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a  b  s  t  r  a  c  t

The  moon-white  glaze  was  successfully  reproduced  with  the  addition  of  0.02  wt%  silicon  carbide  (SiC)
for supplying  carbon  (C) and  reducing  iron  oxide  (Fe2O3) at 1250 ◦C. Effects  of the SiC  contents  on the
chromaticity,  precipitated  phase  and  microstructure  of  moon-white  glaze  were  investigated.  Based  on  the
analysis  of  colorimeter,  XRD,  XPS,  FT-IR,  SEM and  TG–DSC,  a possible  coloring  mechanism  was  proposed
to explain  the  variation  of  glaze  colors  with the  increasing  of SiC  content.  The  results  indicated  that  the
eywords:
oon-white glaze

ilicon carbide
arbothermic reduction
icrostructure

addition  of SiC  contributed  to increasing  the  content  of  C and  the size  of  phase  separation  droplets  in
glazes.  The  formation  of  C increased  the  ratio  of Fe2+ to Fe3+ and the increased  size of  phase  separation
droplets  weakened  the structural  color,  which  increased  the  L* and  b*  value  of  glazes.  Therefore,  the  color
of  moon-white  glaze  got  more  blue  and  white  gradually.

© 2015  Elsevier  Ltd. All  rights  reserved.

tructural color

. Introduction

Celadon is one of the oldest color-glaze porcelain in China. A
mall amount of Fe2O3 acts as colorant in the glassy phase, and it
s usually fired in reducing environment [1–3]. According to the
epth of blue, the celadon glazes are classified into sky blue, bean
reen and moon-white glaze, etc. Especially, moon-white glaze
as elegant color and jade-like appearance so that it is extremely
restigious in the entire world [4]. In recent years, for the color-

ng or other purpose, numerous modern ceramic and moon-white
laze or other celadon are still manufactured under a reduction
nvironment, which not only raise the cost but also pollute the
nvironment [5,6]. It is an urgent problem pressing for solution in
he modern world.

In order to approach reduction flame under an oxidizing atmo-
phere, many efforts have been devoted to search efficient reducing
gent in the past few decades. Metallic tin (Sn) was  traditionally
mployed during the ancient age in the production of copper ruby
lasses, and zinc (Zn) was also chosen because it presents lower
xidation activation energy, lying below copper oxides (CuO) in the
llingham’s diagram [7]. Nevertheless, these scarce and expensive

aterials not only increase the production cost, but also introduce

mpurity to the glass composition. Méar et al. investigated that
itanium nitride (TiN) and SiC could be used as reducing agent of

∗ Corresponding author. Fax: +86 2986168188.
E-mail addresses: zhujf@sust.edu.cn (J. Zhu), shipei7121@163.com (P. Shi).

ttp://dx.doi.org/10.1016/j.jeurceramsoc.2015.08.029
955-2219/© 2015 Elsevier Ltd. All rights reserved.
containing lead oxide glasses to reduce lead (II) to metallic lead by
the oxidation of TiN and SiC. Moreover, as a function of the tem-
perature, SiC treatment of glasses gives more reduction of Pb(II) to
Pb(0) than TiN treatment [8,9]. Based on the above, one can draw a
conclusion that SiC is the strongest reducing agent of metal oxides
than other reducing agents such as Sn, Zn and TiN at high temper-
ature. The related reactions of the SiC oxidation are shown in Eqs.
(1)–(4), in which, Eqs. (1)–(2) are the passive oxidation and Eqs.
(3)–(4) are the active oxidation at higher temperatures [10–12].

SiC(s) + 2O2(g) → SiO2(s) + CO2(g) (1)

SiC(s) + 3
2

O2(g) → SiO2(s) + CO(g) (2)

SiC(s) + O2(g) → SiO(g) + CO(g) (3)

SiC(s) + 1
2

O2(g) → SiO(g) + C(s) (4)

Accordingly, some scholars suggested that the addition of SiC to a
glaze provided a reducing agent within the glaze itself, or a “local”
reducing agent [6]. However, until now, seldom studies have been
made to prepare celadon glaze with reducing agents.In this work,
SiC was utilized as the reducing agents to reduce Fe2O3 and repro-
duce the moon-white glaze in an oxidizing environment. In order

to better control glaze color, the effects of SiC contents on the evo-
lution of crystalline phase and phase separation of the moon-white
glaze were investigated in detail. The coloring changing mechanism
about the moon-white glaze color was also discussed.

dx.doi.org/10.1016/j.jeurceramsoc.2015.08.029
http://www.sciencedirect.com/science/journal/09552219
http://www.elsevier.com/locate/jeurceramsoc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jeurceramsoc.2015.08.029&domain=pdf
mailto:zhujf@sust.edu.cn
mailto:shipei7121@163.com
dx.doi.org/10.1016/j.jeurceramsoc.2015.08.029
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Table 1
Chemical compositions of the raw materials (wt%).

Raw materials SiO2 Al2O3 Fe2O3 CaO MgO  K2O Na2O SiC Ca3(PO4)2

Feldspar 69.94 17.41 0.51 3.54 1.01 0.51 7.08 – –
Quartz  98.37 1.41 0.22 – – – – – –
Calcite  0.67 – – 98.68 0.65 – – – –
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Talc  64.64 – 0.06 0.
Calcium  phosphate – – – – 

Silicon  carbide – – 0.50 – 

. Experimental

.1. Glaze preparation

The base glaze compositions were made by 58.8 wt%  of Na-
eldspar, 29.4 wt% of quartz sand, 7.8 wt% of calcite, 2 wt%  of talc,

 wt% of calcium phosphate (Ca3(PO4)2). Meanwhile, SiC was added
s the reducing agent and commercial grade Fe2O3 was added as the
olorant, the addition amount of them were 0–0.1 wt% and 0.2 wt%
f the base glaze, respectively. Chemical compositions of the raw
aterials are given in Table 1.
The raw glaze slurry was prepared by directly milling the

tarting materials which was weighted before with 75 wt% water,
.8 wt% sodium carboxyl methyl cellulose (CMC), 0.3 wt% sodium
ripolyphosphate (STP) and milled at a rate of 300 r/min for 35 min.
he glaze slip was sieved and the density was adjusted to 1.5 g/cm3

y water. Then the glaze slip was applied to the biscuits test piece
Ø 4–5 cm)  by dipping. After dried, the test pieces were fired at a

eating rate of 3 ◦C/min to 900 ◦C and 1.5 ◦C/min to 1250 ◦C, and
hen insulated for 40 min  at this temperature under an oxidiz-
ng atmosphere. Finally, the samples were cooled down to room
emperature naturally in the furnace.

ig. 1. Appearance of glazes, (a)–(f) different SiC contents of 0, 0.02, 0.04, 0.06, 0.08 and
alues, (h) L* values as a function of SiC contents.
34.96 0.06 0.04 – –
– – – – 99.9
– – – 98.5 –

2.2. Characterization

The color parameters (L*, a*, b*) for the fired specimens were
measured using the WSD-3C colorimeter. And the phase compo-
sition of the test pieces was  identified by X-ray diffraction (XRD)
using a D/max 2200PC X-ray diffractometer (Japan) with Cu K�
radiation (� = 1.5406 Å). Meanwhile the samples were measured at
a scanning rate of 8 ◦/min in the 2� range of 10–60◦ under 40 kV
and 100 mA.  The chemical analysis was performed on an ESCALAB
MKII X-ray photoelectron spectrometer (VG Scientific, UK) using
Al K� radiation. The infrared spectra at 400–1200 cm−1 were char-
acterized by a Spectrum One FT-IR spectrometer (VERTE70) and
the KBr standard pellet method. The microstructure of the samples
was investigated by scanning electron microscopy (SEM) equipped
with energy dispersive spectrometry (EDS). Before the testing, the
surface of the samples was etched using 10 vol% HF for 30 s to
expose the crystals and phase separation structures. The thermal
analysis of samples was  carried out with a thermal analyzer (NET-

ZSCH STA 409 PC/PG, Selb, Germany) from ambient temperature
to 1250 ◦C at a heating rate of 10 ◦C/min under oxygen atmo-
sphere.

 0.1 wt%; (g,h) quantitative analysis of color tone for samples, (g) Plots of a* and b*
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. Results and discussion

Fig. 1(a–f) shows the appearance of the typical glaze containing
–0.1 wt% SiC. As being observed, the bubbles appeared on the glaze
urfaces when SiC content was more than 0.02 wt% and the sizes
ncreased with increasing the SiC content, which was ascribed to
he oxidation of SiC at high temperature (see Eqs. (1)–(4)) [10–12].
nd the color tone of the glazes systematically changed (Fig. 1(g
nd h)). Fig. 1(g) shows a* and b* values of the glazes with different
iC contents. It could be found that the glaze without SiC addition
xhibited the highest a* and b* values. Fig. 1(h) shows the variation
f L* as a function of SiC contents. L* values presented local maxima
ith 0.02 wt% SiC, and decreased with increasing of the SiC content

Fig. 1(h)). Glazes with addition of 0.02, 0.04, and 0.06 wt% SiC dis-
layed the most vivid color, exhibited almost the same L*, a*, and b*
alues as the moon-white glaze color. Combining the performance
f glaze surfaces, the SiC content was determined to be 0.02 wt%  in
he moon-white glaze.

X-ray diffraction (XRD) patterns of glazes with 0, 0.02, 0.06 and
.1 wt% SiC contents, are shown in Fig. 2, respectively. The char-
cteristic amorphous hump could be seen within the 2� ≈ 15–35◦

ange in all samples, which were associated to a large amount of
luminosilicate glass [13]. Meanwhile, some weak peaks were cor-
esponding to the presence of quartz with characteristic peak at
6.24◦ and carbon with characteristic peak at 26.60 ◦ crystalliza-
ion. Among them, the quartz existed in every sample and carbon

nly existed in SiC-containing samples. So the quartz was likely
o be from the starting composition, while the carbon phase was
ormed from the oxidation of SiC (see Eq. (3)). Also, the content of
arbon increased with increasing the SiC contents. Accordingly, a*

Fig. 3. (a) and (b) SEM images of crystals on the glaze s
Fig. 2. XRD patterns of glazes with different SiC contents. Insets are enlarged images.

and b* value of glazes increased when the SiC content was more
than 0.06 wt%.

Fig. 3 displays the SEM images and EDS analysis of the etched
glaze surface containing 0.1 wt%  SiC. It can be clearly seen that a
large number of aggregate crystals disorderly distributed in glass

matrix (Fig. 3(a)). Fig. 3(b) shows that lamellar structures on the
surface were presented due to acid treatment. The chemical compo-
sition of crystals was  analyzed by EDS in Fig. 3(c) and (d), measured
on the microspots denoted by the positions 1 and 2 in the SEM

urface with 0.1 wt%  SiC; (c) and (d) EDS spectra.
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Fig. 4. (a) XPS survey spectra, (b)–(d) fitting spectra of the Fe

Table 2
Glazes compositions synthesized and compared with XPS analyses.

Atomic%

O 1s C 1s Si 2p

0 wt% SiC 60.17 15.02 24.82

i
i
b
q
w
t
e
t
f

s
e
s
b
w
t
s
s
b
O

−1
0.06  wt%  SiC 58.34 16.36 25.30
0.1  wt%  SiC 50.22 29.50 20.28

mages of crystals. It showed that the crystal in position 1 was rich
n Si and O, whereas the crystal in position 2 was rich in C. Com-
ining with the XRD analysis in Fig. 2, position 1 was  the residue
uartz which formed a big aggregate (Fig. 3(a)), while position 2
as nearly lamellar carbon (Fig. 3(b)). The results further indicated

hat the glazes surface got black, which was due to the crystalline
ffect of carbon. The glass phase in glaze was continuous and dense;
hus it could have the excellent physical and chemical protective
unction of avoiding oxidation of the C in an oxygen atmosphere.

The XPS technique is a good analytical tool for elemental analy-
is, as the binding energy (BE) values of core levels are, to a certain
xtent dependent on the molecular environment [14]. Hence the
toichiometry of the SiC glazes was analyzed by using XPS. Typical
road-scan XPS spectra of the 0 wt%, 0.06 wt% and 0.1 wt%  SiC glazes
ithin the BE range of 0–1200 eV are shown in Fig. 4. As expected,

he three spectra had similar spectral features and peak positions,

ince the chemical status of the elements in both cases was  the
ame. Furthermore, the presence of O 1s, C 1s and Si 2p signal could
e noted, both related to reduction degree of glaze. Table 2 shows
, C and Si concentrations of glazes with different SiC contents.
2p 3/2 peaks of the glazes with different SiC contents.

For comparison, a significant decrease of the O content accompa-
nied by an increase of C concentration could be observed, and the
Si concentration was kept essentially constant with the increasing
of SiC content. Obviously, reduction degree of these samples was
increased.

The broad Fe 2p3/2 peaks suggested the coexistence of Fe2+ and
Fe3+ in samples [15]. Fig. 4(b)–(d) shows the fitting spectra of Fe
2p3/2 peaks obtained from the samples with different SiC contents,
where the binding peaks were fitted by Lorentzian–Gaussian func-
tions. It was found that the Fe 2p3/2 peak was  shifted to higher
binding energies side, so Fe2+ concentration increased with the
increasing of SiC content. When the content of SiC was  0.1 wt%,
The Fe2+ to Fe3+ atomic rations of glaze was 68.84/31.16. There-
fore, the XPS results further confirmed that the SiC was helpful to
increase the Fe2+ concentration in glazes, which could make glaze
colors turn blue gradually.

The IR absorbance spectra of investigated glazes are illustrated
in Fig. 5. All the spectra showed four characteristic peaks located
at 1070 cm−1, 784 cm−1, 615 cm−1 and 465 cm−1, respectively. The
absorption band at 1070 cm−1 was  assigned to the stretching vibra-
tion of Si O, which indicated that the structure of the tested glazes
was dominated by the so-called Q3 group (where Q is the number
of bridging oxygen) [16,17]. The band at 784 cm−1 could be linked
with bending vibrations of two  types of bridge bonds Si O Si and
Si O Al, while the band at 465 cm−1 was  associated with bending

vibrations of O Si O. Presence of a small band at 615 cm should
be linked with the presence of Si and Si O rings [17]. Comparing
decomposition of studied glazes, the intensity of all characteristic
bands was  all increased with the increase of SiC content. It could be
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Fig. 5. FT-IR spectrum of the glazes with different SiC contents.
oncluded that the addition of SiC led to (SiO4)4− tetrahedra break
n the moon-white glazes, which destroyed the covalent amor-
hous network. As a result, the viscosity of molten glazes decreased
ith the increasing of SiC content.

ig. 6. Typical SEM images of separation structure on the glaze surfaces, (a)–(d) different 

urface of the glaze with adding 0.1 wt% SiC.
mic Society 35 (2015) 4603–4609 4607

Fig. 6(a–d) presents the SEM micrographs of etched glaze sur-
faces containing different SiC contents of 0 wt%, 0.02 wt%, 0.06 wt%
and 0.1 wt%. It can be show that the discrete droplet phase sepa-
ration structures were formed in every glaze surface [18]. Fig. 6(e)
displays the SEM micrograph of the fracture surface of the glaze
with adding 0.1 wt% SiC. It was obviously seen that the phase sepa-
ration droplets located in all over the glaze. Consequently, it could
be proved that the phase separation occurred on the whole samples
(with 0–0.1 wt%  SiC). Additionally, with the increase of SiC content,
the average diameter of phase separation droplets increased and
the density decreased in the glazes. The reason for this was  that, the
viscosity of molten glazes decreased when the content of SiC was
increased. Therefore, the movement speed of particles got faster so
that discrete phase droplets were easy to move to the surface of
phosphate glass [19,20].

The structural colored glaze consisting of discrete droplet phase
separation structures showed structural color developed by the
Rayleigh scattering. When the average diameter of scattering ions
was 1–100 nm,  the Rayleigh scattering might occur on glaze sur-
face. The scattering intensity was  determined with the following
formulas [21–24].
I(�)scattering ∝ I(�)incident

�4
(5)

SiC contents of 0, 0.02, 0.06 and 0.1 wt%; (e) SEM micrograph of the typical fracture
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Fig. 7. SEM-BSE image and corresponding EDS elemental mapping image of Fe Ka1 for the unetched glaze surface with 0.1 wt% SiC, (a) SEM-BSE image; (b) EDS elemental
m
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apping image.

here I(�)incident and � are intensity and wavelength of the incident
nd light, respectively. The smaller the �, the easier the Rayleigh
cattering. Because blue light is at the short wavelength end of the
isible spectrum, it is scattered in the atmosphere much more than
he longer-wavelength red light. As a result, the structural color
eveloped by the Rayleigh scattering showed blue and the glaze
olors became blue with addition of calcium phosphate. When
he average diameter of phase separation droplet was bigger, the
cattering intensity (I(�)incident) was less and the opalescence blue
hich was formed by structural color was lighter. Therefore, the

laze colors got more blue and white gradually with the increasing
f Fe2+ concentration in the glazes.

Since the structural color was greatly influenced by the position
f Fe in the glazes, it was necessary to clarify where the Fe3+/Fe2+

ocated in the glass matrix or in the droplets. Fig. 7 displays the SEM-
SE and corresponding EDS elemental mapping image of Fe Ka1

or the unetched glaze surface with addition of 0.1 wt% SiC. From
ig. 7(a), it was found that the oil-drop phase separation droplets
niformly distributed in the glass matrix. As shown in Fig. 7(b), the
hole glaze surface contained the element Fe with basically uni-

orm distribution density, conforming that the element Fe did not
nly gather in the glass matrix but also in the droplets. The reason
or this was that, the small amount of (0.2 wt%) of Fe2O3 was not
nough to cause the element composition difference of Fe between
lass matrix and droplets [25]. Consequently, the refractive indices
etween base phase and phase separation droplets were very small

n the samples. Meanwhile, the structural color could not be greatly
ffected by adding the small amount of Fe2O3 [21].

Thermo gravimetric (TG) analysis and differential scanning
alorimetry (DSC) analysis are used to study weight change and all
he transformations during a heating cycle. The TG–DSC curves of
he glaze with 0.1 wt% SiC are presented in Fig. 8. An initial weight
oss was observed in the TG curve which was attributable to the
emoval of residual water and the combustion of the organic mat-
er. And then, two small endothermic peaks at about 454.0 ◦C and
92.1 ◦C were attributed to the removal constitution water accom-

anied by mass loss. At higher temperatures, a slow weight loss
as corresponding to the decomposition of calcite. Meanwhile,

here was an exothermic peak at about 1137.7 ◦C. Some workers
ttributed this reaction to the decomposition of feldspar while oth-

Fig. 9. Proposed mechanism of the carbothermic reduction 
Fig. 8. DSC–TG curves of investigated glaze.

ers attributed it to SiC oxidation and reduction reaction of Fe2O3 by
C [6,26]. So, the formation temperature of FeO was 1137.7 ◦C in this
work. The main reaction is expressed by Eq. (6) as following:

2Fe2O3(s) + 2SiC(s) + O2(g) → 4FeO(s) + 2SiO(g) + CO2(g) + C(s) (6)

Consequently, a reaction mechanism of carbothermic reduction
of Fe2O3 by SiC for the moon-white glaze preparation could be pro-
posed on the basis of above experimental results. The process of
reaction was described as follows: when the excessive amount of
SiC was added to the base glaze, it was passively oxidized by air in
the furnace and formed CO and C at 1137.7 ◦C (see Eqs. (3) and (4)).
And then as the colorant for moon-white glaze, Fe2O3 was  reduced
to FeO by generating CO and C (see Eq. (6)) as well as the unreacted C
was in the glazes. After cooling, the glazes were moon-white color
when the SiC contents were 0.02–0.06 wt%, and the glazes with

0.08–0.1 wt%  SiC got green–black color because of the residual C.
Fig. 9 shows the possibly reactions on the glaze surfaces.

of Fe2O3 by SiC on the moon-white glaze preparation.
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. Conclusions

The moon-white glaze was successfully reproduced with the
ddition of 0.02 wt% SiC under an oxidizing environment. With
ncreasing of the SiC content, C was formed so that Fe2O3 reduced

hile the rations of Fe2+ to Fe3+ in glazes increased. The SEM
icrostructure showed that the discrete droplet phase separation

tructures were developed in glazes and their sizes were less than
00 nm,  so the structural color was formed owing to the Rayleigh
cattering. A dual coloring changing mechanism with the increasing
f the SiC content was in effect for the moon-white glaze, covering
he carbothermic reduction and the varying size of phase separa-
ion droplets.
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