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In this study, we revealed the mechanism for suppressing pyroplastic
deformation and liquid phase sintering shrinkage of alumina-strengthened porcelain. Both pyroplastic
deformation and liquid phase sintering shrinkage could be controlled by adjusting the liquid
viscosity at high temperatures.

With our control strategies, high-precision porcelain with large, thin, and the precise shapes.
can be developed. This is particularly significant for enhancing the value of Hizen ceramics and for
developing new high-value-added ceramics through additive manufacturing.

In this study, we revealed the mechanism for suppressing pyroplastic

deformation and liquid phase sintering shrinkage of alumina-strengthened porcelain. By adjusting the

liquid viscosity at high temperatures, both pyroplastic deformation and liquid phase sintering
shrinkage could be controlled using IA and I1A oxides or high-temperature crystal precursors. Based
on these strategies, porcelain with both small pyroplastic deformation and low water absorption, or
porcelain with near-zero sintering shrinkage, can be successfully fabricated. This allows for the
creation of fine geometry porcelain with large, thin, and precise shapes. Additionally, to address
the low strength and reliability of porcelain, we have improved its strength and toughness by
controlling the macro- and micro-prestress introduced by the coating/glaze layer and the
strengthening particles, respectively.
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Porcelains are complex composite materials composed of a glass matrix,
pores, quartz, mullite, and added alumina for strengthening. They are produced
by firing a mixture of clay, feldspar, and quartz at high temperatures. Highly
densified porcelain typically has a water absorption (WA) value of less than 0.5
mass%. This low WA, indicative of densification, is achieved through the
formation of a liquid phase during the high-temperature firing of the green
body.However, pyroplastic deformation (PD), caused by sintering shrinkage (SS)
and/or the viscous flow of the liquid phase, is prone to occur at high temperatures

Mater. Construc., 65, e065(2015); J. Eur. Ceram. Soc., 39, 601-609(2019)
SS occurs due to volume reduction when part of the raw materials transform into
a liquid phase at high firing temperatures, which contributes to or increases PD.
Essentially, SS always accompanies PD. Increasing the amount of liquid phase
decreases the WA but accelerates PD due to increased SS. Conversely,
decreasing the liquid phase increases WA but reduces PD. Therefore, there is
always a trade-off between densification (low WA) and pyroplastic deformation
(PD). Achieving high densification with low PD is a significant challenge.

The SS value changes with elevated temperatures until it reaches a
maximum, about 10% for most porcelains. SS is crucial for controlling the final
product size, which is closely related to WA and the technical characteristics of
the products J. Mater. Process., 209, 1240-1246(2009) . However, controlling
the SS rate in porcelains with large and precise shapes is difficult, as these are
often fired in massive kilns with significant temperature variations. This leads to
nonhomogeneous SS and inevitable PD. Overfiring can also cause bloating,
resulting in further PD. Consequently, excessive PD can compromise the function
or aesthetic properties of porcelain products, limiting the ability to produce finely
shaped porcelains.

Previous studies have reported porcelains without SS, but these were
porous ceramics lacking densification. Porcelains with both low WA and low PD
across a wide firing temperature range have also been reported, but they still
exhibited PD due to SS. Therefore, this research aims to design and develop
porcelains with high densification and low PD from a materials design perspective,
enabling the successful fabrication of finely shaped porcelains.

The main target of this research is to design and develop a novel porcelain
with high densification and low PD to expand the application of Hizen wares.



Furthermore, the strength of the developed porcelain will be evaluated and
optimized to achieve improved strength by controlling the addition amounts of
raw materials. Finally, the feasibility of fabricating fine geometry porcelains with
large, thin, and precise shapes will be explored.Recently, there have been new
porcelain products and techniques developed in the Hizen area. However, most
production relies on the experience of porcelain makers, and academic research
remains limited, leading to inevitable production losses. Although non-shrinkage
ceramic was developed in 2017, but it is not a true porcelain, and the mechanism
for suppressing sintering shrinkage (SS) is not clear. We has developed densified
porcelain with small WA and small PD over a wide firing temperature range, and
we have clarified the mechanism for suppressing PD resulting from bloating.
However, PD resulting from SS still exists and needs to be addressed. Therefore,
this research aims to extend the understanding of the relationship among
densification, SS, and PD, and to provide an integrated strategy for designing
and developing fine geometry porcelains.

This research developed a novel porcelain that consider following three
aspects: ® One dimensional raw materials (e.g Acicular wollastonite and Al2O3

fiber) for suppressing the SS; @ High-
temperature crystal precursor (e.g Gairome ' 122 M;

clay and talc or limestone): for suppressing

e

the bloating and controlling the viscosity of

liquid phase at high temperature; ® Effective

fluxing agent (e.g Petalite, spodumene, and

wollastonite) for generating the liquid phase. The PD index (PI) is calculated by
equation (1) , where s is the maximum deformation (mm), b is the thickness of
the specimen (mm), and | the distance between two supports (mm).We reveal the
mechanism of suppression of firing deformation and liquid phase firing shrinkage
by comparing PD, WA and SS, in combination with

other XRD, SEM and precise phase compositions, b
Pl =

Fig.1 Schematic of PD test

offering the possibility of developing high-precision T "
ceramics.

4.1 Minimizing the water absorption and pyroplastic deformation of alumina-
strengthened porcelain with wollastonite addition

We have identified the key strategies to realize both small water absorption

(WA) and small PD in a wide firing temperature (MFT) range by optimizing the



addition of talc (Mg?*) and petalite (Li*), but there is a possibility to decrease the
thermal expansion/ shrinkage of ASP. To maintain or improve the thermal
expansion/shrinkage, it is important to develop the Ca?*-doping porcelain
because there is no possibility to form any crystals with low thermal
expansion/shrinkage. In this study, the densification and PD of ASPs were
examined within a range of alumina and wollastonite contents. Both the alumina
addition and anorthite crystallization not only prevent the liquid-phase sintering,
which plays an important role in the densification of the porcelain during firing,
but also the suppression of PD at high MFTs. The prevention of densification as
well as the suppression of PD is basically described by the change in the amount
of liquid phase at firing. As a result, the optimization between WA (<0.5%) and PI
(<1.5x109 mm-?t) was found out in the relatively wide MFT range for porcelain with
the addition of 30 mass% alumina and the addition of <10 mass% wollastonite.
Consequently, WA and PD can be minimized in ASPs fired between 1290 and
1380 °C.

4.2 Near-zero sintering shrinkage (NZS) in pottery with wollastonite addition

In this study, NZS, with less than 2.0% sintering shrinkage (SS) and small
pyroplastic deformation (Pyroplastic deformation index < 1.5xX10%mm), was
developed by quantitative examination of the alumina and wollastonite addition.
The anorthite was progressively crystallised above 1100 °C and remained stable
after crystallisation, thereby suppressing sintering shrinkage. This was confirmed
by the In-situ high-temperature X-ray diffraction, and the SEM image (Fig. 6)
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Fig. 6. FE-SEM image and EDX mapping of W20A30G20. In the SEM image, anorthite and alumina crystals are
observed as grey rods and bright white particles, respectively, and the amorphous phases are shown as a dark
area. Each crystal is assigned based on the EDX mapping. The brightest particle at the centre of the image was

assigned to be diamond particles used for polishing the pottery.

In summary, we have revealed the mechanism for suppressing pyroplastic
deformation and liquid phase sintering shrinkage of alumina-strengthened
porcelain. By adjusting the liquid viscosity at high temperatures, both pyroplastic
deformation and liquid phase sintering shrinkage could be controlled using IA and
[IA oxides or high-temperature crystal precursors. The progress of porcelain
research allows for the creation of fine geometry porcelain with large, thin, and
precise shapes. With our control strategies, high-precision porcelain with large,
thin, and the precise shapes can be developed. This is particularly significant for

enhancing the value of Hizen ceramics and for developing new high-value-added

ceramics through additive manufacturing.
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