
Journal of the Korean Ceramic Society 

Vol. 52, No. 3, pp. 197~203,  2015.

− 197 −

http://dx.doi.org/10.4191/kcers.2015.52.3.197

†Corresponding author : Hyun-Soo Lee

 E-mail :  veronica713@hanmail.net

 Tel : +82-2-2290-2179 Fax : +82-2-2290-2160

Effects of Nucleating Seeds on Coloring of Zn
2
SiO

4 
Crystal Glazes

Hyun-Soo Lee†

Department of Ceramic Art, Hanyang Women’s University, Seoul 133-793, Korea

(Received March 3, 2015; Revised May 6, May 19, 2015; Accepted May 19, 2015)

ABSTRACT

The colorization of Zn
2
SiO

4
crystal glazes was investigated by adding nucleating seeds with various coloring agents. The addi-

tion of color fixing agents such as Fe
2
O

3
, MnO

2
, and NiO with seeds caused changes in the colors of glazes. The crystallinity and

crystal size were dependent on glaze composition and firing schedules. By controlling coloring agents and firing schedules, it was

possible to create various colors and sizes of crystals in a zinc-based crystalline glaze.
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1. Introduction

inc-based glaze is a typical crystal glaze for ceramics by

forming Zn
2
SiO

4 
(willemite) crystals, and it has been a

continual subject of study since its introduction. Investiga-

tions by Norton,1) Parmelee,2) and Kato and Takashima3)

established the relationship between crystal growth and

cooling conditions, as well as its softening process and melt-

ing phenomenon. Other studies include color variation of

Zn
2
SiO

4 
crystals by Karasu et al.4) In a zinc-based glaze,

nuclei form and crystals normally grow randomly. TiO
2 
acts

as the seed for the nucleation in a tri-component body of

ZnO-Al
2
O

3
-SiO

2
.5) Some pottery artists experimented natu-

rally-occurring zincite mineral as the seed and often suc-

ceeded. Motivated by this result, a preceding study adopted

ZnO as the main ingredient of the synthesized seed.6)

The goal of this study is deliberately controlling the nucle-

ation and development of Zn
2
SiO

4 
crystals in a glaze by

using synthesized seeds instead of the commonly-used TiO
2

seeds. Incorporating with various coloring agents, the pre-

pared seed can nucleate, enhance the growth, and develop

colors at the intended spots. In addition, a further under-

standing is expected for nucleation and growth of crystal. 

2. Experimental Procedure

2.1. Raw Materials 

Raw materials for zinc-based crystal glaze include

Frit3110 (Ferro Crop.), ZnO (Extra pure, Hanil Co. Ltd.),

SiO
2
 (Industrial grade), CuO (Chemical Pure, Junsei Chem-

ical Co., Ltd.), Fe
2
O

3 
(Chemical Pure, Junsei Chemical Co.,

Ltd.), NiO (Chemical Pure, Junsei Chemical Co., Ltd.), and

MnO
2 
(Guaranteed Reagent, Junsei Chemical Co., Ltd.). 

Figure 1 shows the tri-component glazes made of Ftit

3110, ZnO, and SiO
2 

to identify a formula that forms the

maximum amount of zinc-based crystals, and another for-

mula that produces crystals only at the presence of seeds.

Separately from the glaze preparation, a base seed ZS was

synthesized by adding SiO
2
 into ZnO.6) Coloring seeds were

prepared by adding MnO
2
, Fe

2
O

3
, and NiO into the base

seed. Fig. 2 is the schematic of how glaze and seeds were

applied on the bisque-fired white porcelain base. 7) 

2.2. Heat Treatment 

As shown in Fig. 3, the glazed and seeded samples were

fired with increasing temperature of 5oC/min up to the sin-

tering temperature of 1270oC in an electrically-powered fur-

nace. After holding for 1 h, samples were cooled to 1170oC or

Z

Communication

Fig. 1. Fifteen tri-component glazes prepared for the selec-
tion of the base glaze.

Fig. 2. Procedure for glazing and seeding. 



198 Journal of the Korean Ceramic Society - Hyun-Soo Lee Vol. 52, No. 3

1130oC with decreasing temperature of 3oC/min. And sam-

ples were held for 1 h at 1170oC or 3 h at 1130oC for crystal-

lization, followed by cooling down to room temperature.8)

2.3. Characterization 

The phases of the vitrified glaze and the grown crystal in

it were analyzed by XRD (X-pert Pro. PANalytical, USA),

Raman spectroscopy (532 nm, 20 mW. Flex G, Tokyo Ins-

trument, Japan.), SEM/EDX (S-3500N, Scanning Electron

Microscope, Hitachi, Japan), and digital microscopy (WJT.,

Dim-02, Japan). Color variation on glaze and seed after fir-

ing was also examined by observing with naked eyes and

under a microscope.

3. Results and Discussion 

3.1. Effects of seeding

It is known that the crystallization of Zn
2
SiO

4
 proceeds via

nucleation followed by growth at specific temperatures.8-10)

Figure 4 represents the fired samples of tri-component

glazes. Each sample corresponds to the glaze compositions

shown in Fig. 1, and Fig. 4 (a) and (b) are without and with

seeds, respectively. All samples were heat treated under the

same condition; holding at 1270oC for 1 h, and cooling and

holding at 1130oC for 2 h.

As predicted in the preliminary experiments, No.8 glaze

appeals to be the optimum in Fig. 4(a). With seeds, however,

No.8 glaze formed too many nuclei and developed into too

many crystals, and a selective growth on seed is not

observed as shown in Fig. 4(b).6,8) Addition of TiO
2
 enhances

crystal growth, but adverse effects such as partial translu-

cency and too much sensitivity on holding time is often

unavoidable.6) Zn
2
SiO

4 
crystals are present inside of glaze,

although they are not observed on the surface of glaze with

naked eyes. Considering the selective nucleation and

growth of crystals originating from nuclei, the glaze G4,

marked with red-square in Fig. 4(b), was selected as the

base glaze for further studies of seeding. 

 Figure 5 is XRD pattern of the synthesized ZS seed, made

of G4 with the addition of SiO
2
. It shows crystalline ZnO as

the major phase and two minor ones: a newly-grown Zn
2-

SiO
4
 and SiO

2
.

Figure 6 shows the sectional images of ZS seed on G4

glaze by Raman Spectroscopy. Central part of ZS shows

strong intensity on the characteristic bands of ZnO, while

those of Zn
2
SiO

4
 at about 872, 907, and 953 cm−1.11) The

edges of ZS, however, show strong bands of Zn
2
SiO

4
 accom-

panied with weaker ZnO bands, which is in agreement with

the study that confirmed an enhanced Zn
2
SiO

4
 crystal

growth at the interface between ZnO particles and SiO
2
.12)

This phenomenon is attributed to thermal diffusion of

atoms in ZnO-Si system from the surface to interface.13)

In addition to its own seeding role, it seems that ZnO seed

in ZS also activates the interaction between ZnO and SiO
2 
in

glaze and assists their development into crystals. This argu-

ment is based on the fact that highly increased Zn
2
SiO

4

Fig. 3. Firing schedule (a) and (b).

Fig. 4. Samples applied with various tri-component glazes and fired at 1130oC for 2 h.

Fig. 5. XRD pattern of the base seed (ZS).
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crystals at the boundary of ZS. Note that the selected G4

glaze without ZS did not produce crystal due to lack of SiO
2
.

This leads to a conclusion that a small amount of SiO
2 

in

seed contributes significantly for nucleation and crystal

growth.

Figure 7 presents the effect of SiO
2 

in G4 that clearly

demonstrates increasing crystal amount starting at the

addition of 1% SiO
2
. 

3.2. Effects of coloring seeds

The amounts of coloring agents were determined consider-

ing their solubility limits in seed to avoid their extraction

into glaze; 1.5 wt% MnO
2 
(seed code Mn-ZS), 1.8 wt% Fe

2
O

3

(seed code Fe-ZS), and 0.05 wt% NiO (seed code Ni-ZS). Fig. 8

shows XRD patterns of seeds with coloring agents. 

The result shows that Mn-ZS, Fe-ZS, and Ni-ZS consist of ZnO as

the main phase, and SiO
2
 and Zn

2
SiO

4 
as the minor ones. Small peak

shifts with coloring agents are believed to come from the formation of

solid solutions by incorporating transition metals into ZnO lattice.
14)

ZnO forms a tetragonal structure, and transition metals normally

replace the central Zn2+.15) Ni-ZS, especially, displays a relatively high

shift, because Ni2+ is bigger than Zn2+ in ionic radii (Ni2+; 0.68Å,

Zn
2+

; 0.60Å) that leads to lattice expansion as well as limited

solubility.15,16)

Figure 9 shows Raman spectra of the central and bound-

ary parts of the three coloring seeds. The results correspond

to that of ZS, showing marked difference between two parts.

Observation reveals that, in the central and boundary part

of seed as shown in Fig. 9(a), there are significant shifts of

Raman bands toward lower frequency,16) which is indicative

Fig. 6. Raman spectra of the center section of ZS compared
with the boundary section.

Fig. 8. XRD patterns of various seeds doped with coloring
agents; ZS, Mn-ZS (1 wt% Mn), Fe-ZS (1.8 wt%
Fe

2
O

3
), and Ni-ZS (0.05 wt% NiO).

Table 1. Composition of Glaze G4                                         (wt%)

Glaze Frit 3110 ZnO SiO
2

G4 60 30 10

Fig. 7. Effect of SiO
2
 addition on crystallization in G4 (refer

to Table 1).

Fig. 9. Raman spectra of various seeds doped with coloring agents.
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of solid solution of the added transition metals doping in

ZnO.11,17) In case of NiO, band shift is not significant proba-

bly due to its low solubility, and the intensity of Ni-ZS band

is fragile due to weakening of the band by Ni dissolution

into the structure.18)

In Fe-ZS with a relatively large amount of Fe
2
O

3
, rather

added Fe
2
O

3
 lower its reaction temperatures. Thus Zn

2
SiO

4

crystal formation19~21) and its amount are also increased.

Especially, Zn
2
SiO

4
 crystal formation was highly activated

around the seeds. And consequently, the ZnO band showed

up very weakly. It is evident that Fe-ZS has enhanced reac-

tivity with glaze compared to that of ZS case.

The colors developed in glaze by coloring seeds were white

for ZS, deep yellow for Mn-ZS, yellow green for Ni-ZS, and

brown for Fe-ZS as shown in Fig. 10. 

3.3. Changes in seeds with coloring agents

It was found that the prepared seeds interact with glaze

during sintering, and depending on the kind and amount of

coloring agents, there were some differences in crystal

development. Hence, further study was carried out by add-

ing the coloring agents into glaze, for example, 1 ~ 5 wt% of

CuO, Fe
2
O

3
, and NiO into G4. 

Figure 11 is Raman spectroscopies on sections of ZS and

CZS (1 wt% CuO added into glaze G4) systems, showing more

formation of Zn
2
SiO

4 
in the central part of CZS regarding to the

case of seeded ZS system. This attributed to the higher amount

of the metal-oxide ingredient in the CZS case, following the

sequence; ZS initially reacts with glaze and the Cu2+ ions from

the added CuO partly dissolve in ZS producing solid solution

that is responsible for the dark grey coloring. 17, 22) 

 When ZS(uncolored seed) is placed on the glaze with col-

oring agents in it, they developed much higher and more

concentrated crystal growth at the seed sites than those of

Mn-ZS, Fe-ZS, and Cu-ZS cases. This is attributed to the

increased amount of coloring oxides. Furthermore, Zn
2
SiO

4

crystal grew not only around fringe but also on the central

part, probably due to the lowered melting temperature of

glaze that accelerate crystal growth. In zinc-based crystal

glazes, most nuclei dissolve into glaze during holding at

crystallization temperature, and thus, the glaze becomes

more fluid.1) This corresponds to the case of TiO
2
, in which

provides a better condition for crystal growth by catalyzing

the formation of Zn
2
SiO

4 
and by lowering viscosity of the

glaze.5) 

Figure 12 is Raman spectroscopy of G4 glaze added with 1

wt% Ni. It shows a weak characteristic band of Zn
2
SiO

4 
at

864 cm-1 on the glassy glaze part where no crystal is

observed. This indicates that Zn
2
SiO

4 
crystals are present

not only on the surface of the glaze but also within the glaze.

This confirms that each seed works as a nucleon for Zn
2
SiO

4

growth. Note the shift of bands in Fig. 12, from 868, 904,

947 cm−1 of pure Zn
2
SiO

4 
to 864, 901, 942 cm−1 of Zn

2
SiO

4

with Ni atoms, respectively.11,15,23)

Figure 13 and 14 are EDX results in terms of the amount

of coloring agents dissolved into seeds during preparation

and into Zn
2
SiO

4
 crystals during its growth by heat treat-

ment. Note differences in the amount of dissolved coloring

atoms and the developed colors depending on the doped

oxides and the host crystals (ZS and Zn
2
SiO

4
). 

Cu-G4 with 1 wt% CuO developed dark grey on ZS and

pale jade green on Zn
2
SiO

4 
crystals. EDX results show that

CuO dissolved more into ZS than into Zn
2
SiO

4
. In case of Fe-

G4 with 3 wt% Fe
2
O

3 
, the dopant dissolved more into ZS,

resulting pale brown on ZS and gold color on crystals. Ni-G4

with 1 wt% NiO, however, more NiO is found on crystals,

possibly due to the very low solubility of NiO in ZnO and the

relatively high solubility of NiO in Zn
2
SiO

4
.24) Thus, Zn

2
SiO

4

became very dark blue-green (darker than seeds), while ZS

Fig. 11. Raman spectra of ZS on glaze G4 compared with
CZS (1 wt% CuO added into glaze G4).

Fig. 10. Samples of various seeds doped with coloring agents;
ZS, Mn-ZS (1 wt% Mn), Fe-ZS (1.8 wt% Fe

2
O

3
), and

Ni-ZS (0.05 wt% NiO).

Fig. 12. Raman spectra of glass and crystal parts on glaze
G4 with 1 wt% NiO.
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became yellow-green. Fig. 15 and 16 show images of color

development on surface and section for both ZS and Zn
2-

SiO
4
, that are magnified by 80 times under digital micros-

copy. Note that there is a color difference between Zn
2
SiO

4

and non-crystalline part. It is clearly demonstrated that

effective manipulation in respect to size, position, and color

of the grown crystals is possible by application of seeded

glazes with coloring oxides.

The following study is focused on the effect of crystalliza-

tion temperature and time schedule on the size of grown

crystals, and the results are summarized in Fig. 17 for G4

with 5 wt% NiO. It is evident that the optimal condition is a

3 h-holding at 1130oC for glaze G4. The results are in agree-

ment with other studies in two respects; a low enough vis-

cosity at a proper temperature is needed to have effective

crystal growth under appropriate glaze fluidity,1,5) and fur-

ther increase in glaze fluidity at higher temperatures

retards the growth of willemite crystals.5,25) 

4. Conclusions

The aim of this study is to develop seeded glazes for the

formation of Zn
2
SiO

4 
crystals that can be manipulated effec-

tively in respect to size, position, and color of the grown

crystals.

Fig. 13. EDX results of ZS on Cu-G4 (1 wt% CuO added on glaze G4); (a) ZS spot, and (b) Crystal spot.

Fig. 14. EDX results of glaze samples; (a) ZS spot Fe-G4,  (b) crystal spot Fe-G4 (3 wt% Fe
2
O

3
 added on glaze G4), and (c) ZS

spot Ni-G4, and (d) crystal spot Ni-G4 (1 wt% NiO added on glaze G4).

Fig. 15. Colorization results of ZS samples on colored
glazes; G4,Cu-G4 (1 wt% CuO added), Fe-G4 (3 wt%
Fe

2
O

3
 added), and Ni-G4 (1 wt% NiO added).

Fig. 16. Colorization results of the seeded sections on col-
ored glazes (ZS and C denote seed and Zn

2
SiO

4

crystal, respectively).
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When seeds are introduced onto the G4 glaze, size and

grown position of crystals can be manipulated with crystal-

lization temperature and time. By incorporating coloring

agents into the seeds, various colorings of Zn
2
SiO

4
 crystal

become also possible by formation of solid solutions. 

When coloring agents are introduced into the G4 glaze,

the lowered viscosity of glaze further accelerates the

interaction between seeds and oxides, and thus, grows

more Zn
2
SiO

4 
crystals and provides a wider color variation.

The results make a crystal glaze system to control the pro-

cess of various applications in terms of size, position, and

color of the grown crystals, and thus, provide a better artis-

tic expression possible with the glaze.
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