by

room temperature spray coatings

Jeong Jun Kim
Advisor : Prof. Jong Kook Lee, Rh.D.
Dep. of Advanced materials Engineering,

Graduate School of Chosun University

3 mol% yttria-stabilized zirconia (3Y-TZP) ceramics have received considerable attention as
non-failure materials for dental implants due to superior mechanical properties (high bending
strength, fracture toughness), biological properties (biocompatibility, biofunctionality) and optical
properties (high transmittance, excellent esthetics). But, manufactured zirconia implants from the
computer-aided design and computer-aided manufacturing (CAD/CAM) and post-sintering process
have disadvantage to low surface roughness and many surface defects due to processing
characteristics. By the previous reports, zirconia implants with low bioactivity could be detached
from the gums during the maintaining for a long time because of low bone-bonding ability and
less cell adhesion. In this study, we tried to improve the bioactivity of zirconia substrate by the
powder coating of zirconia and hydroxyapatite. For this purpose, surface coating on zirconia
substrate was performed by room temperature spray processing, which could enhance bioactivity
and surface roughness. We also investigated the microstructural change and surface roughness of
coated surface and analyzed the bioactivity by in vitro test in SBF solution.

Firstly, we controlled the processing factors for room temperature spray processing
(particle size of raw material, spraying distance, and number of deposition cycle) to obtain
the optimal condition for high surface roughness of coated layer.

Secondly, we prepared four types of zirconia substrate with different surface morphology
by the grinding on silicon carbide (SiC) abrasive papers with the number of #220, #400,
#800. After performing the zirconia powder coating on substrate, we investigated the effect

of surface-grinding of substrate on the surface roughness and morphology of coated layer

- Vil -
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and optimal coating condition for biological aspects.

Finally, we tried to fabricate the bioactive zirconia substrate by the surface coating of
hydroxyapatite powder. Also, we investigated the improvement of bioactivity of zirconia
substrate by the analysis of coating layer via microstructural observation and in vitro test
in simulated body fluid (SBF) solution.

From the above experimental investigation, we could be obtained meaningful conclusion

as follows;

Firstly, surface roughness of zirconia substrate could be enhanced by the deposition of
zirconia particles using a room temperature spray processing. Coated layer have 2~3 times
surface roughness, compared with an sintered zirconia substrate. Surface roughness and
microstructural feature of coated layer were dependent on the processing parameters.
Surface roughness of coated zirconia substrate gradually increased with the number of
repeated deposition cycle and decreased with spraying distance. Coated zirconia layer had a
homogeneous and dense microstructure with wave pattern, consisting of nanoscale tetragonal
zirconia grains.

Secondly, surface grinding by SiC abrasive paper was created large and small scratches
on zirconia substrate, it affected to the surface roughness and surface morphology of
coating layer formed by room temperature spray processing. Surface grinding of zirconia
substrate resulted to the reduction of surface roughness on coated layer. Surface
morphology and coating thickness were dependent on the substrate roughness and surface
texturing, relying on the type of surface grinding. Maximum surface roughness (Ra; 0.42
pum) and film thickness (9.6 um) of coated layer were obtained from the as-received
substrate with maximum substrate roughness. In contrast, minimum surface roughness (Ra;
0.32 pm) and film thickness (3.2 pm) of coated layer were obtained from the fine grinded
substrate with minimum substrate roughness.

Finally, we confirmed that the bioactivity of zirconia substrate could be improved by the
surface coating of hydroxyapatite powder. Hydroxyapatite coating on zirconia substrate by
room temperature spray processing was induced high surface roughness by the formation of
hydorxyapatite nanoparticles on coated layer and it accelerated the precipitation of nanoscale

hydroxyapatite particles on the surface of coated layer during the in vitro test in SBF

- VI -
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solution under pH 7.4 for 1 to 14 days. The newly precipitated particles were evaluated to

the spherical basal type with the size 4.0~7.0 pm.
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Fig. 1. Crystal structure of zirconia.
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Fig. 2. Inhibition of crack propagation by stress-induced phase transformation of tetragonal

zirconia.
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Fig. 3. Crystal structure of hydroxyapatite.[25]
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Fig. 4. Surface morphology of fabricated zirconia implant by CAD/CAM mechanical

machining; (a) implant surface and, (b) micro-cracking on sintered specimen.[31]
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Fig. 5. Apparatus for room temperature spray coating.

_14_

“Collection @ chosun



Table 1. Processing parameter as reported for room temperature spray coating.[36]

Room temperature spray processing parameters

Carrier gas Air, N, Ar, He
Gas flaw 1 — 30 L/min
Sweep speed 0.05 — 10 mm/s
Nozzle size Slit nozzle 2.5 x 0.2 up to 25 x 0.8 mm’
Spraying distance 0.05 — 50 mm
Pressure in deposition chamber 0.15 — 15 torr
Pressure in aerosol chamber 45 — 800 torr
- 15 —
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Kinetic energy

Low

Particle size and
agglom. state

High

Effect

+ Bow shock deflection

Small particles <100 nm Medium size 200 nm—2 ym

Agglomerates Large particles >> 10
+ Substrate deformation (soft) - Fracture and separation - Fracture of particles
- Elastic bouncing + Plastic deformation and of particles » Abrasive blasting of
fracture « Porous films with substrate or surface

+ Film formation and insufficient quality * No film formation

consolidation
i T B » Formation of an anchor layer / interface
Stage of AD - - Deformation of soft substrates
film formation | stage1 R . Distinet layer with high adhesion,
density and nanocrystallinity
 stage 2

+ Film formation and growth by RTIC
+ Consolidation by hammering of
B cubsoauntparichs

Fig. 6. Room temperature impact consolidation (RTIC) mechanism.[36]

— 16 —
(“)Collection @ chosun



A1 A AE

=0

Hr

wK

3 mol%2% Y,0:7} #H7}

oA FAol 2

=1
=

arL
o

tel CAD/CAM 7174 7}

o

3ol

E

=

o] 71AA
23Yo} BEES ALE

1

I Azdd 28u &4 54 4, 71A 7heel 9

9|

A

[¢)

Eap= Rl

RUELE
E =
—_—

s
—a
B

W

K

9|

Ax o] LA

wARS 7

&= aL

S

R

ol A
o] A i

=

1

s}
o

stol 717

S

d m Aol ¢

_‘{

3

of A

5]
2 CAD/CAM 714 7}& %

A

ln

i

N

Jol A=
o Qe A

°

Aol

=

)

SEEISREE

-
1

Ao A]

=

ofy
wmo
o
o)

0

O

Ho

_17_

Collection @ chosun



=)

H

A2 A AF

B
~

=K

?l_

283519 3 mol%e Y203

1100 °Cel
Foack 1 o

=
=
5

(Lumi-m, Seoul, Korea)

171 $1ske] =710 FaL 140 °CollA 64]

S

oF 1 g9 A=FYo} FH(Tosoh, Tokyo,

34

ke
T

SEEIRPREE}

beiek o %,

&

to] f23 FEE A

S

7hst
o}
H

shol 3

X3

o
=

8 (Cold isostatic pressing, CIP)

A7 F 1450 °Coll A 2417 A4

20 MPa2]

A

S

1

o
= X

tel FAFd 24 1) 7 (Field-emission

5]

°
=

scanning electron microscope, FE-SEM)

stol 34

°o]&

=
=

7](Particle size analysis, PSA)

e
mj

o] §-3}o]

=
=

7](X-ray diffractometer, XRD)

K
T
il

F2

3|

TE 10 3], 20 3], 40 3|2 Ao

re oo}

5 mm, 10 mm, 15 mm= A%

=
=

1 o]

=N
=4

=
=

A8, ol

o
T

I 59 ¢S 70 mTorr=

1 o]

A
=]

2 Aot dojzE

=
[}

3

e

=
=

B

=
i=

2 oolzE

27F2~9 FHS 5 L/minl 2 Ao
Foth 15 x 1 mm’e] &

S

o

e

™

g 94

HL 2.3 torr

o}
H

3

Ho

ol

REEES

PN
T2

=1}
=

bl

22

0
_Z#O

7] (Center-line average

KN
=

(Atomic force microscope, AFM)

Ho

surface roughness, Ra)

Fig. 7, Table 20 “ERHRATH

=
=

}4 7} 917

_18_

Collection @ chosun



3Y-TZP powder

Commercial 3Y-TZP powder

Disc type uniaxial pressing

Calcination (1100°C,2 h)

Cold isostatic pressing

Homogenization

Sintering (1450°C,2 h)

Drying (140°C, 6 h)

Room temperature
spraying process

Coated layer on 3Y-TZP substrate

Observation of coated layer
microstructure

AFM analysis on coated layer

Collection @ chosun

Fig. 7. Schematic diagrams of experimental procedure for 3Y-TZP coating.
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Table 2. Experimental parameter of room temperature spray coating.

Room temperature spray processing parameters

Carrier gas

Gas flaw

Sweep speed

Vibrator speed

Nozzle size

Spraying distance

Number of deposition cycle
Pressure in deposition chamber

Pressure in aerosol chamber

N

5 L/min

2 mm/s

600 rpm

Slit nozzle 15 x 1 mm’
5, 10, 15 mm

10, 20, 40

2 — 3 torr

50 torr

Collection @ chosun
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Fig. 8. Particle morphology and agglomeration size distribution of (a) raw material, and (b)

calcined 3Y-TZP powder.
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Fig. 9. Phase composition of calcined 3Y-TZP powder.
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Fig. 10. Color change in 3Y-TZP-coated film on zirconia substrate as a function of

spraying distance and deposition cycle.
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Fig. 11. Phase composition of 3Y-TZP coating layer on zirconia substrate as a function of

spraying distance and deposition cycle.
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1 15.0kV 8.2mm x3.00k SE(M)

Fig. 12. Surface microstructure and morphology of zirconia substrate.
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Spraying distance; 5 mm

o9

Ra; 0.31 pm

o9

Fig. 13. Surface microstructure and morphology of 3Y-TZP coating layer as a function of
deposition cycle and fixed spraying distance of 5 mm; (a) 10 cycle, (b) 20 cycle, and (c)
40 cycle.
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Spraying distance; 10 mm

Fig. 14. Surface microstructure and morphology of 3Y-TZP coating layer as a function of
deposition cycle and fixed spraying distance of 10 mm; (a) 10 cycle, (b) 20 cycle, and (c)
40 cycle.
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Spraying distance; 15 mm

Fig. 15. Surface microstructure and morphology of 3Y-TZP coating layer as a function of
deposition cycle and fixed spraying distance of 15 mm; (a) 10 cycle, (b) 20 cycle, and (c)
40 cycle.
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Spraying distance; 5 mm Spraying distance; 10 mm Spraying distance; 15 mm

| Thickness; 5.2 pm Thickness; 4.1 pm Thickness; 3.5 pm

Fig. 16. Interface microstructure of 3Y-TZP coating layer as a function of spraying distance

and deposition cycle; (a) 10 cycle, (b) 20 cycle, and (c) 40 cycle.
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Fig. 17. Variations of (a) surface roughness, and (b) coating thickness as a function of

spraying distance and deposition cycle.
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3Y-TZP powder Commercial 3Y-TZP powder
I I
Disc type uniaxial pressing Calcination (1100°C, 2 h)
I I
Cold isostatic pressing Homogenization
I I
Sintering (1450°C,2 h) Drying (140°C, 6 h)
I I
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Room temperature

spraying process
I
Coated layer on 3Y-TZP substrate
I

Observation of coated layer
microstructure

I
AFM analysis on coated layer

Fig. 18. Experimental procedure for 3Y-TZP coating by room temperature spray coating.
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Fig. 19. Phase composition in 3Y-TZP layer on zirconia substrate as a function of

surface-grinding.
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10.0um

Fig. 20. Surface microstructure and morphology of zirconia substrate as a function of

surface-grinding; (a) as-received, and (b) #220.
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Fig. 21. Surface microstructure and morphology of zirconia substrate as a function of

surface grinding; (a) #400, and (b) #800.
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Fig. 22. Surface microstructure and morphology of 3Y-TZP coating layer as a function of
surface-grinding; (a) as-received, and (b) #220.
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10.0um

Fig. 23. Surface microstructure and morphology of 3Y-TZP coating layer as a function of
surface-grinding; (a) #400, and (b) #800.
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(a) Thickness; 9.6 pm (b) Thickness; 7.5 pm

Fig. 24. Interface microstructure of 3Y-TZP coating layer as a function of surface-grinding;

(a) as-received (b) #220, (c¢) #400, and (d) #800.
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3Y-TZP powder Commercial HA powder
I I
Disc type uniaxial pressing Calcination (1100°C, 2 h)
I I
Cold isostatic pressing Homogenization
I I
Sintering (1450°C, 2 h) Drying (140°C, 6 h)

Room temperature
spraying process
I
Coated layer on 3Y-TZP substrate

Observation of coated layer
microstructure

In vitro test on coated layer

Fig. 26. Experimental procedure for hydroxyapatite coating by room temperature spray

coating.
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Fig. 27. Particle morphology and agglomeration size distribution of (a) raw material, and

(b) calcined hydroxyapatite powder.
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Fig. 28. Phase composition of (a) raw material, and (b) calcined hydroxyapatite powder.
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As-received 5 Cycles 10 Cycles 20 Cycles 40 Cycles

Fig. 29. Color change in hydroxyapatite-coated film on zirconia substrate as a function of

deposition cycle.
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Fig. 30. XRD patterns and EDS spectrum of hydroxyapatite coating layer on zirconia
substrate as a function of deposition cycle; (a) phase composition, and (b) elements

composition.
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Ra; 0.15 pm

1 15.0kV 8.7mm x5.00k SE(M) Y P it) Dunlw

Fig. 31. Surface microstructure and morphology of zirconia substrate.
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Fig. 32. Surface microstructure and morphology of hydroxyapatite coating layer as a
function of deposition cycle; (a) 5 cycle, and (b) 10 cycle.
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Ra; 0.41 pm

Fig. 33. Surface microstructure and morphology of hydroxyapatite coating layer as a
function of deposition cycle; (a) 20 cycle, and (b) 40 cycle.

_57_

{“ICollection @ chosun



(a) Thickness; 2.9 um (b) Thickness; 5.3 pm

n [ Smm-40 15.0kV 8.9mm x2.00k YAGBSE

Fig. 34. Interface microstructure of hydroxyapatite coating layer as a function of deposition

cycle; (a) 5 cycle, (b) 10 cycle, (c) 20 cycle, and (d) 40 cycle.
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Coating thickness (um)

Fig. 35. Variations of (a) surface roughness, and (b) coating thickness

deposition cycle.
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Fig. 36. Microstructural change caused by reprecipitated hydroxyapatite particles on coating

layer during in vitro test in SBF solution; (a) as-received, (b) 1 day, and (c) 3 days.
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Fig. 37. Microstructural change caused by reprecipitated hydroxyapatite particles on coating
layer during in vitro test in SBF solution; (a) 5 days, (b) 7 days, and (c) 14 days.
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Fig. 38. XRD patterns and FTIR spectrum of hydroxyapatite coating layer as a function of

soaking time in SBF solution; (a) phase composition, and (b) absorption peaks.
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