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ABSTRACT

Fabrication of zirconia ceramic implant by slip casting

and its surface modification by slurry coating

Woo Chang Kim
Advisor : Prof. Jong Kook Lee
Dep. of Advanced Materials Engineering

Graduate School of Chosun University

As the demands for long-term use increase in application of implants, the patients
want new types of dental implants and artificial bones, which concurrently have high
fracture toughness and surface roughness, superior aesthetics, excellent bioactivity
and biocompatibility, and optimal bone bonding strength. Currently, most dental
zirconia implants are fabricated by mechanical machining. However, mechanical
machining produces many cracks on the surface of zirconia compacts, and it causes a
decrease in mechanical properties and reliability of the sintered zirconia implants. In
order to improve the mechanical and biological reliability of zirconia implant after
implantation in body, it is necessary to enhance both of fracture toughness and
bioactivity simultaneously.

Fracture toughness and long-term stability of zirconia-based implants in body can
be improved by the removal of surface cracks using a non-machining process during
the shaping of implants. Also, the bioactivity of zirconia implant can improve by the
surface modification and it induces to bioactive layer from bio-inert surface of
zirconia, driving high bone bonding ability and superior cell adhesion.

In this study, we firstly tried to fabricate a zirconia implant free of surface cracks
by slip casting and post-sintering. Secondly, we made a purpose to improve the
surface bioactivity of zirconia implant by surface modification via slurry coating of
zirconia and hydroxyapatite powders, leading high surface roughness and outstanding

bioactivity.
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To achieve the zirconia implant without surface cracks, we prepared zirconia
green body by slip casting and investigated the effects of powder characteristics on
the slip properties, green compacts and final sintered body. From the experiment,
we established a processing condition for the preparation of optimal zirconia slip,
that 1s, pH 12, 1 wt% dispersant, and 65 wt% solid loading. As starting materials,
we used three types of commercial powder with a particle size of 27~36 nm. After
slip casting, specimens were sintered for 2 hours at 1450 °C. All samples showed
high sintered density of 6.05~6.08 g/cm® (maximum 99.5%) and grain size of 350~
700 nm, depending on the powder properties. Two kinds of zirconia powder are
suitable for producing dental implant by slip casting and posting-sintering because
final sintered implants have high density with small tetragonal grains and superior
surface properties with high surface roughness and free of surface cracks. On the
contrary, a remaining powder is inadequate for zirconia implant production by the
formation of large cubic grains and low sintered density.

Secondary, we modified zirconia substrate to enhance the surface roughness
using a slurry coating of zirconia powder. Two types of zirconia slurry for coating
were prepared by mixing of zirconia powder (large or small particle size) and
distilled water with processing condition of pH 12 and 1 wt% dispersant. Coating
layer on porous zirconia substrate was obtained by spin coating using an optimal
slurry. To control the coating thickness and surface roughness, coating process
was repeated to 8 times. After drying the coating layer, specimens were finally
sintered at 1500 °C for 2 hours. All coated specimens show high sintered density
and homogeneous coating layer. As the coating process was repeated, coating
thickness gradually increased from 0.7 to 1.7 um for slurry coating with small
particles. In the case of slurry coating with large particles, thick coating layer
was obtained, indicating from 0.9 to 2.0 ym according to coating times. Maximum
surface roughness was obtained from 4 times coating specimen and indicated to the
value of Ra 0.36 pm for the slurry coating of large particles and Ra 0.27 pm for
small particles.

Finally, the surface modification of zirconia substrate was performed by slurry
coating using a hydroxyapatite powder, improving the surface bioactivity of zirconia

substrate. Hydroxyapatite slurry for spin coating was prepared by mixing of
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commercial hydroxyapatite powder and distilled water. In the preparation of
hydroxyapatite slurry, processing parameters, for examples, solid loading, pH range
and dispersant content were controlled for the obtainment of optimal slurry. Slurry
coating was performed on porous zirconia substrate by the same processing of
zirconia slurry coating. Final hydroxyapatite coating layers on zirconia substrate
after sintering at 1500°C for 2 hours, shows homogeneous microstructure and
uniform layer thickness, depending on starting hydroxyapatite particle size. Surface
roughness of hydroxyapatite-coated zirconia substrate was higher than that of
uncoated substrate. Also, hydroxyapatite coatings fabricated from the slurry with
small particles were more effective to enhance the surface roughness than those of
large particles. Of the hydroxyapatite-coated layers, 4 times coated layer shows the
maximum surface roughness of Ra 0.49 um for the slurry coating of small particles
and Ra 035 pm for large particles. From in vitro test in SBF solution, we
confirmed that the bioactivity of hydroxyapatite-coated layer was enhanced by the
improvement of surface roughness, the formation of low wetting angle and superior

bioactivity of hydroxyapatite, compared to pure zirconia substrate.
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A)
Monoclinic phase . o
(1170°C)
B)
Tetragonal phase
(2370°C)
(&
Cubic phase

Fig. 1. Crystal structure of zirconia.[28]
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Table 1. Kinds of calcium phosphate ceramic and their Ca/P ratios and solubility.

[33]
C d Chemical Ca/P Density Solubility
ompoun formula ratio  (g/cm?®) (Ksp)
Dicalcium phosphate anhyd
icalcium phosphate anhydrous CaHPO, 1.00 993 107690
(DCPA)
Dicalcium phosphate dihydrat
icalciim phosphate Gyarate o HPO-2H,0  1.00 231 10765
(DCPD)
Octacalcium phosphat CagH,(PO,)6-5H
ctacalcium phosphate agH2(PO4)s 133 9 61 107965
(OCP) 20
~Tricalcium phosphat
- lricalcium phosphate a-Cas(POs); 150 2.86 107255
(a-TCP)
B-Tricalcium phosphate ~
~Cas(PO 150  3.07 107289
(B-TCP) B-Cas(POy)2
Tetracalcium phosphat
etfacaicium buosphate Cay(PO4);0 200  3.05 107%
(TTCP)
Hyd tit
ydroxyapatite Can(PO)s(OH); 167  3.16 1071168
(HA)
- ‘IO -
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Fig. 2. Solubility of calcium phosphate ceramics.[33]
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. Hydroxyl ion (OH)

O Calcium ion (Ca)

O Phosphates (PO,)

Fig. 3. Crystal structure of hydroxyapatite.[34]
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Fig. 4. Dental zirconia implant fabricated by CAD/CAM process; (a) zirconia

implant (b) micro-crack on sintered specimen.[35]
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Fig. 5. Schematic diagrams for the fabrication of ceramic component by slip

casting.[36]
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Fig. 6. Zirconia implant fabricated from slip—casting and post-sintering at 1450
Cfor 2 hours.[35]
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Commercial zirconia powder”

—l Water, Dispersant ( 1 wt% )
—{ pH 12 control by NH,OH

Ball milling for 24 h
|

Zirconia slarry™
|

Slip casting Drying at room temperature
1

CIP (20 MPa, 10 min)
]

Burn-out

Sintering (1450 C , 2 hours )

|| 300~600 C; 2 hours heating
600~900 C; 1 hour heating

*Three types of commercial 3Y-TZP powders calcined at 6007C; A, B, C
** Three contents of solid loading; 60, 65, 70 wt%

Fig. 7. Flowchart of experimental procedure for zirconia slurry and slip casting.
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Table 2. Powder characterization of three commercial 3Y-TZP powders.[41]

Specific area Crystallite size Y203 AlO3

Powder (m%/g) (nm) (%) (%) Phase
A 15..7 27 5.12 0.06 T &M
B 125 30 5.35 0.048 T &M
C 10 36 9.35 0048 T & C

T, Tetragonal, M; Monoclinic, C; Cubic
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Fig. 8. Phase composition of the three types of commercial 3Y-TZP powders by

the XRD analysis; (a) before of sintering, (b) after of sintering.

_25_

Collection @ chosun



(A1suayul ‘) uonnquasig

(Aysuagul ‘o) uonnginsiq

(Ryisusyur ‘%) uonnquisiq

i s F
= =2 _
1 o | ° r
| | 8 X, A
Tl = &
1) F 4 &)
i N A - 8
b1 m ! / £ 1
=E e =
™ 8 - m
- o g 7
: £ 8 & =
AN ~ ® = Lo
~ L a (=]
——
n P . o ﬁ b T
: TR TR T
- i e ~~ I
.A - 1 ke ol | |
1 I e 1
N’ v 1 S’ v
y
S8§8R888882° R N A S88RB8BEIBRE"C
-— w D O~ © WO T M N - -—
(%)anjep aanenwnd (e4)anjeA aanenWNg (%)onjeA aAnenwnD

10,000

100

1,000

Diameter (nm)

Fig. 9. Agglomeration characterization of three commercial 3Y-TZP powders.
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Fig. 10. Variation of slurry viscosity in commercial zirconia powders with powder

type and solid loading.
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Table 3. Sintered density of the 3Y-TZP compacts for powder type and solid

loading.

Solid loading

6 0wt%®% 65wt® TO0wt®
(W t %) 0 0 0
6.05 g/cm?® 6.06 g/cm® 6.07 g/cm?®
A powder
(99.2%) (99.3%) (99.5%)
6.06 g/cm® 6.07 g/cm? 6.08 g/cm®
B powder
(99.3%) (99.5%) (99.7%)
C powder 6.01 g/cm?® 6.02 g/cm® 6.03 g/cm?®

Collection @ chosun
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Table 4. Mechanical hardness measured by Vickers indentation of the sintered

specimens for powder type and solid loading.

Solid loading
(wt%)

A powder 1294(+£34) Hv  1321(%18) Hv  1353(+35) Hv

6 0wt%®% 65wt TO0wt®%

B powder 1318(+£13) Hv  1339(+23) Hv  1367(+19) Hv

C powder 1411(£15) Hv  1439(+34) Hv  1469(+26) Hv
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Fig. 11. Surface microstructure of polished surface for powder type and solid

loading.
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Apowder B powder C powder

he

Fig. 12. Fracture surface of sintered zirconia for powder type and solid loading.
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Two 3Y-TZPpowders (L, T)

%

Water, Dispersant (1 wit%,)

Ball milling for 24 h — pH 12 control by NH,OH
|
Zirconia slurry 3Y-TZP compacts
(40wt % solid loading) I
| Pre-sintering (1100 C, 2 )
I
Spi ting (2,4, 06,81
pin coating (2,4, 6, 8 times) | Porous 3Y-TZPsubstrate
|
Sintering (1500 Cfor 2 h)
XRD, SEM, AFM analysis

Analysis of coating layer

|

Surface shape, roughness

Fig. 13. Schematic flowchart for the experimental procedure.
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2 15.0kV 7.7mm x50.0k SE(M)
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Fig. 14. Particle morphology and particle size distribution of two commercial

3Y-TZP powder; (a),(c) L powder, and (b), (d) T powder.
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80 -

L powder
EZE T powder

70

Viscosity (cP)

20 30 | o o
Soild loading (wt.%)

Fig. 15. Viscosity variation with solid loading of two 3Y-TZP powders.
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200

Ra; 0.16 pm

Fig. 16. Characteristics of surface morphology of 3Y-TZP substrate; (a) porous
microstructure of 3Y-TZP substrate and (b) surface morphology by AFM

observation
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Fig. 17. Phase composition of coated surfaces fabricated from L and T powders;

(a) before of sintering (b) after of sintering.
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Fig. 18. Surface microstructure of coated layer with coating time fabricated from L

powder.
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Fig. 19. Surface microstructure of coated layer with coating time fabricated from

powder.
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2 times

Fig. 20. Interface microstructure of coated layer with coating time fabricated from

L powder.
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4 times

Fig. 21. Interface microstructure of coated layer with coating time fabricated from

T powder.
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' Ra, 0.32pm

Fig. 22. Surface morphology and roughness of coated layer with coating time

fabricated from L powder.
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a, 0.24pum "Ra; 0.22 pm

Fig. 23. Surface morphology and roughness of coated layer with coating time

fabricated from T powder.
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Fig. 24. Variation of surface roughness (Ra) with powder type, solid loading

and coating time.
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Hydroxyapatite powders A, C(1100°C, 2h) powder
Water, Dispersant ( 1 wt% )
Ball milling for 24 h pH 12 control by NH,0H
|
Hydroxyaplatite slurry 3ETZP compacts
Spin coating (1, 2, 4, 6 times) | Sintering ( III 00°C,2 h)
I L 3Y-TZP ;ubstmte

Sintering (1500 °C for 2 1)

Analysis of coating layer

In vitro test in SBF solution

——

1,3, 3, 7, 14 days
in SBF solution
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Fig. 25. Schematic flowchart for hydroxyapatite slurry coating on zirconia substrate.
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Fig. 26. Particle morphology, particle size distribution of two commercial

hydroxyapatite powders; (a),(c) A powder, (b),(d) C powder.
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Fig. 27. Phase composition of two commercial hydroxyapatite powders.
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Fig. 28. XRD profiles of hydroxyapatite coatings fabricated from A or C powder

after slurry coating on zirconia substrate.
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Fig. 29. Surface microstructure of HA-coated layer with coating time fabricated

from A powder.
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Fig. 30. Surface microstructure of HA-coated layer with coating time fabricated

from C powder.
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Fig. 31. Interface microstructure of HA-coated layer with coating time fabricated

from A powder.
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Fig. 32. Interface microstructure of HA-coated layer with coating time fabricated

from C powder.
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Fig. 33. XRD profiles of hydroxyapatite coatings fabricated from A or C powder

after sintering on zirconia substrate.
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Fig. 34. Surface morphology and roughness of HA-coated layer with coating time
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Fig. 35. Surface morphology and roughness of HA-coated layer with coating time

fabricated from C powder.
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Fig. 36. Variation of surface roughness (Ra) with powder type, solid loading

and coating time.
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Fig. 37. Microstructural change of HA-coated layer fabricated from A or C powder

during the immersion in SBF solution after 7 and 14 days.
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Fig. 38. Precipitated hydroxyapatite particles on HA-coated layer after 14 days
immersion in SBF solution, and comparative element composition of coated

and immersed surfaces.
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Fig. 39. Phase composition of HA-coated layer after immersion in SBF solution

with powder type.
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