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In this research, a luster enamel is applied to a copper body. A white glaze, conventionally applied 
in enamel handcraft, was used as the luster substrate. Silver nitrate was used as the source of the 
lustre metal. Since the work aimed to determine the optimal firing conditions, several samples 
were prepared with different reduction temperatures and times. The optimal firing temperature 
and reduction time were found to be 600 °C and 10 min, respectively. The microstructure and 
chemical analyses were performed on the samples using an FE-SEM image. The results showed 
the successful formation of silver nanoparticles within the glaze substrate. In addition, two 
layers were formed: a thin glass layer of several tens of nm on the surface and a layer containing 
silver nanoparticles inside the glaze. The results also showed that the silver nanoparticles can 
penetrate several microns into the glaze body. Reflectance spectra confirmed the presence of silver 
nanoparticles in the lustre with a volume fraction of order of 0.01%.
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1. Introduction 

For a long time, metal nanoparticles such as gold, silver, 
copper, and iron have been used by craftsmen and artists 
to color and decorate objects. For example, the presence of 
gold-silver alloy nanoparticles in the Lycurgus Cup (400 BC) 
causes a green/yellow color in reflection and a purple-red 
color in transmission [1]. Metal glazes have been created to 
add value and beauty to objects. Several methods have been 
developed for this purpose, among which luster glaze is very 
important [2,3].

To produce a luster glaze, compounds of silver and copper 
are first mixed with a mixture of metal salts and clay and 
applied to the glass body. Then, the coated object is heated 
to the softening temperature of the glass substrate in a 
reducing atmosphere, resulting in reduced silver and copper 
ions. These ions penetrate into the glass as a result of ion 
exchange with potassium and sodium ions. Finally, the silver 
and copper ions join inside the glass substrate and form 
silver and copper nanoparticles, forming a lustre glaze due 
to the reaction between the luster and the glass substrate on 
the surface. The properties of the lustre enamel, such as the 
nature and size of nanoparticles, the position and thickness of 
the layer, and the distribution of particles in the layer, depend 
on the materials and the firing process [4-8]. The lustre glaze 
consists of a micrometer glass layer containing silver and/or 
copper nanoparticles located under a superficial glass layer. 
Various colors can be obtained by altering the concentration, 
type, and size of the particles as well as the thickness of the 
layers. Due to the simultaneous presence of silver and copper 
in their structure, the initial lustre glazes could form several 
colors; however, the next generation of the lustre glazes was 
monochromatic due to the absence of copper [9]. 

Specular reflection, which provides a quasi-metallic shine, 
is a crucial feature of lustre glaze. The difference between 
lustre glaze and other metal-containing glazes lies in the 
fact that in lustre glaze, nanoparticles penetrate several 
micrometers into the glaze. In ‘raku ware’, the metal is applied 
to the entire glaze. In another method, a resinate containing 
metal nanoparticles is applied to the body. The resinate is a 
low-temperature glass mixture that, after firing, forms a glass 
layer attached to the glaze surface like an enamel but contains 
metallic nanoparticles [2].

Ongoing developments in nanoscience and nanotechnology 
have resulted in a lot of research on lustre glazes. Some of this 
research has focused on their historical aspects, with many 
studies dealing with the luster glazes' structure, microstructure, 
and optical properties [10-16]. Some researchers have also 
tried to reproduce lustre glaze [16-21]. By using a systematic 
knowledge of the physics governing this phenomenon, 
modern science, and the experience of the predecessors, it 

is possible to consider new applications for this technique. 
For the first time, this paper reports a method of applying 
lustre glaze on a copper metal body. The microstructural and 
optical characteristics of the produced luster glaze have also 
been investigated and discussed. A primitive model, based 
on multi-beam interference, is presented to study the optical 
properties of the lustres.

2. Experimental

2.1. Materials 

White enamel was produced by using commercial enamel 
powder. The materials used to prepare the luster glaze were 
silver nitrate, copper oxide, iron oxide, mercury sulfate, clay, 
and acetic acid. Table 1 lists the raw materials and their 
chemical formula. The constituents of the clay used in the 
preparation of the luster powder are listed in Table 2.

Table 1. Raw materials used in the preparation of luster glaze.

CompanyPurityChemical 
formula

Material

Merck≥ 99%AgNO3
Silver nitrate

Merck≥ 99%CuOCopper oxide

Merck≥ 99%Fe2O3
Iron(III) oxide

Merck≥ 98.5 %HgSO4
Mercury(II) sulfate

Merck100%CH3COOHAcetic acid

Ghatran Shimi32%HClHydrochloric acid

Ghatran Shimi65%HNO3
Nitric acid

--(see Table 2)Clay

Table 2. XRF element analysis of the clay used in the preparation 
of luster glaze.

Mole percent (%)Chemical formulaOxide

55.484SiO2
Silica 

1.077Na2OSodium oxide

22.393CaOCalcium oxide

7.618MgOMagnesium oxide

8.618Al2O3
Alumina

2.462Fe2O3Iron (III) oxide

1.769K2OPotassium oxide

0.446TiO2
Titanium oxide

17.907Trace and LOI
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2.2. Preparation of copper body

Copper sheets with a purity of 99.9% were cut into 2×3 
cm2 pieces. It is well-known that the adhesion of glazes to 
the metal surface depends on the cleanliness of the surface. 
Accordingly,  the surface of the copper body was prepared in 
four stages, see Fig. 1. The samples were first degreased with 
a nitric acid solution for 10 min, followed by deoxidization 
by washing the samples with alcohol for 5-10 min. After that, 
the samples were washed with distilled water and, finally, 
dried in ambient conditions.

2.3. Preparation of white enamel

A slurry of enamel powder was first prepared to make the 
white enamel for use as a substrate for the luster glaze. These 
powders contain combinations of different oxides, a significant 
fraction of which is silica. Two methods were used to create 
enamel on the copper sheets: immersion and spraying. In the 
immersion method, copper sheets were immersed in enamel 
slurry and then dried at ambient temperature. These pieces 
were then fired at 900 °C for 10 min. Macro images of the 
samples prepared by this method are shown in Fig. 2(a). It can 
be seen that the glass layer is well formed on the copper sheet, 
but the surface is not uniform and smooth. The glaze is wavy, 
and its roughness is not desirable. Therefore, in the next step, 
the spraying method was used, and the firing temperature was 
increased to 1000 °C while the firing time was reduced to 3 
min. Fig. 2(b) shows the images of the prepared samples. As 
can be seen, the glass layer is well-formed, and the sample's 
surface is smooth and uniform. It should also be noted that 
the enamel does not separate from the copper surface during 
cooling because of the difference in values between the 
thermal expansion of copper and the white enamel.

Fig. 1. Copper body preparation steps.

Cleaning the 
grease from the 
surface using 

Nitric acid 

Removing the 
oxide layer using 

alcohol 

Washing using 
distillate water 

Drying the 
sample using 

warm air 

Fig. 2. Macro-images of the prepared white enamel applied on the 
copper bodies using (a) immersion and (b) spraying methods.

(a)

2.4. Preparation of luster glaze

Silver nitrate was used to introduce silver nanoparticles 
into the white enamel. Also, copper oxide was used as a 
reducing agent for silver ions. It can also be converted into 
copper metal ions under strong reduction conditions to form 
copper nanoparticles. Mercury-containing compounds were 
added as melting aids to lower the reaction temperature 
between the luster mixture and the white enamel. Iron oxide 
was added as a reducing agent, while clay was used as filler. 
Acetic acid was used as a homogenizer, and sawdust and 
graphite were used to create reduction conditions. The raw 
materials were weighed by a digital scale with an accuracy 
of 0.0001 to 0.01, depending on the material. Then, the lustre 
mixture was ground and softened in a laboratory mortar for 
half an hour. After the addition of acetic acid, this step was 
continued for another half an hour until a homogeneous 
and uniform mixture was obtained. It should be noted that 
grinding the materials and preparing the powder into fine 
grains improves the penetration of the materials and the 
formation of a uniform layer. Lastly, a thin layer of the 
mixture was applied on the surface of the previously cleaned 
white enamel with a fine brush. 

 After air drying, the samples were placed in an alumina 
crucible, as shown in Fig. 3. The crucible was then placed 
in a container filled with sawdust (or graphite) as a reducing 
agent. The crucible lid was completely sealed to prevent 
the entry of sawdust or carbon monoxide gas during the 
reduction process. Next, the container was also sealed tightly 
to prevent any exchange with the outside atmosphere and 
then placed in the oven. After cooling for about 24 h, the 
samples were removed from the oven, the ash on the surface 
of the samples was removed, and they were cleaned with 
ethanol and distilled water.

Fig. 3. Schematic representation of samples placed in an alumina 
crucible embedded by sawdust (or graphite) in a sealed container.
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Five samples (M1 to M5) were prepared with the 
composition shown in Table 3 under different reducing 
conditions. These values were adopted according to the 
previous work [17,18]. The firing conditions, such as 
reduction temperature, reduction time, and the reducing agent 
for each sample, are given in Table 4. Graphite was used as 
a reducing agent for the M1 and M2 samples, while other 
samples were reduced in the presence of sawdust. 

Optical microscopy images of the produced samples at 
low and high magnifications are shown in Fig. 4. As can be 
seen, the surface of the M1 sample is completely dull and 
black without a metallic luster. Therefore, the temperature 
was reduced from 600 to 550 °C for the M2 sample. Again, 
a nonuniform color distribution was observed on the surface, 
and the glaze surface was also black and matte. However, 
brown and green textures also appeared in addition to the 
dark textures. In the M3 sample, the reduction time was 
reduced from 15 to 10 min. As can be observed, the color 
is poor, and the sample did not show metallic lustre. Only 
faint lustre spots were observed, and the particles were 
spread unevenly on the glaze surface. In the case of the M4 
sample, the temperature was increased to 570 °C, resulting 
in a smooth and transparent surface with uniform color with 
an attractive lustre. This slight color change and low colored 
zone can be attributed to the low firing temperature. In the 
M5 sample, the temperature was increased to 600 °C. As can 
be seen, the color of the glaze is light brown, which indicates 
the presence of copper in the lustre enamel. The surface also 
shows a unique metallic luster. This sample was considered 
the optimal sample for the subsequent analyses.

Table 3. Chemical composition of the luster glaze.

Weight percent (%)Chemical FormulaMaterial

4.80AgNO3Silver nitrate

11.57CuOCopper oxide

34.70HgSO4Mercury(II) sulfate

4.50Fe2O3Iron(III) oxide

44.43(See Table 2)Clay

Table 3. Reduction conditions applied to different samples.

M5M4M3M2M1Sample

600570550550600Reduction temperature (oC)

1010101515Reduction time (min)

SawdustSawdustSawdustGraphiteGraphiteReducing agent

Fig. 4. Optical images of the samples at low (top) and high (bottom) 
magnifications.

2.5. Characterization

A field emission scanning electron microscope (FESEM, 
MIRA3TESCAN-XMU) equipped with EDX micro-
analysis was used for structural investigation. A Dilatometer 
(Dama Pajohe Arvin, Horizontal Dil-101) was used to 
determine the softening temperature of the glaze. Also, the 
reflection spectrum of the samples was measured using a 
spectrophotometer (PG instrument Double Beam T80 series). 
X-ray fluorescence spectroscopy (XRF, Philips PW1410) 
was used for elemental analysis.

3. Results and discussion

3.1. White enamel

As mentioned, lustre glaze should be fired at the softening 
temperature of the glaze enamel [5]. This was determined 
using a dilatometer. Fig. 5 shows the relative length change of 
a white enamel cylindrical sample of about 1cm in length with 
temperature. The maximum value is at the temperature of 560 
°C, which can be considered as the softening temperature of 
the enamel. This temperature indicates the firing temperature 
of the lustre and corresponds to the reported values [5].

Fig. 6 shows the FE-SEM image from the cross-section 
of the white enamel. The fine bright spots in this image 
are mainly made of titanium. This can be confirmed by the 
EDX elemental map of the lustre glaze shown in Fig. 7(b), 
which will be explained later. The chemical composition of 
the white enamel on the copper body was also determined 
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using the EDX elemental analysis. Fig. 6 also shows the EDX 
analysis of the cross-section of the white enamel. The results 
obtained based on the mole percentage of the elements are 
shown in the inset of Fig. 6(b). The results show that the 
enamel mainly consists of silica and oxygen, the main glass-
making elements.  

3.2. Luster glaze

Fig. 7(a) shows the FE-SEM image from the cross-section of 
the M5 sample. The surface is roughly marked by a horizontal 
line. About 50 nm below the surface, a layer consisting of 
bright spots can be distinguished (rectangle A). Of course, 
other bright spots are somehow noticeable throughout the 
sample. The distribution of oxygen, silicon, aluminum, 
titanium, potassium, and silver elements can be seen in the 
EDX elemental map, shown in Fig. 7b. It can be seen that 
oxygen and aluminum are evenly distributed throughout the 
cross-section of the sample, while the situation is different 

Fig. 5. Thermal analysis of white enamel showing its softening 
temperature.

Fig. 6. (a) FE-SEM image from a cross-section of the white enamel on the copper body, and (b) EDX analysis of the white enamel, the inset 
represents the percentage of chemical composition values.

for titanium, silicon, potassium and, especially, silver. It is 
evident that the concentration of titanium increases from 
the surface to the depth of the sample, reaching its highest 
levels in the areas where bright spots are present. Therefore, 
these microparticles are mainly made of titanium (titanium 
oxide), which is present in the white enamel. While the 
concentration of potassium and silicon decreased near the 
surface, the concentration of silver increased near the surface 
of the sample. This behavior is attributed to the ion exchange 
between the glass substrate and luster powder. During heating, 
the potassium ions in the glass substrate are replaced by the 
silver ions reduced in the luster glaze [9,16]. Therefore, the 
bright spots near the surface that were observed in the FE-
SEM image represent silver nanoparticles. In the combined 
silver-silica elemental map, the concentration of silver on the 
surface of the sample is higher than that at greater depths.

Fig. 8 and its inset show the EDX elemental analysis of 
the surface of the M5 sample (rectangle A in Fig. 7(a)). The 
comparison of the concentrations of aluminum, silicon, and 
oxygen in white enamel (inset of Fig. 6(b)) with those in luster 
glaze reveals that the oxygen and aluminum concentrations 
in the luster glaze have increased compared to the white 
enamel, while silicon has decreased. This can indicate the 
penetration of aluminum from the luster powder into the glass 
substrate during firing. As a result, the prepared luster glaze 
is composed of a glass layer with a thickness of several tens 
of nanometers and a micrometer layer enriched with silver 
nanoparticles on a glass substrate. This microstructure was 
also reported by other researchers [15,22].

3.3. Optical properties

To study the optical properties of the produced samples, 
the reflection spectra of the white enamel as well as M3, M4, 
and M5 samples were recorded, as shown in Fig. 9. As can be 
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seen, the reflection spectrum of white enamel (black curve) 
shows a constant value in all wavelengths. Also, there is no 
significant change in the reflection spectrum of the M3 sample 
(red curve), which has a low color concentration. However, 
the reflection spectrum of the M4 and M5 samples varies 
significantly. This behavior is mainly due to the presence of 
a thin glass layer on the surface as well as a layer containing 
silver nanoparticles on the glass substrate. The change in the 
color of the glaze in different places is due to changes in the 
lustre glaze's thickness and microstructure, especially the 
concentration and size of the silver nanoparticles in different 
parts of the lustre glaze. The minimum values observed in the 
reflection spectra of the M4 and M5 samples are due to the 
absorption of light by silver nanoparticles, which are linked 
to the surface plasmon resonance. This phenomenon is due 
to the harmonic oscillations of the free electrons of silver 
nanoparticles, which leads to light absorption at a frequency 
known as the surface plasmon resonance frequency [23]. This 

frequency is dependent on the shape and dimension of the 
nanoparticles as well as their host medium. In the following, 
a model based on multi-beam interference is presented to 
investigate the optical properties of the luster glaze.

3.4. Modelling

In this section, a model will be presented to describe the 
optical properties of the luster glaze. As mentioned earlier, 
the luster microstructure consists of a thin glass layer on a 
layer of silver nanoparticles embedded in a glass substrate 
(Fig. 10). Therefore, the reflection spectrum is mainly caused 
by the interference of reflection waves from the air-glass 
interface and the glass-layer containing silver nanoparticles. 
In this way, the reflection spectrum of the samples can be 
obtained according to the interference of reflection waves 
from the lustre glaze in the form of Eq. (1).
R = |r2|              (1)

Fig. 7. (a) FE-SEM image from a cross-section of M5 sample. Rectangle A represents the layer enriched with silver nanoparticles near the 
surface. (b) FE-SEM images from the cross-section show (O) the EDX elemental map of oxygen (O), (Al) aluminum, (K) potassium, (Ti) 
titanium, (Ag) silver, (Si) silicon, and (Ag-Si) combined silver-silicon maps.

Date(m/d/y): 01/06/19 

Fig. 8. EDX analysis of rectangle A shown in Fig. 7(a); the inset 
represents the chemical composition values.

Fig. 9. Reflectance spectra of white enamel and luster glazes (M3, 
M4, and M5).

10-----------

6 

4

 � 

White Glaze 

M3 

400 450 500 550 600 650 700
Wavelength (nm) 

2R
ef

le
ct

an
ce

 (%
) 



T. Usefzaei et al. / Journal of Particle Science and Technology 9 (2) (2023) 115-123 121

where r is the reflection amplitude of the sample, which is 
obtained based on the interference of the reflected beams 
from the thin glass layer according to the following equation 
[22,24]:

              (2)

where               is the phase difference of two successive 
reflected beams from lustre glaze interfaces, and df and nf 
are the thickness and refractive index of the thin glass layer, 
respectively. r0 and r1 are the Fresnel reflection coefficients 
from the air-thin layer and thin layer-glass substrate interfaces. 
The reflection coefficients of rij from an interface of i and 
j media for s (parallel) and p (perpendicular) polarizations 
according to the Fresnel equations are:

             (3)

where ni and nj are the refractive indices of ith and jth medium, 
respectively. θi and θj are the incident and refractive angles, 
respectively. The refractive index of silver nanoparticles 
embedded in the glass substrate (ñeff ) can be expressed by the 
Maxwell- Garnett effective medium theory [25].

              (4)

where ε̃Ag is the dielectric function of silver, εg is the dielectric 
function of the nanoparticle host medium, and p is the volume 
fraction of silver nanoparticles.

The reflectance of the white enamel according to the 
Fresnel equations in a normal incident is:

              (5)

where ns is the refractive index of the white enamel.
According to the reflectance spectrum of the white enamel 

(black curve in Fig. 9), the value of R0 is a constant value 
of 8.6%. Therefore, the refractive index of white enamel, 
calculated using Eq (5), is 1.73. It is necessary to explain that 
the roughness of the surface may cause some errors in the 
measurement of R0 and hence ns values. Then, the measured 
reflectance spectra of the lustres were fitted using Eq. (1). In 
this fitting, df, nf, p, and ng were considered as free parameters. 
Fig. 11 shows the results of fitting the reflectance spectrum of 
the M5 sample. As can be seen, there is a very good agreement 
between the fitting data and the experimental results. In 
particular, a minimum is observed at the wavelength of about 
480 nm, which corresponds to the absorption increasing at the 
surface plasmon resonance wavelength. Table 5 shows the 
parameters obtained from the fitting data for M3, M4, and M5 
samples. As can be seen, the volume fraction of silver in all 
the samples is in the range of 0.01%, which is in agreement 
with the reported values [7,8,22].

Fig. 10. Proposed diagram of the luster microstructure consists of 
a thin glass layer on a layer of silver nanoparticles embedded in a 
glass substrate.
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Fig. 11. Measured reflectance spectrum (black curve) and the 
modeled curve (red curve) for the M5 sample.
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Table 5. The values obtained from fitting the reflectance spectra.

M5M4M3SymbolParameter

0.010.020.01pVolume fraction of silver 
nanoparticles (%)

37.3298.2398.23dfThickness of the thin glass 
layer (nm)

1.521.571.57nfRefraction index of the thin 
glass layer

1.651.821.82ngRefractive index of the 
nanoparticle host medium
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4. Conclusion

Luster glazes were created on copper sheets for the first 
time. White enamel, conventionally applied in the enamel 
handcraft, was applied as a luster substrate. As the white 
enamel softening temperature is 560 °C, the lustre firing was 
done between 550 and 600 °C. The composition of the white 
enamel plays an important role during glazing and after firing. 
The optimal firing temperature was 600 °C with a redacting 
time of 10 min. FE-SEM images of the samples show the 
formation of luster glaze, including a thin glass layer on the 
surface and a layer containing silver nanoparticles embedded 
in the glass substrate. The reflectance of the lustre and hence 
its color is due to the presence of the silver nanoparticles and a 
thin glass layer on the surface of the lustre. A primitive model 
based on multi-beam interference was used to simulate the 
lustre reflectance. The simulation results showed an excellent 
agreement with the experimental ones. In particular, the 
volume fraction of silver was estimated to be in the order of 
0.01%, corresponding to the values reported in the literature.
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