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ABSTRACT

The influence of solid loading in the slurry composition on the morphology of 3Y-TZP granules fabricated by two-fluid spray

drying was investigated for solid contents varying between 30 wt% and 50 wt%. The resulting 3Y-TZP granules showed a sphere-

like shape with diameters of 40 - 70 µm. However, a donut-like shape and a few cracks were observed on the granule surfaces

fabricated using the slurry with 50 wt% solid content. The green density after cold isostatic pressing at 200 MPa was 2.1 - 2.2 g/

cm3, and a homogeneous fracture surface was obtained by complete destruction of granules. After sintering at 1500°C for 2 h, all

specimens had relative densities of 96.2 - 98.3%. With increasing solid content, the relative density decreased from 98.3% to

96.2%, but the grain size increased from 0.3 µm to 0.6 µm. Highly sinterable zirconia granule powder could be obtained by

controlling the slurry composition.
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1. Introduction

t is important to obtain homogeneous and dense green

compacts for the application of 3Y-TZP dental implant

ceramics. Inhomogeneous and porous green compacts may

induce large shrinkage during sintering, thus leadings to

size and shape mismatches in the final product. For mis-

matched products obtained after sintering, additive machin-

ing is necessary, which results in high production cost

because it is difficult to machine brittle ceramics like zirco-

nia ceramics. Therefore, homogeneous shrinkages must be

precisely controlled during the forming and sintering pro-

cesses.1)

Most zirconia green compacts are prepared by pressing,

injection molding, extrusion, gel casting, or slip casting.

Among these forming methods, the pressing method is sim-

ple and widely used in ceramic processing.2-4) The micro-

structure and density of green bodies fabricated by pressing

are dependent on the powder properties, e.g., the particle

size and shape, agglomeration, additive agent, etc. To

obtain a homogeneous green body, granular powder is pri-

marily used in the pressing method. Superior granule pow-

ders have characteristics of a spherical shape, uniform size,

smooth surface, and weak intergranular bonding.5)

Spray drying is a typical method to produce spherical

granules. In this process, a homogeneous suspension of

ceramic powder in a liquid solvent is prepared to obtain

globular granules with an additive dispersant. Using a

nozzle or a rotating disk, a droplet of slurry is sprayed into a

chamber heated at a temperature of 100 - 250°C.6-8) The

sprayed droplets are dried rapidly by heating the air, to

form granules with various shapes, including spherical,

hollow, donut-shaped, and needle-like. Excellent granules

have homogeneous size and spherical shape, but should not

be hollow. They also have uniform particle arrangement

and weak intergranular bonding, because homogeneous

green compacts can be obtained by complete fracturing of

granules under compaction pressure. Therefore, superior

granular powder induces homogeneous green compact and

highly sintered body.9)

Granule properties are influenced by the slurry viscosity,

chemical composition, particle size distribution, and spray-

drying conditions. In this study, we investigated the effect of

the solid content of zirconia slurry on the formation of gran-

ules, and the powder properties. Zirconia slurry for spray

drying was prepared from nano-sized zirconia powder,

isopropyl alcohol, binder (PVB, polyvinyl butyral), plasticizer

(PEG 4000, polyethylene glycol), and a dispersing agent

(Triton X-100). Sphere-like granules were manufactured by

spray drying with two fluid nozzles, and the powder

properties were characterized.10-13) Using granule powders

and pressing, we fabricated green compacts and sintered

bodies.

2. Experimental Procedure

The fluidal slurry for spray drying was prepared by mix-

ing nanoscale 3Y-TZP powder with isopropyl alcohol (IPA)

as a solvent. First, a dispersion agent (Triton X-100) was

diluted in IPA to obtain a stable slurry with homogeneous
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dispersion; subsequently, a plasticizer (PEG 4000, polyeth-

ylene glycol 4,000) and binder (PVB, polyvinyl butyral) were

dissolved in an aqueous solution with vigorous stirring at 80

°C.14-16) The detailed slurry composition for two-fluid spray

drying is shown in Table 1. In the slurry preparation pro-

cess, the solid content of the 3Y-TZP powder was fixed at 30,

40, and 50 wt%. 

After mixing the 3Y-TZP powder and additives, the pH

was adjusted to 11.5 by the addition of aqueous ammonia

(NH4OH) to obtain low-viscosity slurry, which reduced the

problem of nozzle clogging, and induced spherical droplet

formation.17-19) To sustain the homogeneity and stability of

the zirconia slurry, it was milled in a ball mill for 1 day.

After milling, it was completed by ultrasonic dispersion for

30 min. The ceramic slurry treated with ultrasonic disper-

sion was enhanced in terms of aging, anti-foaming, less-

agglomeration behaviors, and slurry stability.20)

Spray drying for the granulation of zirconia slurry was

performed by a two-fluid nozzle dryer (SD-Basic, Lab Plant,

UK). The detailed processing conditions for spray drying are

shown in Table 2. After spray drying, the additive agents

were burned out of the formed granules by calcination at

400°C for 2 h. This temperature was determined by

differential thermal and thermogravimetric analyses (DTA-

TGA). The flowchart for this experimental procedure is

shown in Fig. 1.

The specific surface area and morphology of the 3Y-TZP

granules were analyzed by the Brunauer-Emmett-Teller

(BET) method and field-emission scanning electron micros-

copy (FE-SEM). To confirm the fracture and formability of

the granules under molding pressure, the green body

fracture surface was observed by FE-SEM after cold iso-

static pressing at 200 MPa for 5 min. The perfect destruction

of granules is essential to obtain a homogeneous micro-

structure of green compacts and dense 3Y-TZP ceramics

after sintering. The apparent density of the densified

specimens sintered at 1500°C for 2 h was measured by the

Archimedes method. The microstructure of the sintered

compacts was observed by SEM after polishing and thermal

etching. 

3. Results and Discussion

The morphology and microstructure of the granules are

dependent on the slurry composition and spray drying con-

ditions. One important factor is the slurry viscosity, which

is influenced by solid loading, pH, and additive content, and

affects the droplet morphology obtained using the two-fluid

nozzles. In addition to slurry viscosity, the droplet morphol-

ogy (size distribution, sphericity, type) is dependent on the

nozzle type, feeding rate, and additives (composition and

content). 

In this experiment, the slurry viscosity was measured for

various solid contents, as shown in Table 3. By a prelimi-

nary experiment, the optimal slurry pH and additives were

determined, as described above. Table 3 shows that the

slurry viscosity varied from 55 cP to 171 cP as the solid load-

ing of the 3Y-TZP powder varied from 30 wt% to 50 wt%.

The droplet formation from slurry and the workability of

spray drying (nozzle clogging, cleaning) were sensitive to

the slurry viscosity. The formation of spherical droplets was

difficult in the slurry with low viscosity. In contrast, nozzle

clogging frequently occurred in high-viscosity slurry. 

Generally, the granule size and morphology are also

dependent on the slurry viscosity, feeding rate of the slurry,

Table 1. Detailed Slurry Composition for Two-Fluid Spray
Drying

Component Type Amount

3Y-TZP powder
Isopropyl alcohol

Triton X-100

Primary component
Solvent

Dispersant

30, 40, 50 wt%
46.7 - 66.7 wt%

1 wt%

Polyethylene glycol 
4000

Plasticizer 2 wt%

Polyvinyl butyral Binder 1.3 wt%

Table 2. Detailed Processing Parameters for Spray Drying of
3Y-TZP Granulation

Parameter Condition

Inlet temperature 200°C

Outlet temperature 110 - 120°C

Chamber pressure 1.5 bar

Nozzle type Two-fluid nozzle

Nozzle size 0.5 mm

Feeding rate 10 - 20 ml/min

Fig. 1. Flowchart for the granulation of 3Y-TZP powder.
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air pressure, and drying conditions, which are related to the

droplet size and morphology, and must be precisely con-

trolled to obtain spherical granules. Therefore, for the for-

mation of high-quality granules, it is very important to

control the slurry viscosity by adjusting the pH and addi-

Table 3. Slurry and Granule Properties Depending on Zirconia
Solid Content

Solid 
content

Slurry 
viscosity

(cP)

Specific surface 
area

(m2/g)

Green 
density
(g/cm3)

30 wt% 55 5.6 2.1

40 wt% 85 5.3 2.2

50 wt% 171 5.1 2.2

Fig. 2. DTA-TGA analysis of granule powder after spray dry-
ing.

Fig. 3. Granule powder from solid contents of (a) 30 wt%, (b) 40 wt%, and (c) 50 wt%.
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tives, such as dispersants.

To determine the burnout temperature of the additive

agent, the thermal behavior of the granule powder was

investigated by DTA-TGA analysis at a temperature range

of 25 - 1000 °C (Fig. 2). An exothermic reaction accompanied

by weight loss was observed between 200 - 300°C, which

was due to the decomposition of PEG 4000. A secondary

exothermic peak appeared at temperatures of 350 - 400°C

from the burning of PVB, as shown in the curve. The total

weight loss was approximately 13%, as observed from the

decomposition of the additive agent and residual water.

The specific surface area of the prepared granule powder

(Table 3), measured by the BET method, is a parameter to

describe the powder activity, formability, and sinterability.

It depends on the initial solid content of the slurry. As the

solid content in the slurry increased from 30 wt% to 50 wt%,

the specific surface area decreased slightly from 5.6 m2/g to

5.1 m2/g, owing to the evaporation of water and formation of

a highly porous granule structure. 

Figure 3 shows the spherical granule morphologies and

surface microstructures as a function of solid content. The

zirconia granule powders after spray drying had a spherical

shape with diameters of 40 - 70 µm. Donut-like shapes and

a few cracks were occasionally observed on the granule sur-

face fabricated from slurry containing 50 wt% solid due to

the high viscosity, which induced an inhomogeneous granule

structure and surface cracks during drying of the droplet in

the chamber. FE-SEM images showed a homogeneous

particle arrangement and uniform microstructure in all

granules, indicating weak intragranular bonding.

Weak bonding between particles in the granule structure

is one of the primary parameters to evaluate the granule

powder, because it affects the forming homogeneity, green

microstructure, and density. To obtain homogeneous micro-

structure of the green body, easily broken granules under

the molding pressure are required. Therefore, only granule

conditions of weak intragranular bonding between particles

could be obtained. The SEM image (Fig. 4) of the fracture

surface of the green body manufactured by isostatic press-

ing showed the complete destruction and the filling of inter-

granular pores by primary particles. The green density after

cold isostatic pressing at 200 MPa indicated 2.1 - 2.2 g/cm3,

as shown in Table 3, showing a slight difference with

respect to the solid content. Regardless of the solid content

in the slurry, all the fracture surfaces had homogeneous

microstructures without pores or cracks. Occasionally, poor-

quality granules, with strong intragranular bonding between

particles were found to have high green density with inho-

mogeneous microstructure due to the non-fractured gran-

ules, despite the isostatic pressing. However, this induced

poor sintered density owing to the formation of lenticular

cracks and large pores. 

The relative densities of the specimens sintered at 1500°C

for 2 h decreased from 98.3% to 96.2% upon increasing ini-

tial solid content from 30 wt% to 50 wt%. This suggested

that different granule properties due to the variation in

solid content of the slurry affected the green microstructure

and the sintered properties. The highest sintered density for

the 3Y-TZP granules was found with solid loading of 30 wt%

in slurry. As described earlier, low specific surface area,

poor sphericity (donut-like shapes) and a few surface cracks

were observed in spray-dried granules prepared from high

solid-loading slurry owing to the high viscosity and the

formation of macroscopic flocs, which induced micro-

structural inhomogeneities and resulted in low sintered

density.19) Occasionally, high solid loading induced a dense

granule shell and resulted in donut or apple shaped

Fig. 4. Fracture surfaces of green body prepared with gran-
ules from slurries of (a) 30 wt%, (b) 40 wt%, and 50
wt% solid contents. 
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granules.21-23) Strict powder processing and granulation are

necessary to obtain highly sintered specimens, including the

starting chemicals, particle agglomeration, and the specific

surface and type of the additive system. In addition, the

granule morphology (size, shape, bonding force) is also

important to obtain a homogeneous microstructure of green

compacts, and weak intra-granular bonding.17,24-27) Especially,

a donut-like morphology and large-sized of granules from a

high solid-loading slurry might be affect the microstructure

of the green compact and sintered body. The donut-like and

large granules induced heterogeneous green microstructures

by the partially fractured granules and large inter-granular

pores, and finally enhanced the grain growth and porosity of

the sintered body by a local intra-granular densification.28-30)

The microstructure of the specimen sintered at 1500°C for

2 h was observed on the polished and thermally etched sur-

face (Fig. 5). All the specimens showed homogeneous micro-

structures, but the grain size was dependent on the solid

content in slurry. With increasing solid content in the

slurry, the grain size increased from 0.3 µm to 0.6 µm. The

sintered compact fabricated from the slurry with a low solid

content of 30 wt% had a grain size of less than 0.3 µm; how-

ever, in the specimen fabricated from the slurry with a solid

content above 40 wt%, the grain size was greater than 0.6

µm. Large grains due to rapid grain growth formed inhomo-

geneous granules properties and green microstructures. As

described previously, donut-like granules and some surface

cracks were observed on the granule surfaces manufactured

from slurry with high solid content. Consequently, highly

sinterable zirconia granule powders could only be obtained

Fig. 5. Polished and fractured surfaces of 3Y-TZP sintered specimens from solid contents of (a) 30 wt%, (b) 40 wt%, and (c) 50
wt%.
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from a precisely controlled slurry composition and process-

ing condition in spray drying.

4. Conclusions

Spherical 3Y-TZP granule powders were fabricated by

spray drying, and the influence of solid content on the

granules, formation, and sintered properties was investi-

gated. Three kinds of stable zirconia slurries were prepared

using 3Y-TZP powder with different solid contents (30 wt%,

40 wt%, 50 wt%), solvents, and additive agents. The solid

content in zirconia slurry affected the granules, formation,

and sintered properties. 

The 3Y-TZP granule powder with a sphere-like shape was

obtained by spray drying, and its diameter (40 - 70 µm) and

morphology were dependent on the solid content in the

slurry. Most granules showed homogeneous particle

arrangements on the granule surface, indicating a uniform

microstructure and weak intra-granular bonding. High

viscosity and low dispersion were observed in the slurry

with high solid content, and non-spherical droplets were

formed during spray drying. Many donut-like shapes were

observed in the granule powder, and a few cracks were

found on the granule surface fabricated from the slurry with

high solid content.

From the observation of the fractured surfaces on the

green compacts after pressing by low magnification, all frac-

ture surfaces were observed to contain homogeneous micro-

structures without pores and cracks. The sintered properties

were dependent on the solid content in the slurry. Speci-

mens fabricated from the low-solid-content slurry had a

highly sintered density and small grain microstructures

(below 0.3 µm), and poor-quality specimens with a low sin-

tered density and large grain size (above 0.3 µm) were fabri-

cated from the slurry with a high solid content. In

conclusion, the solid content in zirconia slurry had a signifi-

cant effect on the granule morphology, homogeneity of the

green microstructure, and sintering properties. In this

experiment, among three kinds of zirconia slurries, the opti-

mal solid content for spray drying of zirconia was found to

be 30 wt%, based on the investigation of granule shape,

formability, sintering density, and microstructure. 
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