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Abstract: This paper introduces a method for producing red copper glaze by adding copper oxide (CuO) and silicon
carbide (SiC) additives to the base glaze. SiC created a reducing environment in situ and allowed the glaze to be
sintered in an oxidizing furnace environment. Nanocrystals are the determinants of the red color of the glaze. The
CuO reduction reaction temperature range of SiC produces a reducing environment in the glaze as detected by the
method (DSC). The functional group and phase of nanocrystals were determined by Fourier transform infrared (FT-

IR) and X-ray diffraction (XRD) spectroscopy.
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1. INTRODUCTION

Colored glaze containing copper oxide (CuO)
used to decorate ceramic products has been
widely produced in classical Asian ceramics [1].
In the ionic state, the Cu®" creates a blue-green
color, creating the famous celadon in ancient
Vietnamese ceramics. When calcined in a
reducing atmosphere, the Cu?" ion turns into a
metallic copper state, giving a copper-red glaze
(when Cu particles are nano-sized) or a thin
yellow metal layer on the ceramic surface [2].

In literature, copper-red glaze for ceramics first
appeared in China during the Tang Dynasty
(618-907 CE) and continued to develop in the
Ming Dynasty (1368-1644 CE). The most
famous is the blood-red ceramic glaze in Dezhen,
Jiangxi province [3]. Ancient Chinese red-glazed
pottery is highly valued because of its uniqueness.
Ceramic glaze is red like blood, commonly
known as cow's blood glaze. This glaze has been
fired in a very complex reducing environment, so
it always keeps the family secret.

Modern studies on ancient Chinese porcelain
have found that the copper-red color is due to
nano-sized metallic copper particles [4]. The
glaze's red color depends on the nanocrystals' size
and content [5, 6]. The red formation of the
nanoparticle system is caused by the
nanoparticles creating plasmon surfaces and
absorbing wavelengths of 500-550 nm. It is not
only copper, but other metal particles such as Au,
Ag, and Pt with particle sizes in the range of

20-100 nm will also give red color regardless of
the chemical nature of the particles [4, 7].

When the glaze containing CuO has fired in a
reducing atmosphere, the Cu** ion was reduced to
nano-sized metallic Cu, creating the red glaze.
The reducing agent can be CO formed by the kiln
air atmosphere when the fuel burns with
insufficient oxygen or chemicals mixed in the
glaze compositions. The multivalent oxides used
as in situ reducing agents for copper-red glazes
are usually SnO,, CeO; [6, 7], and more recently
SiC [8-10]. The raw materials supplying Cu for
making traditional copper-red glazes are
CuS04.7H20, CuO, CuCOs3, CuCl2.2H2O [11]. In
some recent studies, the raw materials used were
nano sized CuO [12]. Silicon carbide (SiC) is
used industrially as a refractory [13] and a
reducing agent in situ at high temperatures in
copper-red glazes [S]. The SiC was added in a
CuO glaze to reduce in situ agents in the copper-
red glazes [14-17].

The advantage of'in situ reducing agent SiC is that
it can sinter copper red glaze in an oxidizing kiln
atmosphere [5, 10]. But for a long firing time, the
SiC can be oxidized, and the glaze returns to blue
color [7]. Therefore, it is necessary to determine
the temperature range and firing time for SiC to
create an in situ reducing environment in copper
red glaze. The physicochemical changes of high-
temperature processes are often studied by
differential calorimetry or thermal analysis
(DTA/TG or DSC/TG); the Scherrer equation
was used to calculate the size of copper crystals
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[18-20].

Thus, the reducing environment in the fired
process plays a decisive role in the coloration of
copper-red glazes. The reduced atmosphere of the
firing kiln space creates hazardous environmental
problems. The reducing medium in situ is a better
application trend because of the firing process in
an oxidizing atmosphere. However, using SiC
with too much content or inappropriate sintering
temperature will be one of the possible causes of
glaze surface defects. This defect is formed
because the amount of CO» produced is too much
and cannot escape from the glaze layers.

In this study, fine powders of CuO and SiC were
added to the base glaze to give the copper-red
glaze. The SiC powder ground is taken from the
waste resistor rod and can be in situ reducing
agent in the copper red glazes.

2. EXPERIMENTAL PROCEDURES

The base glaze used in these experiments was
mixed with the composition (%wt.), including
50% frit (Fritta Company), 30% felspar (India),
10% kaolin (China), and 10% quick lime
(Vietnam). Color additives added to the base
glaze were 2% (wt.) CuO. The amount of added
SiC in the sample was 0, 0.5, 1, 1.5, and 2% by
weight, denoted as M01, M02, M03, M04, and
MOS.

The chemical compositions of the raw materials
were analyzed using an X-ray fluorescence (XRF)
instrument (ARL ADVANT'X instrument-
Thermo Scientific, USA).

Water and carboxymethyl cellulose (CMC) were
added to the glaze mixture to form a glaze
suspension. The CMC de-flocculant improves the
glaze's adhesive properties in green stoneware
samples. The water/solid powder ratio was
40/100 (%wt.). The suspension was homogenized
by a ball mill in a porcelain jar for 40 mins to
obtain the required properties: suspension density
from 1.7 to 1.8 g/cm?, the residual amount on the
180-mesh sieve less than 3% (wt.).

The glaze suspension was coated on the surface
of the green body samples of 4x4 cm. Then the
glazed green body samples were dried in an oven
at 120°C for one day. After drying, they were fired
in an electric furnace at 1150°C for two hours.
The DSC/TG differential thermal analysis
characterized the physicochemical changes
occurring during the glaze firing process was

determined by the DSC/TG differential thermal
analysis (NETZSCH STA 409 PC/PG device).
The MO5 sample was chosen for the DSC/TG
analysis. The machine operating modes were
as follows: The highest temperature at
Tmax= 1150°C, nitrogen gas (N») environment, and
heating rate 5°C/min. From the TG-DSC analysis
results, 1150°C was used as the sample heating
temperature.
The fired glaze color was evaluated by the
parameter values (L*, a*, b*) in the CIE
coordinate system, the device of CR-400/410
Chroma Meter- Konica Minolta, Japan. (CIE
stands for Commission Internationale de
I’Elcairage. It is also known as the CIE XYZ color
space or the CIE 1931 XYZ color space). In
which, L*: brightness (from 0-100: dark- light),
a*: green (-) - red (+), b*: blue (-) - yellow (+).
The cutting surface between the fired stoneware
body and its glaze coating was studied with an
OLYMPUS optical microscope.
The crystalline phases were investigated by X-ray
diffraction (XRD) (device of D2 Phaser device-
Brucker, Germany). Analytical conditions on the
machine were Ky c.=1.5406 A°, 26=30-80°, step
of 0.03°. The selected sample is the one with the
reddest color. It was already the M5 sample.
Determine the existence of structures in the glaze
layer by Furrie FT-IR transform infrared
spectroscopy (Nicolet 6700 device, Thermo
company, USA) with scanning step 0.9643,
scanning angle 400-4000 cm'.
Based on the XRD diffraction pattern, the crystal
size d was calculated according to the Debye-
Scherrer formula [18]:

K.
d= FWHM.cos6 (1)
Where d is the crystal size (nm), K= 0.89 is the
Scherrer coefficient, 4 is the wavelength of the X-
ray source (1.5406 A°), FWHM is the widescreen
at % diffraction line (rad), 6 is the diffraction
angle (rad). In this case, the crystal size was
calculated at the diffraction peak with the most
vigorous intensity, corresponding to the
diffraction peak (111).

3. RESULTS AND DISCUSSION

The chemical compositions (%wt.) of raw
materials are shown in Table 1.

The chemical compositions (%wt.) of the base
glaze after calculating are shown in Table 2.
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Table 1. Chemical compositions of raw materials (%wt.)

Frit FP 903 Felspar Kaolin CaO
SiO, 54.40 58.66 49.54 -
ALO; 7.88 19.80 34.32 -
Fe,03 0.12 - 1.37 -
MgO 0.91 - - 0.20
Na,O 1.02 2.87 - -
CaO 13.30 0.59 - 81.27
K>O 2.90 15.64 2.46 -
ZnO 13.70 - - -
BaO 4.80 - - -
Other 0.97 2.04 0.30 0.13
L.O.L - 0.40 12.00 18.40
Table 2. Chemical compositions of the base glaze (%owt.)
Oxit | SiO; AlLOs | Fe,O3 | MgO | NaO CaO K,O | ZnO | BaO | Others | L.O.I
% 49.75 13.31 0.20 0.48 1.37 1495 | 6.39 | 6.85 | 2.40 1.14 3.16

The physicochemical processes of the mix were
determined through the TG-DSC thermal method.
Sample M5 was the sample of choice for TG-DSC
analysis. The sample M5 was selected for
TG-DSC analysis because this was the sample
with the highest SiC content. The TG-DSC
analysis curve of the M5 sample is shown in
Fig. 1. The TG-DSC analysis in Fig. 1 shows that
three physicochemical processes occur when
sintering glaze mixtures, including frit, felspar,
kaolin, CaO, Cu,O, and SiC. Three thermal
effects are recognized clearly on the TG-DSC
curve (Fig. 1). These effects include:

e The first thermal effect is in the temperature
range from 450 to 600°C. This is an
endothermic effect that peaks at 526.7°C. This
endothermic peak was accompanied by a
weight loss of the sample on the TG line of
0.8%. Many studies on clay minerals have
shown that this is the dehydrating process of
kaolinite minerals to form meta kaolinite. The
decrease in mass corresponds to the loss of
H20 in the reaction (2). This reaction occurs
mainly from the presence of kaolinite in the
raw material.

Al,03.28i02.2H,0 2 Al,05.2Si0; + 2H,0 (2)

e The second thermal effect is in the temperature
range from 600 to 800°C. The peak of this
endothermic effect is 750.37°C. The
endothermic effect with mass reduction is
2.032%. This temperature range corresponds
to carbonate decomposition by reaction (3)
[21]. This carbonate component is found in
kaolinite. Carbonate may also be present in

quick lime material due to the carbonation of

quick lime during storage.

CaCOs3 = CaO + CO, 3)
e The final endothermic effect is in the

temperature range of 1000-1100°C and peaks

at 1068.69°C. This thermal effect is the
reduction reaction of CuO to Cu under the

action of SiC at high temperatures [10].

Reaction (4) demonstrates this reduction. The

product of the reaction is Cu. Cu is responsible

for the red color of the glaze. However,
reaction (4) also produces CO,. Formed CO>
can be the cause of defects in the glaze. These
defects can be bubbles that form inside or on
the surface of the glaze. To solve this problem,
the amount of SiC used should not be too
much, and the glaze firing temperature should

be higher than the reaction temperature 4

(1068.69°C).

SiC + CuO - Cu + SiO; + CO; 4)
Using quick lime instead of calcite is also one of
the solutions to the glaze defects. If CaCOs is used
as a raw material to supply CaO, the CO;
generated from reaction (3) will increase. This
may be the cause of bubbles in the glaze layer. In
addition, a large amount of CO; can also shift the
equilibrium of the reaction (4) from right to left.
It prevents reaction (4) from taking place.
TG-DSC results show that above 1068.69°C is the
suitable temperature for sintering glaze systems,
as shown in Table 1. For the exhausting process
to be effective, 1150°C is the selected temperature
for sintering glaze systems. Fig. 2 shows glaze
samples' images after heating at 1150°C for two
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Fig. 1. The TG-DSC analysis curve of the M05 sample

Fig. 2. Images of the MO1-MO05 samples were sintered at 1150°C for two hours
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The samples in Fig. 2 show red glaze as the SiC
content gradually increases. Under the same
sintering conditions, sample MO01 without SiC
additive gave the blue color of Cu?*. The sample
MOS5 with the highest SiC content has the most
uniform and precise red color. The color of the
glazes is also checked through the test of the L*,
a*, b* color system parameters. Table 3 shows the
samples' L*, a*, b* parameters defined in the CIE
coordinate system. Table 3 shows that the color
system changes from yellow-green to blood-red
when increasing the content of the SiC-reducing
agent. This demonstrated the reducing effect of
SiC in glazes.

The results also show that the M5 sample,
corresponding to 2% SiC is suitable for reducing
CuO to form Cu according to the reaction (4). The
MS5 sample will be used to test the properties of
the glaze. Fig. 3 is a cross-section of the M05
sample observed under an optical microscope (5x
and 10x magnification). It can see the red color
covers the entire thickness of the glaze, even on
the undissolved pigment particles. It proves the
reducing effect in all glaze volumes. In addition,
the optical microscope image makes it easy to
observe the intermediate layer formed between
the glaze and the ceramic body. This layer proves
that the glaze can completely adhere to the
ceramic body. Using SiC as a reducing agent did

not affect the adhesion ability of the glaze.

M1 and M5 samples were also investigated by
using the XRD method. The XRD analysis results
provide information about the phase composition
of the glaze. Fig. 4 shows the XRD patterns of the
MO1 and MO5 samples. The results of Figure 4
show that both samples M4 and M5 appear to
have the a-AlL,Os mineral (JCPDS# 46-1212).
a-AlOs is a foreign mineral that occurs in the
composition of glaze. a-Al,O; appears due to
mixing in grinding the glaze into powder. So, the
XRD analysis shows a-AlO; (corundum). The
amount of a-Al,O3; mixed in is not significant.
However, because the yeast is amorphous, the
appearance of a-AlO; peaks on the XRD
patterns is quite clear. Particularly for sample M5,
the glaze sample also appears peaks of Cu
(JCPDS# 85-1326) on the XRD pattern. These
peaks appear at positions 43.6°, 50.8°, and 74.4°.
These peaks show that SiC has reduced CuO to
Cu at the sintering temperature of 1150°C.

The formed Cu particle size is also calculated
from the XRD pattern using the Debye-Scherrer
formula (1). The diffraction peak at position
43.63°, corresponding to the planes with Miller
indices (111), is commonly used to calculate the
size of copper particles [22]. At position 43.63° in
Fig. 5, there is an overlap of Cu and a-Al,O3 peaks.

Table 3. L*, a* b* values and glaze colors

Samples L* a* Color
MO1 64.89 -17.33 4.92 green-yellow
MO02 56.25 -2.49 11.01 green-yellow
MO03 35.73 5.54 dark red
MO04 32.26 9.81 9.00 red
MO5 34.39 10.61 9.26 red-blood

i
Fig. 3. Optical microscope images of a cross-section of the M05 sample
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Fig. 4. XRD patterns of the MO1 and M05 samples were sintered at 1150°C for two hours
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Calculation results from formula (1) show that the
formed particle has a size of 20.10 nm. This
scientific result proves the red color is included in
the glaze layer of the M5 sample. When light
shines, copper particles less than 20 nm in size
will form a surface plasmon effect that makes the
red color of the glaze. This red color is especially
strong for metals with strong absorption and
scattering of visible light, such as gold, silver, and
copper [23].

The functional group composition of the M5
sample was also analyzed by the FTIR method.
Fig. 6 shows the FT-IR spectrum of the M05
sample. On the FTIR spectrum, there are
characteristic peaks for bending vibration of the
Cu-O bond in Cu0 at 613.7 cm™ and 654.4 cm’!
[24-26]. The presence of Cu,O indicates an
incomplete CuO reduction product. In addition,
the peak at 1040 cm is characteristic of the
elastic vibrations of the Si-O bond [10, 27], and
the peak at 462 cm! is typical of the bending
vibrations of the O-Si-bond [27]. The vibrations
of the O-H group at wave number position
1630cm™ and the COs* group at wave number

1457, 1387cm™ are typical peaks for moist air
absorbed by the sample [28]. The vibration of the
Si-C at position 782-825 cm™! was also not found
in Fig. 6 [29]. It proves that SiC has fully reacted.

4. CONCLUSIONS

The copper red glaze was formed by adding SiC
and CuO additives to a base glaze. Thank to in situ
reducing agent SiC, the copper red glaze can be
created in an oxidizing kiln atmosphere. The
thermal analysis showed that the in situ SiC
reducing agent reduces CuO to Cu,O and Cu in
the whole glaze mass in the temperature range of
1000-1100°C, the strongest at 1068°C. The
suitable glaze firing temperature is 1150°C.
Optical microscopy results show that the glaze
using SiC reducing agent adheres well to the
surface of the ceramic body. The XRD and FTIR
analysis results showed that Cu was formed from
CuO. However, this reduction reaction is not
complete because Cu,O is still present. The
copper red glaze is due to the surface plasmon
effect caused by nano-sized copper particles.

1004

b (o)) (0.¢]
o o o
1 1 1

Transmittance (%)

N
o
1

1040 0-5-0
si-0

462

2000 1800 1600 1400 1200 1000 800 600 400
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Fig. 6. FT-IR spectrum of the M05 sample
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