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ABSTRACT

Forming and sintering of complex-shaped and dense zirconia

components

Dae sung Kim
Advisor : Prof. Jong Kook Lee
Dep. of Advanced Materials Engineering

Graduate School of Chosun University

As the aesthetic and non-failure demands of patients in dental implant are
increased, biocompatible materials with high transmittance and fracture toughness
are required in this fields. Among the candidates materials as a dental implant,
3Y-TZP(3 mol% yttria-stabilized tetragonal zirconia polycrystals) 1is a
representative. Currently, most dental zirconia implants are fabricated by the
mechanical machining. However, in the machining process of zirconia green bodies,
many cracks are formed on the surface, which causes increased deterioration of
mechanical strength and a decrease in reliability of the sintered zirconia implants.
To prevent the formation of surface cracks on implants, shape forming of zirconia
implants is necessary. For net shape forming of ceramics, slip casting is a simple
and cheap forming method. In this study, we fabricated green compacts using the
slip casting method, which was candidated forming process to obtain less surface
cracks.

To fabricate an optimal 3Y-TZP implant materials by slip casting and sintering,
we tried to prepare a suitable 3Y-TZP slurry for slip casting by the adjustment of
viscosity via controlling the pH range, the content of dispersant, and solid loading.
From the preliminary experiment, the lowest viscosity of slurry was obtained at
range of pH 12, so we fixed the slurry pH to 12 through whole experimental
procedure.

In order to obtain the slurry with low viscosity, we firstly tried to study the

- VI -
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effect of dispersant content on the viscosity of the 3Y-TZP slurry at pH 12 and
the physical properties of sintered compacts, for examples, sintering density, vickers
hardness, phase composition and microstructural evolution. Optimal sintered
specimen was achieved at addition of 1 wt% of dispersant. Secondly, we studied
the effect of solid loading on the slurry viscosity under the condition of pH 12 and
1 wt% of dispersant and sintered properties. Finally, we tried to fabricate the
highly dense all ceramic zirconia implant with complex shape using slip casting
under the condition of optimal slurry composition obtained from previous
experimental results. Additionally, we tried to compare the physical properties
between our sintered specimen and CAD/CAM machining specimens. The
microstructure, phase composition, density, hardness and surface roughness of the
fabricated sintered specimens were observed. The properties of sintered zirconia
specimens fabricated by slip casting were compared with those of CAD/CAM

mechanical machining specimens.

Final results from in this study are as follows;

1. The optimal zirconia slurry for slip casting was determined by varying the
starting composition and viscosity. Slurry viscosity had a great effect on the fluidity
of slip and forming ability of the green body, which was also controlled by pH and
dispersant content. The minimum viscosity of zirconia slurry with constant starting
composition was achieved at pH 12 and 2. An addition, with a dispersant
concentration of 0.8 wt% in the starting composition, the viscosity was rapidly
reduced to 40 cP from 190 cP when the pH was raised to 12. The specimen sintered
at 1550°C for 2 h, and fabricated by slip casting achieved a high density of 5.99~6.01
g/cm3 (max. 985%) and small grain size of 300 - 700 nm, which were dependent on
the slurry viscosity and dispersant content. With decreasing slurry viscosity, the
sintered density slightly increased by slow grain growth. The phase composition of
the sintered specimen was mostly the tetragonal phase without monoclinic phase by
the complete solid solution of yttria. All specimens had homogeneous grain
microstructure without pores and no cracks were observed on their surfaces or

insides. The Vickers hardness of the 3Y-TZP surface increased from 1131 to 1184

- VI -
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Hv with increasing a dispersant content which was due to increased sintered density

and reduction of the mean grain size.

The lowest viscosity of 3Y-TZP slurry was obtained at pH 2 and 12, and the
viscosity remained low at pH 12 as the solid content increased after addition of
dispersant. At pH 12, slurries with different dispersant contents were fabricated and
sintered at 1550 C for 2 hours after slip casting. All of the sintered specimens were
found to be tetragonal phase and the density and hardness of the slurry containing 1
wt% of dispersant were the highest, and the microstructure was observed to have a

homogeneous grain size of 350 nm.

2. Available zirconia slurry for slip casting was obtained from the control of
solid loading at 50, 55, 60 and 65 wt% under the conditions of pH 12 and 1 wt%
of dispersant. The slurry viscosity was measured, and the viscosity of the slurry
having a solid loading of 50 wt% was the lowest at 44.7 cP. As the solid loading
increased, the viscosity of the slurry increased and the viscosity of the slurry with
a solid loading of 65 wt% increased sharply to 970 cP. The slurry having a solid
loading of 50 to 60 wt% was suitable for slip casting because of its good fluidity,
but the slurry having a solid loading 65 wt% was difficult for slip casting because
of low fluidity. The density of the sintered specimen manufactured at 1450C was
measured by the Archimedes method. Density of sintered specimens was
approximately 6.05~6.07 g/cm3 and as the solid loading increase, the sintered
density increased. However, the sintered density of 65 wt% in solid loading is
judged to be decreased because of low fluidity of the slurry. The 3Y-TZP powder
used in slurry and the sintered specimens were analysis by XRD. In the powder, a
peak with a mixture of tetragonal phase and a small monoclinic phase was
observed, but only a stabilized tetragonal peak was observed in sintered specimens.
The fracture surface and the surface of the polished of the sintered specimen were

observed using a FE-SEM. All the sintered specimens showed homogeneous and
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dense microstructure, and the grain size was observed as 2007400 nm. It is
relatively stable size for low temperature degradation phenomena in yttria-stabilized

tetragonal zirconia polycrystals.

Secondary, The slurry was fabricated controlled by solid content at pH 12 with 1
wt% dispersant. As the solid content increased, the viscosity increased, and the
viscosity sharply increased at solid content of 65 wt2. All of the sintered bodies
fabricated by sintering at 1450 C for 2 hours after slip casting were observed to
tetragonal phase. The highest sintered density was 6.07 g/cm3 at the solid content of
60 wt%, and the Vickers hardness was highest 1367 Hv. The grain size was

homogeneous 220 nm.

3. Green compacts by slip casting for all ceramic zirconia implant were fabricated
using optimal slurry condition, for examples, 60 wt% solid content, 1 wt% dispersant
and pH 12 and post-sintering at 1450 C for 2 hours. We also compared the physical
properties between two sintered specimens, that is, slip—casted and CAD/CAM
machined samples. Phase composition of slip casting specimen from XRD analysis
was indicated to completely tetragonal, but CAD/CAM machined sample composed to
mixed phases of main tetragonal and minor monoclinic crystals. Sintered density and
vickers hardness of slip-casted specimen was 6.07 g/cm’® and 1367 Hv, which were
higher than those of CAD/CAM machined specimen. From the comparative results of
surface microstructure and roughness between two sintered specimens, slip—casted
specimen was indicated to higher surface roughness, smaller grain size, and less

surface micro—cracks than that of CAD/CAM machinined one.
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(a) Monoclinic phase

1170

(b) Tetragonal phase

2370 T

a

(¢) Cubic phase

Fig. 1. Crystal structure of zirconia
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Crack Propagation —

R

Fig. 2. Inhibition of crack propagation by stress—induced phase transformation of

tetragonal zirconia
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Fig. 3. Zirconia implant fabricated by mechanical machining process; (a) implant
surface (b) micro—cracking on green compact, and (c) micro—cracking on
sintered specimen.
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A2 - AFLH

re

AL FHA N AT 3Y-TZP <2lel&E A x5 98] WA pH ©E S22 9
Ax=dsts Addsisiv A M AR o] 40 wtnE Al x2E FelEE AFESR e
™, HCI3# NHL,OHE ©]&3to] &8 pHE Alofstint. A& &3 3Y-TZP <212 ¢
H7h vobA = 3o ® wy pH 29 12014 EA4bAl H7F 5 A 3hke] wWstel] w

2 3Y-TZP £¢ g9 Arwss A2st9r). J,xﬂt?.} < 30, 40, 50 wt% = WA S
™, pH 2 ¢ 12614 A el W& &g Axwst zh7) vusint. o] 43& E
2 74 S5 see Az 249 pH 12, uﬂ & 50 wt%ol A 3Y-TZP <elel &
Azt o, 7)o E4kAl HrtEs deElete] Sl vA = s ARt A
A= #18ke] 3 mol%e] o] Egfol = SHAstE A= sio} %‘Q(SYfTZP)TJr SHTE A
ato] 712 SeleglE Azt ofu AFES Al 2ayol FHE F EEeld=T, &

A B4 EX S Table 13 2t}

U

l

Table 1 Specifications of commercial 3Y-TZP powder

-

“Specific Y2050 Crystallite- Act]:lall Eccﬁc a
tionse  (mol%)e size (nm)e particals surface area
. size (nm)~ (m?/g)e
WJELIU.EJ 3¢J 28‘3 40+_‘ 16:&3*;1

* specifications provided by Tosoh company:
http://www.tosoh-finechem.com/«
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Distilled water -
(pH 12 control by NH,OH) IY-TZP
- Dispersant
(Darvan C)
Ball milling for 24h

|
IY-TZP slurry
|
Slip casting

|

Drying (room temperature)
I

Burning out at 900°C for 1h
I

Sintering at 1550°C for 2h

Evaluation

Fig. 5. Flowchart of experimental procedure for zirconia slip casting
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Fig. 6. Viscosity of zirconia slurry as a function of pH
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Fig. 7. Slurry viscosity as a function of solid loading at pH 2 and 12
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Fig. 8. Slurry viscosity as a function of dispersant content at pH 12
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Fig. 9. DTA-TGA analysis of green compact fabricated by slip casting
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Fig. 10. XRD patterns (a) 3Y-TZP powder and (b) sintered specimen as a function

of dispersant content
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Table 2 Sintered density and vickers hardness of slip casting 3Y-TZP specimens

Dispersant
(Wt%) 0.4 0.6 0.8 1.0
Density
5.99 6.00 6.01 6.01
(g/cm®)
Hardness
1131 1159 1178 1184
(Hv)
- 26 -

Collection @ chosun



Fig. 11. Surface microstructure of sintered specimens at 1550 C for 2h on polished
surface ; (a) 0.4 wt% (b) 0.6 wt% (c) 0.8 wt% and (d) 1.0 wt% dispersant

content
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Fig. 12. Fracture surfaces of sintered specimens at 1550 C for 2h ; (a) 04 wt%
(b) 0.6 wt% (c) 0.8 wt% and (d) 1.0 wt% dispersant content
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Distilled water
(pH 12 control by NH,OH)

IY-TZP
Dispersant
(Darvan C
Ball milling for 24h
|

3Y-TZP slurry

Slip casting

]

Drying

CIP (200 MPa for 10min.)

Burning out at 900°C for 1h

Sintering at 1450°C for 2h

|

Evaluation

Fig. 13. Flowchart of the experimental procedure for slip casting
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Fig. 14. Slurry viscosity as a function of solid loading at pH 12 at 1 wt% dispersant
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Table 3 Density of green compact and sintered specimen with solid loading

ooMd 50 wt% 55 wt% 60 wt% 65 wt%

Green
compact 1.93 2.07 2.16 1.98

(g/cm®)

CIP
specimen 2.53 2.57 2.67 2.55

(g/cm®)

Sintered
specimen
(g/cm®)

6.05 6.06 6.07 6.07
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Fig. 15. XRD patterns (a) 3Y-TZP powder and (b) sintered specimen as function of
solid loading
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Fig. 16. Surface microstructure of sintered specimens at 1450 C for 2h;

(a) 50 wt% (b) 55 wt% (c) 60 wt% and (d) 65 wt% solid loading
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Fig. 17. Fracture surfaces of sintered specimens at 1450 C for 2h;

(a) 50 wt% (b) 55 wt% (c) 60 wt% and (d) 65 wt% solid loading
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Fig. 18. Indentation marks for vickers hardness measurement of sintered specimens;

(a) B0 wt% (b) 55 wt% (c) 60 wt% and (d) 65 wt% solid loading
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Distilled water 3Y-TZp
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| Sintering at 1450°C for2h |
|

| Evaluation |

Fig. 19. Flowchart of the experimental procedure for slip casting
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Fig. 20. Implant morphology fabricated by (a) metal machining, and (b) plaster

mold for the slip casting of all ceramic zirconia implant
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Fig. 21. Slip-casted zirconia implant using a plaster mold
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Fig. 22. Fracture surfaces of zirconia compact after slip casting;
(a) x 500 (b) x 2.0 k (c) x 100 k and (d) x 50.0 k
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Fig. 23. Fracture surfaces of zirconia compact after cold isostatic pressing under the

pressure of 200 MPa; (a) x 500 (b) x 2.0 k (c) x 10.0 k and (d) x 50.0 k
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Fig. 24. Linear shrinkage according to the processing steps; (a) original metal shape

(b) slip—casted specimen (c) cold isostatic pressed specimen and(d) sintered specimen

Table 4 Linear shrinkage according to the processing step with radial and

longitudinal directions

. . Cold
Orlg%nlal Slip-casted isosqcatic Sintered
rrllle a specimen pressed specimen
shape specimen
Length
el 46.1 44.2 38.8 32.6
Shrinkage _
rate (%) 41 158 293
D1(ameter 9.6 9.4 8.9 71
mm)
Shrinkage _
rate (%) 1.1 7o 261
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Fig. 25. Surface microstructure and fracture surface of all ceramic zirconia implants
sintered specimens at 1450 C for 2h; (a) surface microstructure and (b) fracture

surface
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Fig. 26. XRD patterns of all ceramic zirconia implant sintered at 1450 C for 2h
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Fig. 27. Surface roughness observing by 3D OP on the surface of all ceramic zirconia

implant sintered at 1450 C for 2h
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Fig. 28. XRD patterns of zirconia implants sintered specimens fabricated by
(a) CAD/CAM mechanical machining and sintering at 1450 C for 2h, and
(b) slip casting and sintering at 1450 C for 2h
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Fig. 29. Microstructure and fracture surfaces of zirconia implant sintered specimens;
(a),(c) CAD/CAM mechanical machining and sintering at 1450 C for 2h
(b),(d) slip casting and sintering at 1450 C for 2h
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Table 5 Sintered density and grain size

CAD/CAM —
mechanical machining 1p casting
G e 500 230
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1154 Hv

Fig. 30. Vickers hardness of sintered specimens surface

(a) CAD/CAM mechanical machining and (b) Slip casting
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Fig. 31. Comparative surface microstructure of sintered specimens;
(a) CAD/CAM mechanical machining and sintering at 1450 C for 2h
(b) slip casting and sintering at 1450 C for 2h
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(b)

Fig. 32. Comparative surface roughness of zirconia implant sintered specimens;
(a) CAD/CAM mechanical machining and sintering at 1450 C for 2h
(b) slip casting and sintering at 1450 C for 2h
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