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Direct ink writing (DIW) facilitates the fabrication of three-dimensional (3D) green structures through the layer-by-
layer deposition of colloidal gel-based inks. Several gel designs have been developed for aqueous systems. Here, 
we report a facile gelation method for a non-aqueous system: Y2O3-stabilized ZrO2 (YSZ) particles dispersed in 
ethanol. First, fluidic and concentrated YSZ colloids were prepared using polyethyleneimine (PEI) as a dispersant. 
Then, a fluid-to-gel transition was triggered by adding polyvinyl butyral (PVB) as a free polymer. The resulting 
colloidal gels had a viscoelastic response adequate for DIW. Further analysis revealed that the depletion flocculation 
mechanism plays an important role on this gelation. Moreover, using the non-aqueous colloidal gel, a helical coil 
structure of ~100 µm dimeter was patterned via the deposition of a continuous filament extrusion through a 
cylindrical nozzle in a water reservoir. During the deposition, a PVB film was formed in situ on the surface of the 
filament because of the poor solubility of PVB in water, which was used to avoid variations in the ink rheology 
owing to unexpected ethanol evaporation. The present methodology may be a useful route for the engineering 
of 3D green structures.
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1. Introduction  

Additive manufacturing (AM) allows for the manufacturing of 
ceramics without molds. Recently, this technique has rapidly 
grown [1,2]. Direct ink writing (DIW), which is a type of low-cost 
AM, offers the materials flexibility and allows for the fabrication 
of three-dimensional (3D) colloidal structures of green bodies 
via the layer-by-layer deposition of a continuous filament that 
is extruded through a cylindrical deposition nozzle [3-6]. The 
diameter of this filament is typically 100-250 µm [3,6]. These 
structures would be useful for a great number of applications as 
assembled nanomaterials [7], composite soft materials [8], and 
tissue engineering scaffolds [9].
Aqueous concentrated colloidal gels have been widely used as 
inks for DIW [3-6], because their rheological behavior, shear 
thinning with a large yield stress, is suitable for easy filament-
flow during extrusion while holding their shape after deposition. 
Additionally, concentrated colloidal gels minimize the drying-
induced shrinkage. 3D colloidal periodic structures and scaffolds 
have been successfully fabricated using aqueous gels such as DIW 
inks. The gels are prepared by the two-step control of interparticle 
forces in water [3]: first, colloidal particles are dispersed well 
through repulsive interactions (electrostatic and steric repulsion 
forces). Then, their destabilization for gelation is triggered via 
charge neutralization by adding inorganic salts [10], polymer 
electrolytes [11], or inducing pH changes [12], which promote the 

physical bonding of colloidal particles. Aqueous gelling agents, 
such as Pluronic F-127 [4, 6] and bile salts [13], have also been 
used for the gelation of aqueous systems for DIW.
However, there has been considerably less attention paid to 
colloidal gels for non-aqueous systems, although ethanol and 
cyclohexane are used as solvents in ceramics colloidal processing 
[14, 15]. There are some circumstances where non-aqueous 
systems are preferable, especially when aqueous system of certain 
ceramics materials leads to particle oxidation and aggregation [15]. 
Previous studies have focused on the preparation of low viscous 
and fluidic concentrated slurries, aiming for applications in slip 
[16] and tape casting [17]. Since the charge stabilization is usually 
not as significant in non-aqueous systems as it is in aqueous ones, 
the abovementioned destabilization approach cannot be applied 
for non-aqueous systems.
In this work, we developed a facile gelation protocol of non-
aqueous colloids for DIW. First, a concentrated and fluidic 
colloid was prepared in a non-aqueous solvent using a polymeric 
dispersant. Then, fluid-to-gel transition was triggered by adding 
free (non-adsorbed) polymers. The free polymers cause colloidal 
flocculation (depletion flocculation) [18]. The process was 
performed using a model system comprising polyethyleneimine 
(PEI)-adsorbed, Y2O3-stabilized ZrO2 (YSZ) particles in the presence 
of polyvinyl butyral (PVB) using ethanol as solvent. PEI and PVB 
were the dispersant and free polymer. The presence of a small 
amount of PVB (3 mass%) efficiently induced colloidal gelation 
for the YSZ colloids with particle concentrations exceeding 20 
vol%. The resulting gels had a viscoelastic response adequate for 
DIW. In the DIW experiment, the deposition process was carried 
out in a water reservoir to prevent the variation of ink rheology 
owing to ethanol evaporation. The results indicate that a PVB film 
was formed in situ on the surface of the filament. The colloidal 
structures were removed from the water after the deposition was 
complete, dried under ambient conditions, and finally processed 
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at 500 °C for 5 h for removing the organic 
additives and at 1400 °C for 2 h for sintering.

2. Experimental

The chemicals used in this study are summarized 
in Table 1. 8mol% Y2O3-stabilized ZrO2 (YSZ) 
powder (TZ-8Y, Tosoh, Japan) was used. Its 
specific surface area was approximately 13.2 
m2/g, yielding an equivalent spherical diameter 
of 77 nm. Branched polyethylenimine (PEI, 
MW~10,000 g/mol, Nippon Shokubai, Japan), 
which has been reported as a good dispersant 
for ZrO2 [19], was used. It is worth noting that 
the high affinity of PEI on oxide surfaces may 
promote the colloidal stabilization of oxide 
particles in an ethanol system [20]. Polyvinyl 
butyral (PVB, MW~63,000g/mol, #3000K, Denka, Japan) was 
used as a thickening agent, although it is conventionally used 
as a binder. Dibutyl phthalate was the plasticizer (DBP, 278.34 
g/mol, Wako Pure Chemical, Japan). Ethanol (purity 99.5%, Wako 
Pure Chemical, Japan) was the solvent. PEI, PVB, and DBP are all 
soluble in ethanol. 
Concentrated YSZ colloids were prepared by adding an adequate 
amount of PEI (1.5 mass% respect to YSZ powder) into ethanol 
and milling for 24 h with ZrO2 milling media. The amount of 
PEI to be used was experimentally determined (section 3.1). PVB 
(3 mass% respect to YSZ powder) was then gradually mixed with 
the concentrated YSZ colloids using a conventional stirrer. DBP 
(2.4 mass%) was also mixed. Afterwards, the YSZ colloids were 
transferred into containers and left overnight at room temperature. 
The rheological measurements of the colloidal inks were 
conducted at 20 °C using a viscometer (HAAKE VT-550, Thermo 
Fisher Scientific Inc., USA). An NV sensor with an annular-type 
cylinder and an SV-DIN sensor with a rod-pin type cylinder 
were employed. To prevent undesirable effects from different 
mechanical conditions, samples were homogenized by shearing 
at 100 s-1 for 60 s and left standing for an additional 60 s prior 
to measurement. A robocasting system with a micro-pen was 
employed (SHOT mini-200α, Musashi Engineering, Japan). The 
concentrated YSZ colloidal gel ink was placed in a syringe and 
deposited through a tapered nozzle (diameter, D = 100 µm) 
using a pneumatic system in water. The direct-assembled colloidal 
structures were removed from the water after the deposition was 
complete and dried under ambient conditions. They were heated 
at 1 °C/min from room temperature to 500 °C and hold for 5 h in 
air to remove the organic additives, and then heated at 5 °C/min 
to 1400 °C and hold for 2 h in air for sintering.

3. Results and discussion

3.1. Optimization of the dispersant for the concentrated YSZ colloids

Fig. 1 shows the apparent viscosity as a function of PEI concentration 
for YSZ colloids with a 30 vol% particle concentration. The 
apparent viscosity initially decreased, reaching a minimum at 1.5 
mass% PEI, and then increased with PEI. The minimum viscosity 
indicates that colloidal stabilization was achieved, i.e., the 
dispersant polymer is adsorbed in a monolayer onto the surface 
of the particles [4,21,22]. This PEI concentration (1.5 mass%) 
facilitated the loading of at least 38 vol% of the YSZ particles in 
ethanol.
When the PEI concentration is too low to provide complete surface 
coverage (<1.5 mass%), the dispersant molecules could form 
bridges between surfaces, causing flocculation, i.e., increasing 
the apparent viscosity [18]. Then, when the PEI concentration 
exceeds the saturation adsorption limit (>1.5 mass%), the 

non-adsorbed dispersant molecules exist as free polymers. In a 
colloidal system that contains free polymers, the interparticle gap 
may become so small that polymer molecules are unable to fill all 
of the spaces between colloidal particles. Thus, some depletion 
zones comprising only solvent develop. This causes depletion 
flocculation via osmotic gradients [18], thereby increasing the 
apparent viscosity. 
In the following experiment, PVB was added as a free polymer 
into the PEI-stabilized YSZ colloids (1.5 mass%) to induce gelation; 
its effect on the rheological properties was examined. It is worth 
noting that as expected from their molecular weights (Table 1), the 
PVB polymer was much larger than PEI.

3.2. Gelation of concentrated YSZ colloids

First, a well-dispersed YSZ colloid was generated using PEI to 
facilitate high solid loading, then it was followed by a fluid-to-
gel transition by adding PVB. In this study, after adding PVB (3 
mass%) to the well-dispersed YSZ colloid with a 38 vol% particle 
concentration, the colloid became solid-like when stationary. 
Fig. 2 shows the typical flow curves for the colloids (φ= 38 vol%) 
with and without PVB. The flow behaviors of the colloid with 
PVB displayed shear-thinning characteristics with a large shear 
yield stress. Additionally, compared with the colloid without PVB, 
a significant increase of almost two orders of magnitude was 
observed for the shear stress as well as the apparent viscosity.
The shear yield stresses were calculated using the Casson model. 
Equation (1) is often used to describe the flow curve of a system 
containing flocculated particles [22].

τ0.5=k1+k2 γ0.5  (1)

Table 1. Chemical reagents used in this study.

Trade 
name

Formulation Feature Particle size or 
molecular weight

Supplier

TZ-8Y 8 mol% Y2O3-stabilized 
ZrO2 (YSZ)

Powder 77nm* Tosoh

SP-200 Branched polyethylenimine 
(PEI)

Dispersant MW~10,000 Nippon 
Shokubai

#3000K Polyvinyl butyral (PVB) Binder  MW~63,000 Denka

DBP Dibutyl Phthalate Plasticizer 278.34g/mol Wako Pure 
Chemical

Ethanol Purity 99.6% Solvent - Wako Pure 
Chemical

* equivalent diameter of specific surface area

Figure 1. Relationship between PEI concentration and apparent viscosity of the 
30 vol% YSZ colloid (shear rate = 100 s-1).
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where k1 and k2 are structure-dependent constants for the system, 
τ is the shear stress, and γ the shear rate. The plot of γ0.5 as a 
function of τ0.5 follows the Casson model, and the square of the 
intercept (k1) is the shear yield stress. As shown in Fig. 3 (a), both 
colloids, with and without PVB, agree with the Casson model 
(correlation factor, R~0.99). The calculated shear yield stress was 
233 Pa for the YSZ colloid with PVB, which is comparable with 
that of aqueous inks used for DIW [4,10,23]. The shear thinning 
behavior was also well fitted for the YSZ colloid with PVB as 
shown in Fig. 3 (b), which is similar to those reported for DIW inks 
[4,11]. When stressed beyond this yield point, the colloid begins 
to behave like a fluid because of the attrition of particle-particle 
physical bonds within the gel. Contrastingly, it was only 1.4 Pa for 
the colloid without PVB, which is too low for gelation.
The sharp rise in the elasticity followed the PVB addition. The 
resulting colloidal gel had a viscoelastic response useful for DIW. 
This enhanced flocculation may be attributed to a depletion 
flocculation mechanism due to the introduction of PVB.
To further understand this gelation process, the effect of the YSZ 
particle concentration was investigated. As shown in Fig. 4, the 
shear yield stress significantly increased for the YSZ colloids with 
PVB when exceeding 20 vol%. As the particle concentration 
increased, the gap between the surfaces of neighboring particles 
decreased. If PVB polymer was larger than the gap, it would be 
excluded from the gap, and depletion zones would develop. 
Therefore, PVB polymer would lead to an efficient depletion 
flocculation. The average gap h between first-neighboring 
YSZ particles can be calculated from the following Woodcock 
equation [24]:

 (2)

where d is the particle size and φ is the volume fraction. The 
calculated average gap of the 10, 20, 30, and 38 vol% well-
dispersed YSZ colloids (d = 77 nm) were 29, 13, 6.9, and 4.2 nm, 
respectively. The average size of the dissolved PVB in ethanol, 
~10 nm, was measured through the dynamic light scattering 
method, as shown in Fig. 5. This was larger than the gaps for 
the 30 and 38 vol% colloids; thus, the depletion flocculation 
would be dominant for these concentrations (beyond 20 vol%). 
Although the thickness of the PEI adsorbed on YSZ particles was 

Figure 2. Flow curves of PEI-adsorbed YSZ colloids (φ= 38%) with and without 
PVB. (a) Shear stress and (b) Apparent viscosity as a function of shear rate.

Figure 3. (a) Casson plots corresponding to the flow curves shown in Fig. 2(a). The 
square of the intercept represents the yield stress. (b) Apparent shear viscosity 
curve fitting using the Casson model. Solid circles represent experimental data 
for YSZ colloids (φ= 38%) with PVB.

Figure 4. Relationship between particle concentration and shear yield stress for 
PEI-adsorbed YSZ colloids with and without PVB.
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Figure 5. Typical dynamic light scattering profile for PVB in ethanol (PVB 
concentration 1 mass%).

not considered, this could qualitatively explain the significant 
increase in yield stress with particle concentration assuming that 
depletion interactions occur within the gel.
Decreasing the polymer concentration is known to weaken the 
depletion flocculation [18, 25,28]. In this work, the colloidal 
gelation was not fully induced when adding 0.1 mass% PVB to the 
30 vol% colloid; a 3 mass% PVB was necessary for the gelation. This 
binder concentration is lower than those used in ceramics forming 
methods such as tape casting [17,29] and injection molding [30]. 
Such low concentrations are useful for the development of novel 
ceramic-processing methods, such as DIW, because they facilitate 
fast burnout and high densities during sintering.
To the best our knowledge, the present study is the first to 
show free-polymer-induced strong gelation for a non-aqueous 
system. The flocculation and rheological behaviors of ceramics 
suspensions in the presence of free polymers have been studied 
primarily for aqueous systems [25,26]. In these reports, binder 
materials were typically used as free polymers. Further, the sharp 

increase in elastic properties has been observed 
with increasing particle concentration [25]. To 
explain this rheological behavior, a depletion 
flocculation mechanism has been suggested. 
However, further analysis is required to identify 
the exact interparticle interactions of the highly 
loaded ceramic particles in which free-polymer 
species dramatically alter the rheological response.

3.3. DIW in water

The ink rheology must be stable during DIW 
deposition, but unexpected solvent evaporation 
often results in rheological changes. In the present 
ink design, solvent evaporation may be prevented 
by depositing our non-aqueous gels in water.
As shown in Fig. 6, when the YSZ colloid with PVB 
was extruded into water from a cylindrical nozzle, 
the extruded filament maintained its shape in 

water over several hours. However, the YSZ colloid without PVB 
was unstable, and the particles were randomly diffused in water. 
This can be explained by the fact that ethanol is a good solvent for 
PVB, unlike water. Thus, the PVB, which existed as a free-polymer 
in ethanol, precipitated in water owing to its poor solubility. 
Additionally, a shell-like PVB film may be homogeneously formed 
in situ on the surface of the filament to maintain the shape of the 
filament in water.
Since the in situ formed PVB film would prevent changes in the 
ink rheology owing to unexpected ethanol evaporation, it was 
possible to perform the DIW experiment. The PVB-induced 
YSZ colloidal gel (φ= 30 vol%) was utilized as an ink. A helical, 
green structure was patterned via the deposition of a continuous 
filament extrusion through a cylindrical nozzle in a water reservoir 
as shown in Fig. 7 (a). The ink was first extruded into the water 
reservoir; then, it was rolled up on a cylindrical graphite fiber 
(φ= 500 µm). The ink flowed through the nozzle at a volumetric 
flow rate to maintain a constant deposition speed of 60 mm/s. 
The extruded filament had an almost uniform diameter (d = 
140 µm), indicating that the ink rheology was constant during 
deposition. Fig. 7 (a) illustrates a cylindrical rod-like feature, 
which was preserved using a smooth exterior surface during the 
extrusion and drying processes. PVB should have homogeneously 
precipitated around the filament.
The dried helical coil structure was burnt in air at 500 °C for 5 h 
to eliminate PEI and PVB, followed by firing at 1400 °C for 2 h 
for sintering. Fig. 7 (b) shows the sintered helical coil (d = 110 
µm) with ~20% linear shrinkage in the diameter. As shown in 
Figs. 7 (a) and (b), the sample exhibited nearly isotropic sintering 
shrinkage, which probably occurred because of the homogenous 
packing of YSZ particles in the green structure. Fig. 8 shows the 
typical surface of the as-sintered sample. A relatively dense and 

Figure 6. Photograph of the YSZ colloids in water, (a) without PVB, and (b) with PVB.

Figure 7. Optical micrographs of (a) the green helical coil structure fabricated by 
DIW using the YSZ gel, and (b) the sintered helical coil structure.
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smooth structure was observed. The precipitated PVB did not 
significantly influence the surface of the sintered body. Detailed 
examinations of the green and sintered samples are in progress 
and will be reported in a future work. 

4. Conclusions 

We have demonstrated the free-polymer induced gelation of 
non-aqueous colloids for DIW. The gel can be produced from 
any colloidal material provided the interparticle force is tailored 
to the desired viscoelastic response by controlling the particle 
concentration. Using the colloidal gel as an ink, a helical coil 
structure with diameter sizes of ~100 µm can directly be patterned 
through the DIW technique in a water reservoir. The approach 
presented in this work opens a new route for engineering 3D 
green structures of oxide, non-oxide ceramics, and metals.

Acknowledgements

The authors would like to thank Dr. Yagishita for DLS 
measurement. This work was partly supported by JSPS KAKENHI 
Grand Number 20360332, 18K18948 and the New Energy and 
Industrial Technology Development Organization (NEDO). 

References

  [1] A. Zocca, P. Colombo, C.M. Gomes, J. Günster, Additive 
Manufacturing of Ceramics: Issues, Potentialities, and 
Opportunities, J. Am. Ceram. Soc. 98 (2015) 1983-2001.

  [2] Z.C. Eckel, C. Zhou, J.H. Martin, A.J. Jacobsen, W.B. Carter, 
T.A. Schaedler, Additive manufacturing of polymer-derived 
ceramics, Science 351 (2016) 58-62.

  [3] J.A. Lewis, J.E. Smay, J. Stuecker, J. Cesarano III, Direct Ink 
Writing of Three-Dimensional Ceramic Structures, J. Am. 
Ceram. Soc. 89 (2006) 3599-3609.

  [4] A. Kondo, H. Xu, H. Abe, M. Naito, Thermoresponsive 
gelling behavior of concentrated alumina suspensions 
containing poly(acrylic acid) and PEO-PPO-PEO copolymer, 
J. Colloid Interface Sci. 373 (2012) 20-26.

  [5] K. Sun, T.-S. Wei, B.Y. Ahn, J.Y. Seo, S.J. Dillon, J.A. Lewis, 
3D printing of integrated Li-ion microbattery architectures, 
Adv. Mater. 25 (2013) 4539-4543.

  [6] E. Feilden, E.G-T Blanca, F. Giuliani, E. Saiz, L. Vandeperre, 
Robocasting of structural ceramic parts with hydrogel inks, J. 
Euro. Ceram. Soc. 36 (2016) 2525-2533.

  [7] E. Garcia-Tunon, S. Barg, J. Franco, R. Bell, S. Eslava, E. D’Elia, 
R. C. Maher, F. Guitian, E. Saiz, Printing in Three Dimensions 
with Graphene, Adv., Mater. 27 (2015) 1688-1693.

  [8] Y. Kim, H. Yuk, R. Zhao, S.A. Chester, X. Zhao, Printing 
ferromagnetic domains for untethered fast-transforming soft 
materials, Nature 558 (2018) 274-279.

  [9] R.A. Bary III, R.F. Shepherd, J.N. Hanson, R.G. Nuzzo, P. 
Wiltziue, J.A. Lewis, Direct-write assembly of 3D hydrogel 
scaffolds for guided cell growth, Adv. Mater.,21(2009) 2407-
2410.

[10] Q. Li, J.A. Lewis, Nanoparticle inks for directed assembly of 
three-dimensional periodic structures, Adv. Mater. 15 (2003) 
1639-1643.

[11] R.B. Rao, K.L. Krafcik, A.M. Morales, J.A. Lewis, Micro-
fabricated deposition nozzles for direct-write assembly 
of three-dimensional periodic structures, Adv. Mater., 17 
(2005) 289-293.

[12] J.E. Smay, G.M. Gratson, R.F. Shepherd, J. Cesarano III, J.A. 
Lewis, Directed colloidal assembly of 3D periodic structures, 
Adv. Mater., 14 (2002) 1279-1283.

[13] Z. Tan, S. Ohara, M. Naito, H. Abe, Supramolecular hydrogel 
of bile salts triggered by single walled carbon nanotubes, 
Adv. Mater., 23 (2011) 4053-4057.

[14] J. Zhang, D. Jiang, Q. Lin, Poly(vinyl pyrrolidone), a 
dispersant for non-aqueous processing of silicon carbide, 
J. Am. Ceram. Soc. 88 (2005) 1054-1056.

[15] S. Leo, C. Tallon, G.V. Franks, Aqueous and nonaqueous 
colloidal processing of difficult-to-density ceramics: 
suspension rheology and particle packing, J. Am. Ceram. 
Soc. 97 (2014) 3807-3817.

[16] V. Medri, C. Capiani, A. Bellosi, Properties of slip-cast and 
pressureless-sintered ZrB2-SiC composites, Int. J. Appl. 
Technol. 8 (2011) 351-359.

[17] X. Ba, J. Li, Y. Pan, Y. Zeng, H. Kou, W. Liu, J. Liu, L. Wu, 
J. Guo, Comparison of aqueous- and non-aqueous-based 
tape casting for preparing YAG transparent ceramics, J. Alloy. 
Comp. 577 (2013) 228-231.

[18] J. van Duijneveldt, Effect of polymers on colloidal stability, T. 
Cosgrove (Ed.), Colloidal Science, John Wiley & Sons Ltd., 
UK, 2010, pp.181-195.

[19] J. Wang, L. Gao, Adsorption of polyethylenimine on 
nanosized zirconia particles in aqueous suspension, J. 
Colloid. Inter. Sci. 216 (1999) 436-439.

[20] T. Kakui, T. Miyauchi, H. Kamiya, Analysis of the action 
mechanism of polymer dispersant on dense ethanol alumina 
suspension using colloidal probe AFM, J. Euro. Ceram. Soc. 
25 (2005) 655-661.

[21] M. Romdhane, S. Boufi, S. Baklouti, T. Chartier, J-G. 
Baumard, Colloids. Sur. A. 212 (2003) 271-283.

[22] R. Hughes, Practical Rheology, T. Cosgrove (Ed.), Colloidal 
Science, John Wiley & Sons Ltd., UK, 2010, pp. 245-272.

[23] J.E. Smay, J. Cesarano III, J.A. Lewis, Colloidal inks for 
directed assembly of 3-D periodic structures, Langmuir 18 
(2002) 5429-5437.

[24] H.A. Barnes. J.F. Hutton, K. Walters, An introduction to 
rheology, Elsevier B.V. 1989.

[25] N. Kiratzis, P.F. Luckham, Rheological behavior of stabilized 
aqueous alumina dispersions in presence of hydroxyethyl 
cellulose, J. Euro. Ceram. Soc., 8 (1998) 783-790.

[26] M. Acosta, V.L. Wiesner, C.J. Martinez, R.W. Trice, J.P. 
Youngblood, Effect of polyvinylpyrrolidone additions on the 
rheology of aqueous, highly loaded alumina suspensions, J. 
Am. Ceram. Soc., 96 (2013) 1372-1382.

[28] J.L. Burns, Y-D. Yan, G.J. Jameson, S. Biggs, The rheology 
of concentrated suspension of depletion-flocculated latex 
particles, Colloids. Sur. A. 214 (2003) 173-180.

[29] L. Ren, X. Luo, H. Zhou, The tape casting process for 
manufacturing low-temperature co-fired ceramics green 
sheets: a review, J. Am. Ceram. Soc., 101 (2018) 3874-3889.

[30] S.M. Ani, A. Muchtat, N. Muhamad, J.A. Ghani, Binder removal 
via a two-stage debinding process for ceramic injection 
molding parts, Ceramics Inter., 40 (2014) 2819-2824.

Figure 8. SEM image of the surface of the sintered helical coil structure.


