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Abstract: As for ceramic stereolithography technique, the preparation of suitable resin-based ceramic slurry is of 

primary importance. In this study, the effects of powder characteristics such as specific surface area, particle size and 
distribution, particle morphology on the rheological behavior of zirconia resin-based suspensions were investigated in-
tensively. Results show that the specific surface area of the powder is the most important factor affecting slurry viscos-
ity. Choosing low specific surface area and quasi-spherical shaped powder is more likely to obtain low viscosity slur-
ries. In addition, the influence of solid loading on the flow behavior were also studied using Krieger-Dougherty model. 

Zirconia samples with the relative density of (97.83±0.33)% were obtained after sintering at 1550 ℃. No obvious 

abnormal grain growth in the microstructure of the sintered body is observed. Results indicate that after the optimi-
zation of the processing parameters with the help of rheology characterization, complex-shaped high-quality zirco-
nia parts can be obtained using the stereolithography technique. 
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Ceramic parts are difficult to be shaped and processed 
due to their extreme hardness and brittleness. Although 
the conventional colloidal processing is an ideal way to 
achieve homogeneous microstructure for the green bod-
ies, the post machining causes high cost in time and 
money and thus limits its applications. As one of the ad-
ditive manufacturing techniques, ceramic stereolitho-
graphy has drawn much attention because it can be used 
to fabricate high-precision complex-shaped ceramic green 
components without using mold, as compared with tradi-
tional ceramic shaping and processing method. To date, 
researchers have applied ceramic stereolithography to 
make piezoceramic transducer array[1-2], cutting tool[3], 
integrally cored ceramic mold[4], YSZ electrolyte[5-6], and 
so on. 

To obtain dense ceramic parts with less defects, prepa-
ration of suspension with high solid loading, low viscos-
ity is essential. In general, most of the current ceramic 
stereolithography suspensions can be divided into two 
groups: aqueous acrylamide-based system and non-aqueous 
resin-based system, depending on the matrix solutions 
used for preparing the slurries[7]. For the acrylamide-based  

system, acrylamide (AM) and N, N’-methylenebisacrylamide 
(MBAM) usually act as organic monomer and cross-linker, 
respectively, similar to ordinary gelcasting[3,8-9]. However, 
the strength of the cured ceramic green body made from 
aqueous suspension are much lower than that made from 
resin-based suspension. On the other hand, for some ox-
ide ceramic particles (such as zirconia, alumina and silica), 
the existence of many hydroxy groups on surface makes 
these particles hydrophilic, thus accounts for the diffi-
culty to disperse them efficiently in nonpolar UV-curable 
resins[10]. Previous researches concerning the impact on 
the dispersion and rheological behavior of slurries fo-
cused on these aspects including the dispersant choice and 
its optimum addition[10-11], different solid contents and tem-
perature[12], the composition and properties of mono-
mers[13], and so on. The research of intrinsic relationship 
between powder characteristics and dispersion behavior 
of ceramic/resin suspension is relatively rare, although 
the ceramic powder is the major part of suspension. 

The present study focuses on the rheological charac-
terization of zirconia dispersions in mildly polar com-
mercially available UV curable resin. The effects of powder  
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characteristics, such as specific surface area, particle size 
and distribution, morphology as well as solid loading on 
the slurry rheological behavior were investigated. 

1  Experimental procedure 

1.1  Materials and slurry preparation 
A series of 3mol% yttria-stabilized zirconia (3YSZ) 

powders used in this work are shown in Table 1 with the 
information of their respective product name and supplier. 
All powders were used as received without any purifica-
tion. A commercially available photocurable resin (Sprin-
tRay Inc., USA) was chosen as the organic binder to 
connect ceramic particles. The resin used in this work is 
a mixture of one or more acrylate-based oligomers and 
monomers, and a photoinitiator which can form radicals 
to initiate the photopolymerization reaction of acrylates 
under certain radiation with wavelength ranging from 
355 nm to 405 nm. Other details about the formulation of 
the resin has not been revealed by manufacturer to the 
public yet. VARIQUAT® CC 42 NS (Evonik, Germany) 
was used to disperse zirconia particles in all non-aqueous 
slurries with the concentration of 3wt% relative to the 
powder weight. This dispersant is a polypropoxy quater-
nary ammonium chloride from the manufacturer’s speci-
fications. 

The ceramic-resin suspensions were prepared by roll 
milling at a low speed of 60 r/min. The low-speed does 
not change the particle size and distribution distinctly, as 
shown in Table 2 with No. 9 powder as the example. 
Firstly, the moderate amounts of YTZ® milling media 
(Nikkato Corp., Osaka, Japan) with a diameter of 5 mm 
were added into polyethylene bottles. The photosensitive 
resin was then added with the dispersant. The mixture  

 
Table 1  Basic information of the raw  

powders used in this work 

No. Product name Supplier 
1 SZ-DT-SE2 Jiangxi Size Materials Co., Ltd. 
2 YH-3YSZ Yixingshi Yihui Naimo Cailiao Co., Ltd.
3 SG-3YB-S2Z0-E Dongguan CSG Ceramics Technology 

Co., Ltd. 
4 OZ-3Y-6 Guangdong Orient Zirconic Ind Sci & 

Tech Co., Ltd. 

5 TYSZ-3-S Hubei Jing Gui Zirconium Co., Ltd. 
6 HWYA-N-3S GuangDong Huawang Zirconium  

Materials Co., Ltd. 
7 G3Y-020OO Shandong Sinocera Functional Material 

Co., Ltd. 
8 SZ-DM-3.0-F3 Jiangxi Size Materials Co., Ltd. 
9 TZ-3YSE Tosoh Corp., Tokyo, Japan 

Table 2  Particle size and distribution of No. 9  
powder before and after ball milling 

Powder d10/nm d50/nm d90/nm 
Before roll milling 196.7 316.9 510.3 
After roll milling 207.0 318.0 488.4 

 
was subsequently roll milled for about 30 min to dissolve 
the dispersant. Zirconia powders were added and the 
suspensions were blended for at least one day by roll 
milling. 
1.2  Characterization 

The specific surface areas and particle size distribu-
tions of powders were measured in the absence of dis-
persant, using ASAP2010 (Micromeritics, USA) and 
BI-XDC (Brookhaven, USA) respectively. Rheological 
measurements of the freshly prepared zirconia slurries 
were conducted on a plate-plate rotational rheometer 
MCR 301 (Anton Paar, Austria) at 25 ℃. The parallel 
plate diameter used was 25 mm, and the gap between the 
plates was 1 mm. The experiments carried out by as-
cending and descending shear rate ranged from 10–3 s–1 to 
103 s–1 and from 103 s–1 to 10–3 s–1, with 10 points of data 
collected at each order of magnitude and duration of 2 s 
for each testing point. The morphologies of the powders 
were observed by using scanning electron microscopy 
(S-4800, Hitachi, Japan). 

2  Results and discussion 

Fig. 1 shows the rheological curves of 35vol% slurries 
with the same dispersant (VARIQUAT® CC 42 NS, 
3wt% on a dry weight basis of ceramic powders), using 
different powders as the filler respectively. It can be seen 
that the suspensions show great difference in terms of 
rheological behavior, which can be attributed to different 
powders’ characteristics. The particle size distributions 
and BET specific surface areas of the raw powders are 
shown in Table 3, in order of viscosity value measured at  
 

 
 

Fig. 1  Viscosity as a function of shear rate for 35vol% dis-
persions with different powders 
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Table 3  Particle size distribution and BET  
specific surface area of raw powders 

No. d10/nm d50/nm d90/nm SBET/ 
(m2·g–1) 

Slurry viscosity/
(Pa·s) 

1 172.7 283.3 464.6 15.596 67.2 
2 323.2 577.6 1032.3 8.643 43.8 
3 146.0 252.4 436.5 15.712 22.6 
4 180.3 309.1 529.9 17.521 18 
5 229.0 390.3 665.3 8.194 14.5 
6 140.1 206.6 304.5 9.236 14 
7 236.5 386.4 631.4 9.18 11.7 
8 169.2 300.0 531.7 10.188 11 
9 196.7 316.9 510.3 7.133 9 

 
a low shear rate of 1 s–1 corresponding to the dotted line 
in Fig. 1. The viscosities of slurries prepared from pow-
ders with high specific surface area such as No. 1, 3 and 
4 are much higher than those with low BET surface area 
like No. 7, 8 and 9. To the best of the authors’ knowledge, 
it is difficult to obtain highly concentrated dispersions 
using powders with high specific surface area. Because 
this kind of powder need more liquid phase to wet the 
surface compared with others in the same case, which 
can cause the relative decrease of free liquid phase 
amount in suspension and therefore increases the fric-
tional resistance resulting from relative motion between 
particles. In addition, serious particle agglomeration 
takes place more easily in the process of slurry prepara-
tion using powder with high specific surface area be-
cause of its higher surface energy. 

As can be seen in Table 3, No. 4, 8 and 9 powders 
have similar particle size distributions but different BET 
specific surface areas, and No. 5, 6 and 7 powders are the 
exact opposite. Fig. 2(a) shows the viscosites of slurry 4, 
8 and 9 as function of shear rate. Slurry 4 shows higher 
viscosity value in the full shear rates range due to its high 
specific surface area (17.521 m2/g) compared with slurry 
8 and 9, and exhibits shear-thickening behavior above the 
shear rate of 10 s–1. This phenomenon can be explained 
by the destruction of slurry original microstructure when 
the shear rate exceeds a certain value. Shear-thickening 

behavior should be avoided because it is difficult for the 
scraper to spread the slurry evenly. As shown in Table 3, 
the specific surface area of powder 6 (9.236 m2/g) is 
quite close to that of powder 7 (9.18 m2/g), which can 
account for the considerable overlap between the rheo-
logical curves (Fig. 2(b)). The viscosity of slurry 5 is 
slightly higher than that of slurry 7 after 1 s–1 in spite of 
their close specific surface areas, which may derive from 
the morphological differences of two powders. It can be 
seen in Fig. 3 that powder 7 has the regular near-spherical 
shape whereas the morphology of powder 5 is more an-
gular. The spherical shapes of powder 7 and 9 decrease 
the frictional resistance among particles and thus in-
crease the chances of achieving a high solid loading[14-15]. 

On the basis of the above analysis, No. 9 powder was 
chosen as the ceramic filler in the following study. Highly  
 

 
 

Fig. 2  Rheological curves of slurries using powders with (a) 
similar particle size distribution and (b) similar specific surface 
area 

 

 
 

Fig. 3  SEM images of (a) No. 7 powder, (b) No. 5 powder and (c) No. 9 powder 
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concentrated slurry is in favor of achieving the densifica-
tion of sintering body, thus it is necessary to study the 
influence of solid loading on rheological behavior. Fig. 4 
shows the rheological curves of slurries with solid load-
ing varying from 35vol% to 44vol%. It can be observed 
that the higher the solid loading, the higher the slurry 
viscosity is. The 35vol% and 40vol% suspensions exhib-
ited significant shear-thinning behavior over the whole 
shear rate ranging from 0.01 s–1 to 200 s–1, whereas the 
flow behavior of 42vol% and 44vol% suspensions change 
to dilatancy for shear rates higher than approx. 60 and 
30 s–1 respectively. High solid content results in small 
interparticle spacing, which may increase flow resistance 
greatly.  

Figure 5 shows the relative viscosity at 30 s–1 as a 
function of ceramic volume fraction, for the suspensions 
with the same dispersant (VARIQUAT® CC 42 NS, 
3wt% on a dry weight basis of ceramic powders). The 
relative viscosity increases slowly as the zirconia loading 
increases from 0 to 40vol%, however it undergoes a 
sharp rise above 40vol%. The Krieger-Dougherty model[16] 
can be used to give a good estimation of this relationship: 

m[ ]

0 m
1r

 
 
 


 

   
 

 

where ηr is the relative viscosity, η is the viscosity of the  
 

 
 

Fig. 4  Rheological behavior of slurries with different solid 
loadings 
 

 
 

Fig. 5  Relative viscosity of slurries as a function of solid 
loading at the shear rate of 30 s–1 

 
 

Fig. 6  Optical pictures of green (a) and sintered (b) zirconia 
parts fabricated by stereolithography 
 

 
 

Fig. 7  SEM image of the fracture surface of the sintered part 
 
suspension, η0 is the viscosity of the medium, Ф is the 
volume fraction of the ceramic powder, Фm is the maxi-
mum volume fraction of particles in slurry, and [η] is the 
intrinsic viscosity of the suspension. In this work, the 
fitting parameter Фm is 0.528 and the R-square value is 
0.9994. 

Fig. 6 shows the optical pictures of complex-shaped 
zirconia green and sintered parts, derived from the sus-
pension with a solid loading of 40vol%. These parts were 
printed by a DLP-based stereolithography apparatus 
(ADMAFLEX 130, ADMATEC Europe BV, The Nether-
lands) and heat-treated at 1550 ℃ with holding time of 
1 h. Finally, zirconia samples with the relative density of 
(97.83±0.33)% were obtained after sintering at 1550 ℃. 
The sintering shrinkage in length, width and height were 
(23.15±0.13)%, (23.47±0.02)% and (23.80±0.09)% resp-
ectively. No obvious abnormal grain growth in the mi-
crostructure of the sintered body was observed in Fig. 7. 
Results indicated that after the optimization of the proc-
essing parameters with the help of rheology characteriza-
tion, complex-shaped high-quality zirconia parts can be 
obtained using the stereolithography technique. 

3  Conclusions 

In this work, the rheological behavior of photocurable 
zirconia resin-based slurries prepared from different 
powders was studied. Results showed that the powders’ 
characteristics have a noticeable effect on the slurry 
rheology, and the specific surface area of the powder is 
the major factor. The suspension containing the selected 
TZ-3YSE powder exhibits the lowest viscosity at shear 
rates ranging from 0.1 s–1 to 10 s–1, owing to its low spe-
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cific surface area and spherical morphology. The Krieger- 
Dougherty model can be used to explain the relationship 
between solid loading and slurry viscosity. Results 
shown in this study are applicable for preparing high 
solid loading, low viscosity zirconia or other structural 
ceramic photosensitive slurries used for stereolithogra-
phy applications. 
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粉体性质对树脂基氧化锆光固化浆料流变行为的影响 

李兴邦 1,2, 仲 鹤 1, 张景贤 1,3, 段于森 1,2, 江东亮 1 
(1. 中国科学院 上海硅酸盐研究所, 高性能陶瓷和超微结构国家重点实验室, 上海 200050; 2. 中国科学院大学, 
北京 100049; 3. 中国科学院 上海硅酸盐研究所, 苏州研究院, 太仓 215499) 

摘 要: 合适的树脂基陶瓷浆料的制备对陶瓷光固化成型技术而言至关重要。本文研究了氧化锆粉体的性质, 包括

比表面积、粒度与粒径分布、颗粒形貌等因素对树脂基浆料流变行为的影响。研究发现: 粉体的比表面积是影响浆

料粘度的最主要因素。选择低比表面积、形貌接近球形的粉体更容易制备出低粘度的浆料。利用 Krieger-Dougherty

模型研究了粉体固含量对浆料流变行为的影响。在 1550 ℃烧结得到了相对密度为(97.83±0.33)%的氧化锆陶瓷, 未

发现明显的晶粒异常长大, 表明基于流变学表征方法对浆料制备参数进行优化后, 采用光固化技术可以制备出复

杂结构、高质量的氧化锆陶瓷。 

关  键  词: 氧化锆; 陶瓷光固化成型; 浆料; 流变性质 
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